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ARTICLE INFO ABSTRACT

Keywords: Carbonation is a natural process in concrete where atmospheric CO; diffuses into the pores of the material and

CO; uptake reacts with cement hydrates to form calcium carbonate. Although this process can help to sequester atmospheric

E,O"‘;fete CO, and mitigate rising levels in urban areas, it slows down over time, resulting in low CO» uptake over the
rochar L service life of concrete. This study proposes a sustainable method to improve carbonation kinetics and CO3

Carbonation kinetics . . . . . K . i

Porosity capture in cement materials by incorporating highly porous biochar. The biochar, derived from seaweed py-

rolysis, has a highly developed surface area, including micropores optimised for CO, adsorption, mesopores and
macropores, as well as oxygen-rich surface groups. These properties allow the biochar to efficiently adsorb COy
and retain water. The biochar particles embedded in the cement matrix act as reservoirs for water and COq,
influencing hydration and carbonation. The addition of biochar increases water retention in the composite,
which promotes the formation of capillary pores and enhances the carbonation process. Experimental data and
numerical simulations show that the adsorption of CO: in the micropores of biochar facilitates the flow of CO,
through the composite, allowing deeper carbonation. The interaction between biochar and cement matrix en-
hances CO; diffusion and promotes calcium carbonate formation both within the biochar and at the biochar-
cement interface, further improving CO, uptake. The study demonstrates that the incorporation of porous bio-
char into cement materials significantly increases their potential for CO, capture, offering a promising approach
to sustainable construction and carbon sequestration.

CO,, diffusivity

1. Introduction

Since the beginning of the 20th century, the expansion of industries
worldwide, coupled with the proliferation of individual transportation
powered by fossil fuels, has dramatically increased global CO5 emissions
[1]. Locally, these heightened anthropogenic CO5 emissions contribute
to rising atmospheric COy concentrations. Currently, typical outdoor
concentrations range between 400 and 500 ppm; however, in urban
environments—such as underground parking lots or tunnels—concen-
trations frequently exceed 500 ppm and can reach up to 1000 ppm,
depending on factors such as time, weather, and traffic density [2]. In
indoor spaces, CO; concentrations can easily surpass 1000 ppm, raising
concerns about health issues, particularly among vulnerable groups like

young children [3-5]. Consequently, in addition to the ecological
challenges posed by rising CO5 emissions, there are significant health
implications in indoor environments, as the efficiency of air ventilation
is heavily reliant on the quality of outdoor air [6].

In parallel with efforts to reduce COy emissions, capturing and
storing CO; in urban areas could be effectively achieved using concrete
materials. Indeed, concrete—the most widely used construction mate-
rial—has a natural capacity to capture CO, within its intrinsic porosity
and to store it through a natural carbonation process. Traditionally,
carbonation of concrete has been viewed as a detrimental process that
adversely affects the durability of reinforced concrete structures [7-10].
However, several studies have demonstrated through kinetic models
that concrete possesses the potential for CO5 storage throughout its life
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cycle [11-13]. Nonetheless, the carbonation process tends to slow over
time. The primary driving force behind this phenomenon is the diffusion
of CO; into the porous capillary network of concrete [14]. The CO5 gas
combines with the condensed water layer surrounding the pore walls
[15] to form carbonate ions (CO%‘), releasing H™ ions. These CO%‘ ions
and H' then react with cement hydrates, leading to the precipitation of
calcium carbonate (CaCOs) and the release of water [11,16]. Since
CaCOj3 has a greater molar volume than hydrates [17,18], its precipi-
tation results in progressive clogging of capillary pores, reducing pore
diameters [15,17,19] and consequently lowering CO, diffusivity, which
in turn adversely affects carbonation kinetics [15,20,21].

At the end of service life of concrete building, the material can be
reused as Recycled Concrete Aggregate (RCA) following demolition.
Recent findings indicate that RCA exhibits higher CO5 uptake capacities
due to its increased exposed surface area after crushing and grinding
[22]. Research has shown that CO; capture in RCA can reach between 2
% and 5 % by weight. Additionally, the size of the RCA and its degree of
water saturation significantly influence its carbonation. Although
carbonated RCA demonstrates improved mechanical strength [23], its
reuse in practical engineering applications remains limited due to the
management and energy demands associated with COy carbonation
processes on an industrial scale.

Thus, the present study aims to address the limitations of CO5 uptake
capacity in concrete materials by developing composite materials that
incorporate RCA alongside a new component: porous carbon with high
CO; uptake capacities. Porous carbons are versatile materials charac-
terized by high specific surface areas and nanometric pore dimensions,
which can be tailored through the selection of precursor materials and
synthesis methods. This highly developed porous structure, encom-
passing microporosity (diameter <2 nm), mesoporosity (2 nm < diam-
eter <50 nm), and macroporosity (diameter >50 nm), enables the
adsorption of a wide range of gas molecules, including CO5 [24]. The
adsorption of gas molecules in the porosity of carbon is driven by the
high internal energy of the carbon atoms at the pore surfaces, which
facilitates the retention of gas adsorbate molecules via van der Waals
forces within the porous structure [25]. Additionally, the presence of
surface functional groups, particularly heteroatoms like oxygen at the
edges of the carbon graphene layers, enhances adsorption of polar
adsorbate molecules such as water. While sedimentary rocks, including
bituminous coal [26] and lignite [27], can be utilized, biomass waste
currently represents the primary feedstock, allowing for the recycling of
various low-cost carbonaceous organic materials on a large scale [28].
Furthermore, the production of carbon materials from waste biomass
may yield a negative carbon footprint, as the CO, sequestered during the
photosynthesis of biomass exceeds the emissions produced during syn-
thesis [29,30]. Biochars are normally produced through the thermal
treatment (pyrolysis) in an inert atmosphere of carbon-rich precursors.
Biochar typically exhibits specific surface areas below 350 m? g~! [31,
32]. The production of porous carbons from a biochar requires an
additional so-called activation process to increase porosity and COq
uptakes capacities [24,31].

In recent years, the incorporation of biomass-based carbon materials,
such as biochar, as additives in cementitious materials has been pro-
posed as a mitigation strategy to reduce CO, emissions while simulta-
neously enhancing certain mechanical or thermal properties.
Substituting a portion of cement with a material that has a negative
carbon footprint could contribute to reducing CO, emissions within the
construction sector. Studies have demonstrated that incorporating bio-
char powders into concrete can enhance mechanical strength through
filler effects and increased densification of the cement matrix during
carbonation curing [32-40]. The porous characteristics of biochars also
positively influence the thermal insulation properties of cement by
enhancing thermal resistance [41]. However, the use of highly porous
carbon materials to improve the CO, uptake capacity of concrete has
been infrequently reported. Horgnies et al. have published several re-
ports evaluating the beneficial effects of adding porous carbon to fresh
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concrete to increase NO, adsorption in the hardened product [42-44].
Nevertheless, no studies have specifically focused on enhancing concrete
carbonation during its service life for atmospheric CO, removal through
the incorporation of a high surface area biochar, due to the presence of a
large amount of micropores with sizes ~0.65-0.8 nm adapted to CO,
adsorption [24]. In this study, we propose such a highly porous biochar
with a large volume of micropores, taking advantage of the fact that
direct pyrolysis of seaweed biomass has been shown to be a promising
method for producing high surface area carbon without additional
activation processes. Specifically, pyrolysis of seaweeds rich in carra-
geenan or sodium alginate has resulted in porous biochars with specific
surface areas exceeding 1000 m2/ g [45].

