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Abstract: The addition of biochar to Portland cement composites has been proven to increase
some of the material properties. The effect on alkali-activated materials has not been fully
investigated. In this study, different recipes of metakaolin pastes at different biochar amounts
are tested. Their physical and mechanical properties are analyzed to understand if any benefi-
cial effects can be found even for alkali-activated binders. The results show that the addition
of small amounts of biochar (<2 wt%) increases the compressive strength of metakaolin pastes
(+15% after 28 days) and decreases the water absorption by capillarity, possibly leading to
increased durability. Higher biochar content decreases the mechanical properties but provides
higher dimensional stability and reduces the formation of efflorescence.
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1. Introduction
In 2005 the atmospheric CO2 level was 280 ppm, and in 2019, it was 409.8 ppm. This

increase was caused mainly by manufacturing industries, and among them, construction-
based industries had an important impact on global CO2 emissions (around 7%) [1]. To
achieve the goal of reducing the emission of greenhouse gases into the atmosphere, in recent
years, many studies have been conducted to reduce the amount of clinker added to concrete,
partially replacing it with other materials called supplementary cementitious materials
(SCMs) coming from industrial wastes or construction and demolition wastes (CDWs).
A completely alternative approach makes use of different binders. These materials are
obtained starting from a solid alumino-silicate precursor that reacts with different strongly
alkaline activators to create a 3D structure with high mechanical strength. The chemical
reactions involved are consequently entirely different from those active in Portland cement
materials. The precursors must be rich in silica and alumina, such as fly ash, silica fume,
metakaolin, or blast furnace slag [2]. Independently from the source, alkali-activated
materials generate lower CO2 emissions than traditional Portland cement. These materials
can be defined either as alkali-activated materials (AAMs) or as geopolymers on account
of their overall chemical composition [3]. On the other hand, biochar is obtained from
an organic substance (generally agricultural wastes). The average CO2 footprint is up to
−3.3 kg of CO2-eq per kg of biochar [4], confirming its capability to absorb atmospheric
CO2 (reduction in greenhouse gases near 900 kg CO2) [5]. Accordingly, the addition of
biochar into building materials can minimize their carbon footprint since biochar is a carbon-
negative material. Gupta tested peanut hull biochar [6] and wood sawdust biochar [7],
finding a value of 0.86 mmol/g of CO2 adsorption capacity for peanut hull and 1.67 mmol/g
for wood sawdust. Furthermore, replacing 2 wt% of cement with wood sawdust biochar in
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mortars reduces the net global warming potential by 15.3%. Four different processes can be
applied to obtain biochar: slow and fast pyrolysis, microwave pyrolysis, and gasification. In
the first one, the organic matter is heated at 500 ◦C with a speed rate of 10 ◦C·min−1; in the
fast pyrolysis, fine biomass (<1 mm) is heated at 400–800 ◦C at high speed for a short time,
resulting in incomplete lignin depolymerization [5]. Microwave pyrolysis uses microwave
energy to heat the biomass, resulting in a more precise temperature control programme and
the production of high-quality biochar showing higher surface area and porosity, which
is very useful for removing contaminants from polluted water [8]. Gasification can be
performed using steam or hot and compressed water and the products are chars and gases
such as hydrogen, carbon mono- and dioxide, and methane [4,5]. Currently, biochar is
mainly used as a soil conditioner to improve the performance of the soil [8]. Its final
properties are related to different factors such as the nature of biomass, moisture content,
manufacturing process, and temperature of pyrolysis. The elements generally present in
biochar are C, H, O, N, and a few mineral elements (K, Ca, Mg, and Na) [4]. The original
biomass also affects the biochar pore structure: woody biochar has a higher pore structure
compared to other types of biochar, increasing water retention capacity [4]. Biochar also has
high heat resistance, due to its covalent structure and aromaticity, low thermal conductivity,
and high resistance to microbial degradation [4].

In recent years, articles and reviews have been published about the use of biochar as
a partial replacement for Portland cement [9,10]. For example, Maljaee in his review [11]
found that the optimum biochar addition is 2 wt% to improve mechanical properties.
Porous biochar absorbs, in the first stage of the sample preparation, a part of the mixing
water, reducing the effective water-to-binder ratio. During this time, the absorbed wa-
ter is released, maintaining a constant internal moisture content and exerting a curing
action [5–11]. Barbhuiya also came to similar conclusions about the improvement of me-
chanical properties, finding the best addition near 1–5 wt% of biochar [8]. Biochar is also
able to improve the mechanical interlocking with the cement matrix. The amount of biochar
to add depends on the feedstock type and particle size [1]. Chen [4] compared research
where biochar was added to cement binder finding the best mechanical performance in the
use of sludge and rice hush biochar at 5 wt% replacement; however, in [12], the incorpo-
ration of 2 wt% sewage sludge biochar pyrolyzed at 500 ◦C to Portland cement gave an
increase in compressive strength of 5.8% after 28 days (near 60 MPa).

Gupta [13] tested the substitution with wood biochar (1–2 wt%) and rice husk biochar
(2 wt%), obtaining an increase in mortar strength by 17–24%. These results are also con-
firmed in [14] where the addition of 0.5–1 wt% of mixed wood sawdust biochar (0.1–2 µm)
increased the compressive strength by 20%.

Gupta [15] also tested the possibility of replacing cement with biochar made with
wood sawdust, finding that 1–2 wt% is the optimum amount. The main reason for this
improvement is supposed to be the bonding capability with the cementitious matrix,
thanks to the presence of a ridge-shaped surface and a porous structure in the biochar.
Furthermore, these amounts do not significantly reduce flowability and density compared
to the control mix mortar. Replacement near 5–8 wt% in reverse reduces the flowability
and creates more voids that increase porosity and reduce compressive strength too [15].
Biochar particles, absorbing part of free water, reduce the local water–cement ratio and
create a denser mortar. Wang [16], Gupta [13], and Muthukrishnan [17] found that the
addition of biochar particles creates a “reservoir effect” that leads to a denser microstructure
during the secondary hydration process. The main phases of this process are attraction by
the biochar of cement grains through hydroxyl functional groups, formation of clusters,
nucleation, attraction of other biochar, precipitation of hydration products on the surfaces
of the clusters, and densification of the cement matrix. De Carvalho [18] obtained pastes by
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mixing cement and biochar coming from water treatment sludge (1–2–5 wt%), observing
that the concentration of C–S–H and portlandite is very similar to the reference material, in
terms of the compressive strength. These results are reached thanks to the partial pozzolanic
effect of biochar due to the presence of metakaolinite. The densification was also confirmed
by SEM analysis where the microstructure of the pastes with additions of 1 wt% and
2 wt% biochar showed a well-formed structure with a network of C–S–H compounds [18].
Chen [12] studied the hydration mechanisms of sludge biochar and cement composed of
three simultaneous phases: nucleation and crystal growth, interactions at phase boundaries,
and diffusion. Zeidabadi [19], testing the addition of rice husk and sugarcane bagasse
pyrolyzed at 700 ◦C, found that additions above 5 wt% lead to a reduction in mechanical
properties. Navaratnam [20] tested the addition of wood biochar pyrolyzed at 500 ◦C to
prepare cement mortars exposed to high temperatures (from 200 ◦C to 700 ◦C), finding
that the best performance was obtained with a 5 wt% addition; for higher dosage levels
(10–20 wt%), a decrease around 19–53% in compressive strength was obtained.

The abundance of papers dealing with biochar in addition to traditional Portland
materials stresses the large interest in this practice. Few studies in the literature are found
on the addition of biochar to alkali-activated materials (AAMs) or geopolymers [21–40].
Recently, various applications in different sectors have been proposed for the removal
of heavy metals, particularly lead [21–33], and polluting substances such as methylene
blue [24], rhodamine B [21], naphthalene [25], and also carbon dioxide absorbers [26,27]. In
particular, Chen [4] foresees an increase in the use of solid waste applied to the construction
sector in addition to red mud, phosphogypsum, and alkali-activated binders. The hydration
products, either ettringite or C-A-S-H, and biochar can encapsulate the pollutants, restrain-
ing them thanks to ion exchange, redox reactions, pore filling, electrostatic attraction, and
physical encapsulation [4]. Its good insulating properties make it a suitable material for the
production of insulating panels [28] or foams [29], and its low weight makes it suitable for
creating lightweight materials for building construction [28].