Therefore, the purpose of this study is to develop a functional com-
posite material with enhanced CO, storage capacities compared to
conventional cementitious materials. The limitations of CO uptake
capacity in concrete will be addressed by formulating composite mate-
rials that incorporate both porous biochar and RCA. The CO, uptake
capacity of these composite materials will be evaluated using a
controlled CO, chamber, with regulated temperature and humidity over
several days. The quantification of CO, uptake during carbonation will
facilitate kinetic tracking to study the role of porous carbon in CO,
capture. In addition to CO5 quantification, physicochemical character-
izations will be conducted at various carbonation intervals to gain
deeper insights into the synergistic effects of biochar on concrete
carbonation. To further investigate the influence of carbon particles on
CO. uptake in the composite materials, numerical simulations modelling
the passage of CO; through the cement matrix into the carbon porosity
will also be performed.

2. Materials and methods
2.1. Materials manufacturing

2.1.1. Porous biochar

The biomass selected for the preparation of biochar (LN 750) was
Lessonia Negrescens, a type of brown seaweed. The stems and leaves
were cut into approximately 5-7 mm particles, and pyrolysis was con-
ducted using a Carbolite Gero HST 12/200 horizontal split tube furnace
at 750 °C for 3 h, with a heating rate of 10 °C/min under an argon at-
mosphere to prevent oxidation. Following pyrolysis, the resulting bio-
char particles were washed with distilled water and dried at 100 °C. As
previously mentioned, no activation steps were necessary to create a
porous material, as self-activation occurred due to the chemical
composition of the seaweed during thermal decomposition [45,46].

2.1.2. Composite materials

Composite materials, consisting of a cement matrix and recycled
concrete aggregates (RCA) sourced from BONNA SABLA, France, were
prepared according to two formulations. The first formulation served as
a reference material without porous biochar (composite Type I), while
the second included LN 750 biochar particles (composite Type II). Or-
dinary Portland cement (CEM I 52.5) was used as the matrix in both
formulations. Type I contained only RCA, whereas Type II included both
RCA and LN 750. The volume of biochar added was equivalent to the
volume of RCA replaced, ensuring that the (aggregates + carbon)/
cement volumetric ratio in Type II was equal to the aggregates/cement
volumetric ratio in Type I. Both the RCA and biochar particles had a
granulation size ranging from 5 to 7 mm. After mixing with a water/
cement ratio of 0.45, the composite materials were cast in silicon molds
measuring 7 x 3 x 2.5 cm®. Nine molds were filled for each formulation
and placed in a desiccator filled with water to maintain a moisture-
saturated atmosphere (RH =~ 100 %). Hydration was allowed to
continue for a minimum of 28 days.
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2.2. Physico-chemical characterization of materials and composites

The characterization of porous texture of the biochar was conducted
through gas adsorption using nitrogen at 77 K and carbon dioxide at 273
K with a Quadrasorb Evo Analyser. Nitrogen was utilized as the adsor-
bate to assess microporosity (0.7 nm < pore diameter<2 nm) and
mesoporosity (2 nm < pore diameter<50 nm), while carbon dioxide was
employed to evaluate small microporosity (i.e., pore diameter <0.7 nm).
Specific surface areas were calculated from the nitrogen adsorption
isotherm using the Brunauer-Emmett-Teller (BET) model, and pore size
distributions were determined using Non-Local Density Functional
Theory (NLDFT). The specific surface area and volume of the micropores
were calculated by applying the Dubinin-Radushkevich (DR) model to
the carbon dioxide adsorption isotherm at 273 K. The carbon dioxide
adsorption capacity of LN 750 biochar at room temperature was deter-
mined by performing a carbon dioxide adsorption isotherm at 298 K.

Characterization of the large mesopore and macropore ranges was
performed on both the materials and composites using Mercury Intru-
sion Porosimetry (MIP) with a Micromeritics Autopore IV porosimeter.
The contact angle (0) was set to 130°, and the mercury surface tension
(y) was set to 485 mN/m. Applied pressures ranging from 1.46 kPa to
206.8 MPa enabled the assessment of pore sizes from 6 nm to 854 pm,
using the Washburn equation [47]. For LN 750, samples were first dried
in an oven at 100 °C for 24 h to remove any moisture. In contrast,
composite materials and RCA samples were dried at a maximum of 70 °C
for 24 h to avoid the removal of bound water contained within the
cement hydrates.

Open porosity, density, and water sorption were determined using
hydrostatic weighing, applied to the composite materials, LN 750, and
RCA. After drying the samples, air was evacuated from the pores under
vacuum. Subsequently, the out-gassed materials were immersed in
water to monitor water uptake. Open porosity, bulk and skeletal den-
sities, and the water sorption coefficient were calculated from the scaled
masses according to the following equations:

D= my — my % 100 1)
my —m;
mg
= 2
P My —m (2)
mg
= 3
L &)
wa="n M @
m
With:

e @: the open porosity in % of the sample volume.
e pp: the bulk density of the sample in g.cm 5,

e ps: the skeletal density of the sample in g.cm ™.

e WA: the water sorption coefficient by mass in the sample.

e m, m; and my: respectively, the dry mass, the immersed mass and the

saturated surface dried mass of the sample.

2.3. Accelerated carbonation experiments

Samples measuring 3.5 x 3 x 2.5 cm® were first pre-conditioned in a
desiccator filled with NH4NOj salt to achieve a relative humidity (RH) of
63 %. NH4NO3 was selected to maintain the RH within the optimal range
of 50-75 %, ensuring the ideal condensed water content in the cement
matrix for carbonation. The carbonation experiments on the mortar
samples were conducted under accelerated conditions at atmospheric
pressure and ambient temperature using a BINDER CB 150 CO5 cham-
ber, with the CO; concentration set to 1 %. The experiment lasted for 30
days over several composites of each formulation carbonated in parallel.
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Two or three samples were taken at the same time at 0, 7, 14, 20, and 30
days of carbonation and split into two pieces in order to collect the
maximum amount of data to provide reliable averages of CO» uptake
and different textural and chemical properties. The samples carbonated
for 30 days were also used for post-mortem characterizations via MIP
measurements, and the biochar particles were extracted for character-
ization through TPD-MS measurements.

2.4. Quantification of CO2 uptake

To evaluate carbonation evolution, carbonation depth analysis was
performed on the carbonated composite samples. The samples were split
in half, and the exposed surfaces were sprayed with a phenolphthalein
solution. The carbonation front was revealed as colorless (pH < 10),
while the uncarbonated front appeared purple (pH > 12.5). Since one
side of the composites was in contact with the carbonation chamber,
CO; penetration on that side was hindered, resulting in slower
advancement of the carbonation front. A digital processing of the images
using ImageJ v1.53 software has been done for accurately assessing the
percentage of carbonated areas [48]. The carbon-cement matrix inter-
face was examined using optical microscopy with an Olympus BX51.

Quantification of the CO, uptake was accomplished through Tem-
perature Programmed Desorption coupled with Mass Spectrometry
(TPD-MS). Samples weighing 10-20 mg were placed in a thermobalance
and heated up to 1000 °C at a rate of 10 °C/min under an inert atmo-
sphere (Argon, 100 mL/min). The decomposition products (gases
evolved) were monitored in real-time using an online mass spectrometer
(Skimmer, Netzsch).

2.5. Numerical modelling approaches

To understand the interface between the porous biochar and the
cement matrix under COs diffusion, numerical modelling was conducted
across two scales: macro and atomistic. The macro-scale study was based
on a two-phase model consisting of a biochar particle and the cement
matrix. Utilizing a multi-reactional and time-dependent carbonation
model [18], numerical simulations were performed using the Finite
Element Method with the commercial software ComsolMP. The model
considered a two-phase medium comprising one porous biochar particle
and its surrounding cementitious matrix. CO diffusion was assumed to
occur only within the porous grain, while the cementitious matrix un-
derwent carbonation. To more accurately reflect the surface roughness
of the porous grain and its complex geometry, a 3D laser scan was
performed to model the biochar particle, which was then incorporated
into a rectangular cement prism measuring 2 cm x 1 cm x 0.5 cm. The
mesh contained over 1 million elements, and the computation time
lasted for 30 min using 121 processors and 512 GB of RAM.

The atomistic-scale study employed the Grand Canonical Monte
Carlo algorithm [49,50]. The structure of the porous biochar was con-
structed based on experimental results from the structure factor and
radial distribution function of a commercial carbon [51]. The 3D
reconstruction was achieved using the Hybrid Reverse Monte Carlo
method [52-55], incorporating a multi-staging process that included
energy minimization, structure factor fitting, and constraints for
three-membered rings [56]. Two layers of calcium silicate were gener-
ated using the Wollastonite structure through custom-written C++ code
[57], which were then positioned adjacent to the activated carbon
structure within periodic simulation boxes. Binary CO»/water adsorp-
tion simulations were conducted using the Grand Canonical Monte Carlo
algorithm [49,50].

3. Results and discussion
3.1. Composite materials preparation

Fig. la summarizes the steps involved in manufacturing the
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Porous biochar

Fig. 1. Composite materials preparation (a). Sections of the composite materials Type I (left) and Type II (right) after hydration (b).

composites. A detailed formulation of the composite materials is pre-
sented in Table 1. Type I was prepared as a reference material using
recycled concrete aggregates (RCA). For Type II, 40 % of the RCA vol-
ume was replaced with biochar particles of similar size, approximately 6
mm. Table 1 indicates that the amount of cement used is the same for
both composites. However, to maintain an equivalent amount of effec-
tive water and the water-to-cement (w/c) ratio, an additional volume of
water was incorporated during the mixing process for the preparation of
Type II.

LN 750 is a highly porous and hydrophilic biochar [58] that can sorb
up to 746 % of its weight in water (as shown in Table 2). Consequently,
68 mL of water was added during the preparation of the Type II com-
posite to compensate for the water uptake by the porous biochar. As a
result, the porous carbon does not absorb any additional water from the
cement matrix and the rheology of the mix is maintained. Since the
density of the biochar is lower than that of the RCA (see Table 2), the
aggregate-to-cement (a/c) ratio is smaller for Type II, even though the
volume of aggregates remains the same in both composites. After hy-
dration, Fig. 1 illustrates that the aggregates in both Type I and Type II
are homogeneously distributed within the cement matrix.

3.2. Physico-chemical characterizations of materials and composites

The physicochemical characterization of the porous biochar particles

Table 1

Formulations for Type I and Type II composite materials expressed in g.cm™>.
Composition (g.crn’s) Type [ Type II
CEM 1 52.5 0.508 0.509
RCA 0.623 0.406
Porous carbon - 0.013
Effective water 0.201 0.201
w/c? 0.45 0.45
a/c” 1.22 0.79

@ water/cement weight ratio.
b agregate(+carbon)/cement weight ratio.

was performed before their incorporation into the concrete formulation.
From the point of view of porosity, the pyrolysis of seaweed stems and
leaves results in the development of various pore size ranges, from
microporosity to macroporosity. The porous texture of the biochar
particles was analyzed using nitrogen (N3) and carbon dioxide (CO3) gas
adsorption to evaluate the micro- and mesoporosity, and mercury
intrusion porosimetry (MIP) for assessing meso- and macroporosity. As
illustrated in Fig. 2a, the nitrogen adsorption isotherm for LN 750
exhibited a Type IV isotherm shape, characterized by a hysteresis loop
between the adsorption and desorption curves. The gradual gas
adsorption observed at a relative pressure (P/Pg) of less than 0.1 is
associated with volume filling in micropores, while the hysteresis at
higher pressures corresponds to gas condensation in mesopores [25,59].
The BET specific surface area calculated was 1324 m?/g, and the NLDFT
pore size distribution (Fig. 2b) revealed a significant portion of pores
within the micropore range (d < 2 nm), with a pore volume of 0.4 cm®/g.
Additionally, another peak was detected in the mesopore range between
2 and 10 nm, corresponding to a pore volume of 0.35 cm?/g.

From the CO3 adsorption isotherm obtained on LN 750 at 273 K, the
volume of micropore with diameters smaller than 0.7 nm, as determined
by the Dubinin-Radushkevich equation, was equal to 0.4 cm®/g. These
results indicate that microporosity under 0.7 nm is even more developed
than the larger microporosity and mesoporosity present in the biochar.
This porosity was developed during the pyrolysis in reason of the pres-
ence of alkaline earth metals in the seaweed promoting a process of so-
called self-activation [45]. This kind of microporosity with pore di-
ameters of ca. ~ 0.65-0.8 nm were reported as optimal for CO storage
[24].

The larger mesoporosity and macroporosity of the biochar were
determined using MIP. The pore size distribution shown in Fig. 2¢ re-
veals a broad peak in the pore range between 300 nm and 3 pm, with a
maximum around 1 pm. The macropore volume was measured at 2.42
cm?®/g. This macroporosity is attributed to the parent cellular structure
of the seaweed prior to pyrolysis. Table 2 indicates that the biochar
exhibits a total open porosity of 49 %, as determined by mercury
intrusion, along with a low bulk density of 0.15 g/cm?®. The apparent
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Table 2
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Mercury Intrusion porosimetry (MIP) and hydro-static weighing (HW) results obtained on LN750, RCA and Type I and Type II composite materials after hydration:
Open porosity @, bulk density p;, skeletal density p;, average pore diameter and water sorption (WA).

LN 750 RCA TypeI-NC Type II - NC
MIP @ (%) - 70+ 1.6 9.5+0.6 14.9 + 0.2
0.006<d<0.3 pm
@ (%) 35.9 + 0.7 4.0+ 0.9 1.8 £0.2 102 4+ 1.1
0.3<d<4 pm
®tot (%) 49.2 £0.1 16.4 + 2.2 13.3+0.2 30.5 + 1.3
b (g.cm™3) 0.15 + 0.00 2.01 + 0.04 1.96 + 0.02 1.56 + 0.03
HW ®tot (%) 92,6 + 0.6 10.9 + 0.6 1824+ 1.1 355+ 1.1
b (g.cm™3) 0.12 + 0.01 2.41 £ 0.02 2.15 + 0.05 1.65 + 0.03
s (g.cm ™) 1.69 + 0.23 2.70 + 0.02 2.63 £ 0.02 2.56 + 0.01
WA (%) 746 + 38 45403 8.5+ 0.7 215+ 1.1
a b
(a) 600 (b) 0.6
~ 500 0.5+
» _
§ 400+ g 041
< g
3 " 034
£ 300 % O
3 S
s = 0.2
2 200 =
E 2
= 0.11
> 100
0 i
0 . ‘ ; ‘ | ;
0 0.2 0.4 0.6 0.8 1 0.1 1 10 100
(c) Relative pressure (P/Pj) (d) d (nm)
1 0.015
0.9 — Typel —— Type
. — Type Il ~ — Type Il
0.8 ——LN 750 "o ——LN 750
071 ——RCA e —RCA
g = 0.014
061 5
o @
i 0.54 g
& 04] £
= =
S 03 5 0.005 -
02 :
0.1 k|
O .
w w 0 : ; :
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10

Pore diameter d (um)

Pore diameter d (um)

Fig. 2. Textural characterization. N, adsorption isotherm for LN750 at 77K (a) and NLDFT pore size distribution (b). MIP pore size distribution (c) and associated

intruded volumes (d) for RCA, LN750 and composites Type I and Type II.

porosity and bulk density can also be assessed through water sorption.
As mentioned in the previous section, LN 750 particles can sorb
approximately 750 wt% of water due to their highly developed porosity,
which is further enhanced by their hydrophilic nature. In fact, LN 750
contains a significant amount of oxygen surface functional groups (see
TPD-MS in Fig. S1 of the supporting information), providing an hydro-
philic character to the carbon surface [58]. Table 2 demonstrates that
the open porosity for water sorption in LN 750 reached as high as 92.6
wt%, corresponding to a bulk density of 0.12 g/cm® and a low skeletal
density of 1.69 g/cm?®.

Fig. 2c illustrates the pore size distribution obtained through MIP for
Type I and Type II samples after hydration, assessing the impact of LN
750 on composite porosity. Cement materials typically exhibit various
pore types, ranging from approximately 0.001 pm to over 1000 pm [60,
61]. The smallest pores, known as gel pores, range roughly from 0.001 to
0.01 pm and correspond to voids created during hydration by the for-
mation of colloidal Calcium Silicate Hydrates (CSH) particles. These are
followed by capillary pores, which range from 0.01 to 1 pm, corre-
sponding to the spaces originally occupied by water among the anhy-
drous cement particles. These spaces become vacant as cement hydrates

form during hydration [62]. As hydration progresses, capillary pores
tend to decrease in volume and size as more spaces are filled with
cement hydrates, particularly CSH, while the overall volume of gel pores
increases. Additionally, a small fraction of porosity can be attributed to
air voids that become entrapped in the paste during mixing and casting,
typically ranging from 10 pm to over 10000 pm. Unlike gel and capillary
pores, which form an interconnected network with channels linking
them, air voids are generally isolated from each other and thus cannot be
detected by MIP; they do not contribute to liquid or gas transport.

In cement paste, cement particles are usually packed randomly
during mixing, creating a homogeneous pore size distribution
throughout the structure during hydration. For mortars and concrete
materials, the introduction of millimetre-scale aggregates in the mix
induces “wall effects,” resulting in a rearrangement of the cement par-
ticles. In this arrangement, smaller particles tend to pack closely against
the aggregate surfaces, while larger ones are located further away [63].
Some researchers have suggested that micro-bleeding effects occur
during mixing [64,65], which refer to the accumulation or entrapment
of mixing water around the aggregate surfaces. The combination of wall
effects and micro-bleeding creates interfaces between the cement matrix
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and the aggregate surfaces, leading to a higher water-to-cement (W/C)
ratio than that of the bulk paste. This results in increased porosity, as a
lower cement content combined with higher water content expands and
enlarges the capillary voids formed during hydration. According to
Elsharief et al. [66], both the size of the aggregates and the initial W/C
ratio influence this interface porosity: smaller aggregates and lower W/C
ratios correlate with reduced porosity at the interface. The width of
these interfaces typically matches the size of the cement particles, usu-
ally not exceeding 20-50 pm [63].

Fig. 2c¢ indicates that the pore sizes for Type I and Type II are pri-
marily distributed within the range of 0.006-0.3 pm. Some of the
porosity in these materials appears to be attributed to the recycled
concrete aggregates (RCA), as shown in Fig. 2c, which also displays
pores in the 0.006-0.3 pm range. This porosity is associated with the
capillary porosity of the old hardened cement paste remaining on the
aggregates, exhibiting a significant distribution in the 0.006-0.01 pm
range compared to the 0.02-0.3 pm range. This may suggest that the old
hardened cement paste has undergone partial carbonation, as clogging
in some areas of the capillary porosity could lead to a reduction in pore
size (see quantification in Table 2). Indeed, hydrostatic weighing
revealed that the RCA had bulk densities and water sorption of 2.41 g
cm 3 and 4.5 %, respectively (Table 2). These results align closely with
those obtained by Zhang et al. [67] on carbonated RCA and are com-
parable to findings on natural aggregates, confirming that the RCA used
in the formulations was already significantly carbonated. Consequently,
the capillary porosity observed in Type I material was derived from both
the RCA and the cement used to prepare the composite.

For the Type II materials, which contain the same amount of cement
as Type I but have part of the RCA aggregates replaced with biochar
particles, Fig. 2c shows that the pores in the range of 0.006-0.3 pm are
distinctly more developed, leading to increased capillary porosity
(Table 2). The capillary porosity in the Type II composite reached 14.9
%, compared to 9.5 % for Type I. Furthermore, Fig. 2c reveals an
additional peak in the 0.3-4 pm range for Type II. By comparing this
with the pore size distribution of LN 750, it is clear that this peak cor-
responds to the porosity of the added carbon. Thus, incorporating
porous biochar into the formulation significantly influences material
porosity. The increase in capillary porosity, coupled with the emergence
of new porosity in Type II, results in a total porosity of 30.5 %, as
opposed to 13.3 % for the material without carbon. Table 2 also in-
dicates that adding low-density biochar reduces the density of the
composites.

The results obtained from hydrostatic weighing (HW) experiments
on the Type I and Type II composites reveal a notable effect of biochar
addition on open porosity (®), bulk density (pb), skeletal density (ps),
and water sorption capacity (WA). The open porosity obtained through
water sorption shows an increase similar to that observed with mercury
intrusion upon adding the porous carbon. The open porosity percentage
for Type II reached 35.5 %, compared to 18.2 % for Type L. Such an
increase in porosity cannot be solely attributed to the addition of porous
carbon material with 92.6 % porosity, as the weight percentage of bio-
char in the composite is only 1.2 % of the total weight (Table 1).
Therefore, a more developed capillary porosity will also contribute to
the higher open porosity in Type II. Considering that LN 750 can sorb
over 700 wt% of water, additional water was introduced during the
preparation of Type II to maintain the same W/C ratio as Type 1. How-
ever, it is possible that some of the added water is desorbed from the
biochar into the cement matrix during hydration [68,69]. Compared to
Type I, these bleeding effects, could lead to a local increase in the W/C
ratio at the interface with the cement matrix, similar to the interactions
at the aggregate-cement interfaces. Such phenomena could explain the
more developed network of capillary pores observed in Type II after
hydration (Fig. 2c-Table 2). This factor, along with the addition of
low-density biochar, reduces both the bulk density and skeletal density
of the material. The creation of new porosity in the composite materials
also significantly influences water uptake, as shown in Table 2. The Type
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II composite could sorb 21.5 % of water, more than double the amount
sorbed by Type L. In summary, the incorporation of porous biochar has a
substantial effect on the textural properties of the composite and its
water sorption capacity. Consequently, the carbonation process is likely
to be affected.

To determine whether the presence of biochar affects the amount of
carbonatable compounds during the mixing and hydration of the com-
posites, Temperature-Programmed Desorption coupled to Mass Spec-
trometry (TPD-MS) was conducted to investigate and quantify their
chemical composition. Fig. 3 illustrates the weight losses and the gases
released from room temperature up to 900 °C.

From room temperature to approximately 300 °C, a significant
weight loss occurs, associated with the release of H-0. This Hz0 release
results from both sorbed water and the thermal decomposition of Cal-
cium Silicate Hydrates (CSH) and tri- or mono-substituted aluminate
ferrite phases (AFt/AFm), such as ettringite. The weight loss for TypeIin
this temperature range was 8.4 wt%, while for Type II, it averaged 12.8
wt%, corresponding to 4669 pmol H:0-g"! and 7113 pmol H:0-g™%,
respectively. Given the higher water sorption capacity of the Type II
composite (as shown in Table 2), these differences likely arise from the
desorption of sorbed H20 within the porosity of the composite.

The weight loss observed in the range of 400-550 °C is also associ-
ated with H20 release, corresponding to the dehydration of Ca(OH)2.
The weight loss linked to H20 evolution was 3.8 wt% for Type I and 4.4
wt% for Type II, indicating a higher amount of the Ca(OH): phase in
Type II, likely located at the cement/biochar interface due to its pref-
erential precipitation in the carbon-cement interfaces [65].

Finally, the weight loss in the range of 600-900 °C corresponds to
CO: release from the thermal decomposition of CaCOs. The weight loss
associated with CaCOs indicated that the Type I composite contained
2.6 wt% of CO2, while the amount in Type II was approximately 3.7 wt
%. These small amounts correspond to the carbonation of recycled
concrete aggregates (RCA) and the composite itself. The differences
observed by TPD-MS on hydrated and carbonated phases in the Type I
and II composites has been confirmed by XRD (Fig. S2a). The evolution
of these different phases during carbonation will be monitored by TPD-
MS.

3.3. Accelerated carbonation of composites

Composite material samples were carbonated under accelerated
conditions using an incubator with 1 % CO; and 65 % relative humidity
(RH) for up to 30 days. Multiple sample batches were carbonated
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Fig. 3. TPD-MS results combining weight losses and desorbed gas profiles ob-
tained for Type I and Type II composites. Heating rate = 10 °C.min"' under
100 ml min~? Ar flow.
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simultaneously to conduct carbonation depth analysis and quantify CO5
uptake using TPD-MS.

Fig. 4 illustrates the carbonation depths of samples subjected to
varying time intervals, determined by spraying a phenolphthalein so-
lution, which allowed for monitoring pH changes following CO: gas
penetration and the carbonation of hydrates. The figure indicates that
the extent of the carbonated surface of the composite—represented by
the uncolored regions—increases more rapidly over time for the sample
containing biochar. Specifically, the depth measurements reveal that the
carbonation reaction appears to be enhanced in the vicinity of the
porous biochar particles. These observations clearly demonstrate that
biochar positively influences CO: diffusion within the cement matrix.
After 30 days of carbonation, the carbonated surface of the Type I
composite was estimated through the analysis of several specimens for
each material carbonated in parallel, to cover approximately 78 % of the
total surface, compared to around 95 % for Type II.

The evolution of the cement phases during carbonation was analyzed
using TPD-MS, which combined data obtained from weight loss and the
gases released during heat treatment. From the HyO and CO3 released as
the temperature rises, the contributions to weight loss due to the thermal
decomposition of the hydrates and carbonates can be quantified and
separated, as shown in the previous section for the composites after
hydration. The interest in the use of TPD-MS instead of thermogravi-
metric analysis (TG or DTG) alone is more evident in the analysis of
carbonated materials. TPD-MS allows to quantify the cement phases
more accurately, since hydrates such as Ca(OH); and some amorphous
carbonates can decompose in similar temperature ranges, contributing
together to the same TG-DTG peak. Fig. 5 shows the loss of weight in %
and the evolution of the H,O and CO; gas in pmol/g/s in relation to the
respective loss of mass. Fig. 5a present the TPD-MS at different
carbonation times for the Type I material and Fig. 5b for the Type II
material containing the biochar. Fig. 5a and b depict a general trend
characterized by a decrease in H-0 evolution alongside an increase in
CO: release throughout the carbonation process. This aligns with the
transformation of hydrated phases into carbonated ones. The gas evo-
lution profiles for both materials indicate that at the onset of carbon-
ation, there is primarily the consumption of Ca(OH)2, correlating with
the H-0 peak observed between 400 and 500 °C, which produces crys-
tallized CaCOs in its calcite polymorph, corresponding to the CO2 peak
detected between 700 and 800 °C. As carbonation progresses, CO:
evolution shifts to lower temperatures due to the carbonation of C-S-H
(calcium silicate hydrate) and Afm/Aft phases, leading to the formation
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of amorphous or poorly crystallized CaCOs [70,71] that decomposes
between 400 and 700 °C [72-74]. The carbonation of C-S-H also results
in the emergence of vaterite and aragonite CaCOs polymorphs [70],
which decompose in the same temperature range as amorphous and
poorly crystallized calcite as described by Vogler et al. [72]. The pres-
ence of the different CaCO3 polymorphs has been confirmed by XRD
(Fig. S2b).

A closer examination of the CO: evolution peaks, comparing those
from the reference material and the composite containing biochar
(Fig. 6a), reveals that for a given number of carbonation days, the
amount of CO: evolved is consistently higher for the composite with
biochar. Over the first seven days of carbonation, both materials exhibit
a predominant increase in the peak at 700-800 °C associated with the
formation of calcite-like CaCOs, with a more significant increase noted
for the material containing biochar. As carbonation days increase, the
reference Type I material (dotted lines in Fig. 6a) shows a steady evo-
lution of CO: related to the formation of calcite-like CaCOs, with further
carbonation only resulting in an increase of amorphous or less crystal-
line CaCOs decomposing between 400 and 700 °C. In contrast, for the
Type II composite material with biochar, the amount of all carbonated
phases—both crystallized and more amorphous—continuously in-
creases throughout the carbonation process. Thus, the presence of
porous biochar also influences the chemical composition of the
carbonated phases.

After quantifying the H.0O and CO: evolved from the thermal treat-
ment of the composites over different carbonation durations, Fig. 6b
confirms that the decrease of hydrated phases and the CO2 uptake,
expressed as mass percentage considering the total mass of material, are
more pronounced in the Type II composite containing the porous bio-
char. To demonstrate that this enhanced CO: uptake is not related to a
decrease in the density of the material due to the inclusion of low-
density biochar (see Table 2), Fig. 6¢ and d illustrate the evolution of
CO: uptake through carbonation based on exposed surface area (Fig. 6¢)
and material volume (Fig. 6d), respectively. It was observed that both
materials exhibited roughly similar CO2 uptake per material volume or
accessible surface at seven days; however, the CO2 uptake progressed
more rapidly for the porous biochar Type II composite compared to the
reference Type I composite as carbonation days increased.

The results clearly indicate that the addition of porous biochar
positively influences both carbonation kinetics and the amount of CO2
uptake. These findings align with the carbonation fronts shown in Fig. 4.
Carbonation phenomena in concrete materials primarily depend on CO-

Fig. 4. Cross sections of the composite materials after different carbonation days, sprayed with phenolphthalein solution (pink areas correspond to non-carbonated
material). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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gas diffusion, followed by solubilisation in condensed water and sub-
sequent reaction with the cement hydrates. As previously reported, the
Type II composite with biochar exhibits a different porosity compared to
the Type I reference composite. Indeed, different types of diffusion re-
gimes occur within the cement’s porosity based on pore sizes. For gel
pores with a diameter of d < 0.008 pm, the Knudsen diffusion regime is
dominant, as the pore diameter is significantly smaller than the mean
free path (1) of CO2 molecules, which is approximately 84 nm (d < %). In
these conditions, CO: diffusivity is proportional to the average molec-
ular speed of CO:z and the pore radius. Additionally, surface diffusion
may also occur in the smallest gel pores, where CO2 molecules diffuse
along the pore through successive adsorption-desorption reactions on
adjacent active sites via van der Waals interactions [14,75]. Conversely,
molecular diffusion prevails for pores with diameters greater than 0.8

pm, as the diameter exceeds the mean free path of CO2- molecules by a
factor of ten. In this case, CO: diffusivity depends solely on molecular
speed and the mean free path of CO2 molecules. For pores ranging be-
tween 0.008 and 0.8 pm, both Knudsen and molecular diffusion regimes
coexist. Overall, the effective diffusivity of a cement paste can be esti-
mated as the sum of the various diffusion regimes occurring in propor-
tion to their respective porosity fractions [76]. As indicated by the
mercury intrusion porosimetry (MIP) measurements, the incorporation
of porous biochar into the cement matrix significantly increases the
capillary pore volumes between 0.006 and 0.3 pm, along with the
additional macropore volumes introduced by the own macroporosity of
the biochar. The increase in these pore volumes likely enhances the
contributions of the mixed Knudsen and molecular diffusion regime in
the capillary range, as well as the molecular diffusion regime in the
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macroporous range, leading to higher effective diffusivity in the com-
posite compared to the reference material, which has a lower capillary
porosity fraction and minimal porosity beyond 0.4 pm.

It is also important to note that carbonation itself impacts pore
connectivity and CO: gas diffusion in cement-based materials. The
change in porosity during carbonation depends on the composition of
the material, specifically the type of cement and the inclusion of sup-
plementary cementitious materials [17,77]. If the C-S-H content is high,
carbonation can induce an increase in porosity as porous silica gel is
generated [77]. However, in our case, the high content of Ca(OH): in
Portland cement generally leads to a reduction in pore size and porosity
during carbonation [17]. The decalcification of Ca(OH): to produce
CaCOs, which precipitates in the pores, results in an increase in solid
volume, as the molar volume of CaCOs is greater than that of Ca(OH)2. In
this context, Type I and Type II composites were characterized after 30
days of carbonation using MIP, and the results were compared to those
obtained from the uncarbonated samples. Fig. 7 confirms that,
compared to the uncarbonated samples, pore distribution after carbon-
ation evolves towards a reduction in larger capillary pores while an
increase in smaller capillary pores is observed in both Type I and Type II
composites. As discussed earlier, this result may be linked to the for-
mation of CaCOs during carbonation, which precipitates over the pore
walls and reduces pore diameters, thereby shifting the distribution to-
wards smaller capillary pores. The increased mercury volume obtained
from the 30-day carbonated Type II sample also indicates a significant
reduction of the porosity with approximately 1 pm pore size corre-
sponding to the biochar macroporosity. This may suggest a clogging
effect of the pore walls caused by carbonated products diffusing into the
biochar particles and obstructing porosity. Overall, the reduction in
capillary porosity due to carbonation was notably more pronounced in
the Type II composite. Fig. 7b presents capillary porosities calculated
from the mercury-intruded volumes in the range of 5-300 nm relative to
the total intruded mercury volumes in the samples. Results indicate that
capillary porosity in Type I decreased from an average of 9.5 % to 8.2 %,
while it decreased from 14.9 % to 11.1 % in Type II. This indicates that
the relative porosity reduction for Type II is approximately three times
higher than that for Type I, suggesting that carbonation was more
effective in the Type II composite, consistent with the observations of
carbonation depths in the 30-day carbonated samples. Nevertheless, the
porosity of the composite containing porous biochar remains signifi-
cantly higher than that of the reference Type I composite, even after
carbonation. Thus, the improved carbonation efficiency observed for the
composite with biochar (Fig. 6) can also be attributed to the more
developed capillary pore network, which facilitates enhanced CO:

(a)
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diffusion rates.

To investigate the effect of biochar addition on CO: diffusion within
the cement matrix, the CO: diffusivity (DCO3) was calculated from the
experimental data on CO, uptake presented in Fig. 6¢. According to
Yang et al. [78], the CO: uptake during cement matrix carbonation in
concrete structures can be correlated with the total amount of absorb-
able CO: through carbonation in the cement and the carbonation depth
at time t, expressed by the following equation:

U002 (t) = acoz [ xc(t) (5)

With:

e Ucoz (D) (g.cm’z), the CO5 uptake in the concrete at carbonation time
t

® acon (g.cm’B) the total amount of CO; fixed in the concrete by CaCO3
formation

e X, (t) (cm), the carbonation depth at carbonation time t

According to the authors, xcp2 (t) can be theoretically calculated
from acpp, the CO, gas diffusion coefficient in the concrete and the at-
mospheric CO2 concentration with the following equation:

2Dco, ® C
Xco (6) = | 2= ot ©
Adco,

Incorporating equation (6) in (5), Ucoa(t) can be expressed as a time
square root equation including a slope A, such as:

2D C
Uco, (t) =aco, ® %'ﬁ:A'\ﬁ 7)
\/ €0,

Asillustrated in Fig. 8a, the experimental CO: uptake for both Type I
and Type II composites (from Fig. 6¢) was fitted to the square root of
carbonation time, represented by solid blue and red lines for Type I and
Type II, respectively. This fitting allowed for the determination of the
slopes for both composites (denoted as AT—I and AT—II). The experi-
mental CO: diffusivity (DCO3) was calculated using equation (7), while
the theoretical aCO, was derived from the water-to-cement (W/C) ratio,
hydration time, and cement content in the composite materials,
following the equations provided by Yang et al. [78]. Detailed calcula-
tions can be found in the Supplementary Information. The experimental
DCOy(t) for Type I was measured at 3.2 X 1078 mz/s, aligning with
literature values for similar test conditions and compositions [21,79].
For Type II, the experimental DCO, was 6.2 x 10~8 m2/s. This higher
diffusivity coefficient in Type II, confirms that the presence of biochar

(b)

16

,é\ —— Typel jlnitial ok
g Type I 14 N\ After 30 days
& 084 i [l Type I after 30 days _
’é Type II after 30 days X 124
£ 0.6 210+
5 2} 7 V
E £ ]
E 041 =
= S 61
= =
2 021 s
= © 4
@)

0- 2

i o0 LIZN\\
0.001 0.01 0.1 1 10 Type I Type I

Pore Diameter (um)

Fig. 7. Evolution of the pore size distribution obtained by MIP on Type I and II composites after 30 days of carbonation (a). Effect of 30 carbonation days on the

capillary porosity percentage (b).



M. Mesnage et al.

0.16
= Typel AT1=1.79 .10% g.cm 2. day'?
0.144 4 Typell R}'“ =0.998
Fit Type I 'y
E 0.124 Fit Type IT
2
S 0.1
Q)
&0
> 0.08+
é AT1=1.38.102 g.cm™.day™?
g 0.06+ RI"=0.993
S 004
S 0.04
0.02 +
O T T T T T T T
0 5 10 15 20 25 30 35

Carbonation time (days)

(e)

Cement and Concrete Composites 157 (2025) 105932

(b)

—— matrix-1s
— — - matrix- 10s

—+— matrix + biochar - 1 s
— — - matrix + biochar - 10 s

~ 04 - - - matrix-10h - - - matrix + biochar - 10 h
%
503
. g% A
g \,
ws 8 0.2
Sl I T L tig
Q -
=1 t e
S ..
o oNOl’ :—‘_."\\-‘-N. =
O

10 15 20
Length of the composite (mm)

Fig. 8. Fitting of the experimental CO, uptake in the Type I and Type II composites with the kinetic model (a). Scanned biochar particle (b) and numerical composite
material (c). CO, concentration distribution on the cutting plane at 10 h (d) and detail around biochar particle (e). Comparison of CO, concentration distribution
through the sample thickness for a numerical material composed by a cement matrix and for a material composed by the cement matrix and a porous biochar particle

at1s,10 s and 10 h (f).

particles enhances effective CO: diffusivity within the cement matrix.

To gain understanding on such a positive effect of biochar addition
on CO: diffusion within the cement matrix, numerical simulations were
conducted with a CO: gas flow passing through a composite sample,
which was reconstructed digitally and included a scanned biochar par-
ticle (Fig. 8b) embedded in a cement matrix (Fig. 8c). In this model,
unidirectional COz gas flow diffusion was utilized, necessitating the
application of symmetry boundary conditions around the specimen. The
Dirichlet boundary condition was imposed solely on the external surface
exposed to a 1 vol% concentration of CO2, while the opposite side of the
outer surface was left free, allowing the CO: gradient to influence the
flow direction.

The time-dependent evolution of the CO2 concentration gradient was
calculated every second for up to 10 h. For comparison, simulations
were also performed on a numerical sample devoid of biochar, with the
porosity of the cement matrices in both numerical samples set to match
those observed in the uncarbonated samples of Types I and II. Fig. 8d
and e illustrate the CO: flow (represented as arrows) traversing the Type
II composite after 10 h and the CO, concentration (represented in by
colours from hot to cold when reducing concentration).

The numerical simulation reveals that the presence of the biochar
particle in the cement matrix influences the CO5 flow velocity and di-
rection. As shown in Fig. 8d and more clearly in the zoom of Fig. 8e, the
simulation reveals that the direction of the diffusing CO: gas flow
changes dramatically, suggesting that the gas is adsorbed by the biochar
particle. Specifically, the LN 750 biochar exhibits a COz storage capacity
(determined from the CO: adsorption isotherm at room temperature,

10

Fig. $3) as high as 158 mgCO2.g~}, in reason of its highly developed
microporosity presenting the optimal pore size for CO3 adsorption. This
value is much higher than that obtained with other raw biochars, or even
with biochars that have undergone additional post-treatment to modify
their surface and/or porous texture to increase their capacity to adsorb
CO3 [31]. Due to such important adsorption of CO: into the micropo-
rosity of the biochar, the CO: flow originating from the surface de-
celerates more rapidly as it approaches the biochar, which reduces the
concentration at the entrance of the pores. The flow then accelerates
significantly within the biochar, owing to its high meso- and macro-
porosity. Consequently, the flow emerges on the opposite side with a
velocity exceeding that in the cement matrix, as the elevated COz con-
centration within the porosity of the biochar would establish a new
gradient towards the bulk. The vector of the entering flow is directed
toward the biochar and distributed in a homogeneous manner around
the particle. Ultimately, the flow direction shifts from unidirectional to
perpendicular to the grain, i.e., a circumferential direction for enhanced
diffusion. Therefore, when the gas flow passes through such a highly
porous medium, it subsequently diffuses in all directions around the
particle (see "vector" arrows in Fig. 8d and e), resulting in an increase in
the CO:2 concentration in the vicinity of the biochar particle. The last is
illustrated in Fig. 8f presenting the distribution of the CO: concentration
gradient on the cutting plane through the centre of the numerical
composite sample (0 mm stands for the composite surface) at 1 s, 10 s,
and 10 h for the Type II composite in comparison to the Type L. For the
Type I the CO, concentration decrease continuously from the surface to
the bulk of the material because the COs-hydrates reaction. However,
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for Type II, the concentration decreases more rapidly in the vicinity of
the carbon particle because the adsorption of CO; at the biochar
microporosity, tends to diffuse rapidly through the carbon porosity and
exit the particle at a higher concentration than for the Type I composite
at the same carbonation time (10 s or 10 h).

This influence of biochar particles on CO: flow velocity and direc-
tion, which enhances CO: concentration at the interface with the cement
matrix, was further corroborated by optical microscopy analysis. Fig. 9
shows images of the biochar-cement interface in the Type II composite
before and after 30 days of carbonation. Fig. 9a indicates that the bio-
char particles are well integrated into the cement matrix, exhibiting
good adhesion. The surface properties of the porous biochar, which
contain a significant number of polar functional groups, promote the
epitaxial growth of cement hydration products on the biochar surface
through chemical reactions between the cement and biochar particles,
thus enhancing adhesion between the matrix and aggregates [80]. In
Fig. 9b, a milky-colored layer was observed at the biochar interface in
the 30-day carbonated sample, contrasting sharply with the rest of the
cement matrix. This layer corresponds to the carbonation front depicted
in Fig. 4, where carbonation initiates around biochar particles as the
carbonation front reaches them. Thus, considering previous studies
[35], the milky layer in Fig. 9b is attributed to the formation of CaCOs,
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which creates a highly carbonated layer around the biochar particles.
This observation aligns with the numerical simulations, suggesting that
the CO:2 concentration gradient generated by CO: diffusion through the
biochar towards the cement matrix fosters the formation of a dense
CaCOs layer in the vicinity of the biochar, as more CO2 becomes avail-
able for carbonation.

Optical microscopy, as shown in Fig. 9b, also reveals the same milky
solid deposition within the macroporosity of the biochar. The biochar
particles were extracted from the composite after 30 days of carbonation
and the core of the particle was sampled to perform a TPD-MS analysis.
Fig. 9c presents the weight loss and the amount of HyO and CO; gases
evolved during the thermal treatment in an inert atmosphere of the
biochar extracted from the composite after 30 carbonatation days
compared to the raw biochar. The biochar from the carbonated com-
posite presents a weight loss in the 700-800 °C range associated with
CO: evolution, which was not present in the raw biochar. These results
suggest the presence of amorphous or poorly crystallized CaCOs within
the porosity of the biochar. The precipitation of CaCOs in the porosity of
the biochar is supported by a reduction in porosity in the 0.3-1 pm
range, associated with the presence of the biochar in the composite, as
observed through mercury intrusion porosimetry (MIP) (Fig. 7a). After
30 days of carbonation, porosity decreased from 10.2 % to 3.8 % in this
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Fig. 9. Optical microscopy on biochar-cement interface over the initial Type II composite (a) and after 30 days of accelerated carbonation (b). TPD-MS results
combining weight losses and desorbed CO, and H,0O gas profiles obtained for raw LN750 biochar (full lines) and on LN750 biochar extracted from a 30 days
carbonated Type II composite (dashed lines) (c). Comparison of the desorbed CO, profiles after 30 carbonation days for the Type II composite and for the porous
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range (Table 3). These findings confirm that biochar provides a suitable
environment for the deposition of carbonation products. The contribu-
tion of CaCOs deposited inside the porosity of the biochar to the total
carbonation products accounts for the pronounced shoulder seen in the
CO:2 evolution profile of Type II composite after carbonation between
600 and 700 °C (Fig. 9d), which is nearly absent during the carbonation
of the Type I composite without biochar (Fig. 6a).

Grand Canonical Monte Carlo (GCMC) simulations were conducted
to further investigate the cement matrix/carbon interface during
carbonation. Fig. 10a illustrates the interface between cement, pre-
dominantly containing CSH, and carbon. In the presence of 1 % CO:
(10,000 ppm) and 65 % relative humidity, Fig. 10b shows that CO:
molecules preferentially occupy the inter-layer spaces between CSH
layers and the interface zone between CSH and carbon. Simultaneously,
a large number of water molecules are adsorbed into the porosity of the
carbon, and an interfacial water layer forms between the CSH and car-
bon, as depicted in Fig. 10b. Thus, in addition to the substantial amount
of water near the biochar particles, which affects hydration and matrix
porosity development through bleeding effects, the biochar porosity also
contains a significant amount of water.

Consequently, the high concentration of water and CO: at the
cement/biochar interface and within the porous network can explain the
presence of CaCOs inside the porosity of the biochar and the dense
CaCO:s layer surrounding the biochar particles. This phenomenon can be
paralleled with CO: geological sequestration [81]. It is well established
that carbonate chemical weathering in aquatic ecosystems, including
oceans, consumes atmospheric CO. Specifically, the dissolution of
calcite in COz-containing water is crucial in many geological processes
and serves as a significant atmospheric CO: mitigation strategy. The
sculpting of karst landscapes and caves in limestone terrains or the
formation of stalactites, stalagmites, columns, and other speleothems in
caves are among the most remarkable examples [82]. In nature, when a
high concentration of dissolved CO: interacts with rocks containing
CaCOs, the following reactions have been extensively studied and
documented [83-871]:

CaCOs3 + CO, + H,0 -Ca(HCOs), @)

Under conditions of high CO; concentrations, Reaction (8) will
proceed in the forward direction, leading to the dissolution of solid
CaCOg3. Conversely, when the amount of dissolved CO; in water de-
creases, the backward reaction will generate solid CaCOs, facilitating
the formation of speleothems, as previously described.

During the carbonation process in composites, in addition to the
presence of COo, the conditions are also characterised by a high water
content in the porosity, which would allow reaction (8) to take place
over the calcite produced during carbonation. Notably, in cementitious
materials containing portlandite, Reaction (8) would be predominantly
forward. This could happen because the calcium bicarbonate solution
can react with Ca(OH)3 to regenerate calcite, as shown by the following
reaction:

Ca(HCO5), + Ca(OH), - 2CaC0s + 2H,0 ©

Reaction 8 will be particularly favored in the vicinity of biochar
particles where there is a high local water content, as determined by
molecular dynamics (MD) simulations (Fig. 10). This reaction is also
promoted by high CO; concentrations, as indicated by modelling

Table 3
Mercury Intrusion porosimetry (MIP) over Type I and Type II composites after
30 accelerated carbonation days.

3

@ (%) @ (%) dtot pp g.cm™
0.006<d<0.3 pm 0.3<d<4 pm %
Type I 8.2+ 0.6 1.8+ 0.0 12.0 £ 0.3 1.97 £+ 0.01
11.1 £ 0.7 3.8+0.7 17.7 £ 0.8 1.81 + 0.09
Type II
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(Fig. 8), and elevated levels of Ca(OH),, confirmed by TPD-MS analysis
(Fig. 5). Consequently, reaction (8) will lead to an increased consump-
tion of Ca(OH),, since the formation of CaCOs on the surface of por-
tlandite inhibits further diffusion of COs, significantly impacting the
kinetics of carbonation. The weathering of CaCO3 results in a greater
conversion of Ca(OH); to CaCOs3 because the higher solubility of Ca
(HCO3), and its diffusion in the water present at the cement/biochar
interface enhances CO5 diffusion throughout the bulk of the particle.
This assertion is supported by quantifying the Ca(OH); consumption
during carbonation, as demonstrated by integrating the HoO gas evo-
lution between 400 and 700 °C in the TPD-MS measurements presented
in Fig. 5. For the composite containing biochar, the amount of consumed
Ca(OH), consistently increases over the carbonation period (Fig. 5b),
whereas for the Type I composite, the amount of Ca(OH), consumed
shows minimal change after 7 days of carbonation (Fig. 5a). These re-
sults align with the observations in Fig. 6a, where the products of Ca
(OH), carbonation—specifically, crystallized CaCO3 that decomposes to
release CO; gas around 700-800°C—increased for the Type II composite
during carbonation, while no significant growth was observed for Type I
after 7 days.

Moreover, the presence of CaCO3 within the porosity of the biochar
particles suggests that they play a critical role in the aqueous diffusion of
species through the water layer at the biochar-cement interface. The
precipitation of CaCO3 within the biochar could indicate that hydration
products and calcite weathering products are diffusing into the porosity
to react according to the reaction (9). The reaction nature-inspired
mechanism that we propose here is illustrated in the scheme in
Fig. 11. All the results presented above confirm that, in addition to
influencing the matrix microstructure and CO; diffusion, highly porous
biochar particles actively participate in CO2 uptake through both
physical and chemical mechanisms. Beyond the physisorption of CO5 in
the micropores, evidence exists for the precipitation of CaCO3 within the
meso- and macroporosity as it has been previously observed by Gupta
et al. when using biochars with small surfaces areas presenting mainly
macroporosity [35].

Overall, the biochar particles distributed within the cement matrix
act as reservoirs for water and COj, significantly impacting material
hydration and carbonation. The incorporation of biochar into a cement-
based material enhances both the kinetics of carbonation and the degree
of carbonation of carbonatable hydrates.

Nevertheless, those results should be confirmed by using formula-
tions of construction materials and in natural carbonation conditions.

4. Conclusions

This study presents an effective and sustainable strategy to address
the slow carbonation kinetics of cement-based materials while simul-
taneously increasing COy uptake capacity. The introduction of highly
porous biochar particles into the formulation facilitates the valorisation
of recycled concrete aggregates (RCA) into a composite material that
efficiently captures CO,.

The porous biochar obtained from the pyrolysis of seaweeds exhibits
interesting textural properties, characterized by a highly developed
specific surface area, including micropores with optimal pore size for
CO4, adsorption together with mesopores and macropores, along with a
significant presence of oxygen surface functionalities. These features
confer both gas adsorption and hydrophilic properties to the biochar,
promoting the adsorption of substantial amounts of CO3 and the uptake
of important amounts of liquid water. As a result, the carbon particles
dispersed within the cement matrix, in conjunction with the RCA, serve
as effective reservoirs for water and CO,, having a main role during
material hydration and carbonation.

The porous nature of biochar significantly impacts porosity devel-
opment during hydration. It can uptake over 700 wt% of water, and
Grand Canonical Monte Carlo (GCMC) simulations indicate that this
water is primarily located within the porosity of the biochar and at the
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Fig. 11. Scheme of the dual carbonation mechanism occurring close to the biochar-cement interface. Grey dialog boxes correspond to initial carbonation since
orange dialog boxes correspond to the additional CaCO3 precipitation by weathering of calcite and further reaction with Ca(OH), and CO at the carbon/cement
interface. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

carbon/cement interface. This substantial volume of water adjacent to
the biochar particles affects hydration and matrix porosity development
through bleeding effects, leading to the enhanced formation of capillary
pores. The combination of this capillary porosity and the macropores of
the biochar results in an open porosity of 30.5 %, compared to only 12.3
% for the composite without biochar. Furthermore, the introduction of
biochar increases water uptake from 8.5 wt% to 21.5 wt%.

These physico-chemical changes induced by the addition of porous
biochar to the cement matrix, in addition to the intrinsic porosity of the
biochar, have a significant positive impact on both carbonation kinetics
and CO, uptake. Employing a combined experimental and simulation
approach, the observed faster kinetics for the biochar-enhanced com-
posite can be attributed to a higher effective CO5 diffusivity. The greater
porosity of the Type II composite increases both Knudsen and molecular
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diffusion rates. In addition, the CO4 adsorption properties of the biochar
conferred by its microporosity acted as a driving force to redirect the
flow of CO, traversing the biochar from the sample surface to around the
biochar surface, allowing deeper penetration into the concrete
thickness.

The increased CO5 uptake exhibited by the composites with biochar
is associated with the formation of a dense carbonated layer at the
carbon-cement interface and the presence of CaCO3 within the biochar
porosity. Indeed, the CO; and HyO-rich environment at the carbon/
cement interface enhances the carbonation degree of the carbonatable
hydrates by solubilizing the CaCO3 layer formed during carbonation,
which limits further CO5 diffusion through the bulk of the particle. The
weathering of CaCOj3 leads to the formation of highly soluble Ca
(HCO3),, which diffuses in the water contained in the cement/biochar
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interface to react with additional Ca(OH); and CO,. This secondary
carbonation reaction could explain the production of additional CaCOs3
that precipitates within the matrix and inside the biochar porosity. This
specific mechanism shifts the carbonation equilibrium toward deeper
carbonation of the bulk cement hydrates, explaining the increase of both
the carbonation rate and CO, uptake in the presence of a highly porous
biochar.

In conclusion, the incorporation of a biochar with a porous texture
adapted to high CO5 and H20 uptake into cement-based materials im-
proves the carbonation kinetics and increases the degree of conversion
of carbonatable hydrates, thus positioning concrete as a viable material
for CO4 capture.
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