As for the production of mortars and concrete, Egodagamage [30] performed a mix
design of granulated blast furnace slag AAM, investigating the effect of biochar type,
amount, and alkaline activator type and determining the formulation for achieving the best
mechanical results. Biochar deriving from rice husk was tested by Zhao [31] in addition
to fly ash and slag activated with sodium hydroxide and a sodium silicate solution. Rice
husk has many interconnected pores so its introduction creates a product with lighter
mass, higher water absorption, and a better capillary absorption coefficient. The pores in
the matrix reduce the progression of water evaporation and the presence of efflorescence.
Moreover, the reactive SiO2 present in rice husk promotes the formation of N-A-S-H and
C-(A)-S-H gels together with alkali activators [31].

Prabahar [32] tested geopolymeric pastes with blast furnace slag and biochar at 1.54%
in a NaOH solution and 1.63% in a Na2CO3 solution. The pastes with biochar had reduced
autogenous shrinkage (in particular, for the ones activated with the NaOH solution). Com-
pressive strength was increased in the pastes containing biochar thanks to the absorption of
the activator solution made by biochar that created a denser pore structure. It should also
be considered that the presence of biochar voids reduces the compressive strength since
they act as stress concentration sites in the sample. Thus, it is supposed that the effect of
densification compensated for the effect of voids since the pastes with biochar showed an
increase in compressive strength after 7 and 24 days [32]. Table 1 summarizes the previous
papers found in the literature concerning the use of biochar in addition to traditional
Portland materials [4,8,11–20] and AAMs [21,28–40], as well as the characterization that
was made on the composite materials (such as paste (P), mortar (M), and concrete (C)), with
a particular focus on the mechanical (compressive strength (σc)) and durability properties.
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Table 1. Summary of the literature concerning the use of biochar on building materials.

Mixture Binder Biochar Test Performed

Author Ref. P M C OPC MTK FA GGBS Sludge
Rice

husk-Bag.
Wood
-Nut

OAB
(%)

Flow σc-σf
σc Max

MPa
SEM
EDX

XRD FTIR
TGA
DSC

Perm.
Absor.

ρ
MIP
BET

LC Dur.

Chen [4] 5 37
Barbhuiya [8] 1-5 35
Malijaee [11] 2 70

Chen [12] 2 65
Gupta [13] 1-2 65
Gupta [14] 1-2 70
Gupta [15] 1-2 65
Wang [16] 1-2 70

Muthukrishnan [17] 20 70
De Carvalho [18] 1-2 73

Zeidabadi [19] 5 55
Navaratnam [20] 5 38

Marathe [21] 2-10
Piccolo [28]

Egodagamage [30] 2 43
Zhao [31] 50 72

Prabahar [32] 1.5 22
Rajamma [34] 60 38

Abdulkareem [35] 10 60
Ishak [36] 5 41
Yadav [37] 55 25
Rajan [38] 33 65
Saloni [39] 90 60
Singh [40] 10 30

Silvestro [2] 10 83
Ref. = Bibliographical Reference
P = Paste
M = Mortar
C = Concrete
OPC = Ordinary Portland cement
MTK = Metakaolin
FA = Fly ash
GGBS = Ground granulated blast-furnace slag

Bag. = Bagasse
Nut = Nuts and coconut
OAB = Optimum Amount of Biochar
σc = Compressive strength
σf = Flexural strength
σc Max = Maximum value of compressive strength (MPa)
SEM-EDX = Scanning electron microscope energy dispersive X-ray Spectroscopy
XRD = X-ray diffraction
FTIR = Fourier transform infrared spectroscopy

TGA = Thermogravimetry
DSC = Differential Scanning Calorimetry
Perm. = Permeability
Absor. = Absorption
ρ = Density
MIP = Mercury Intrusion Porosimetry BET = Brauner -Emmet-Teller instrument
LC = Length change determination
Dur. = Durability tests
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So far, the role and the effects of biochar on this class of materials, AAMs, which have 
peculiar properties compared to traditional Portland composites, are far from being com-
pletely examined and understood. In the present research, the effect of different biochar 
amounts on the overall performance of pastes containing metakaolin and activated by 
sodium hydroxide and sodium silicate has been investigated. 

2. Materials and Methods 
2.1. Materials and Recipes 

The metakaolin used was obtained by rapid calcination of a kaolinitic clay with an 
original production process that requires low energy consumption and low CO2 emission. 
Its commercial name is Argicem and it is produced by Argeco Développement located in 
Fumel (Lot-et-Garonne), France. The density of metakaolin measured using a helium pyc-
nometer (Ultrapycnometer 1000, Quantachrome Instruments, Boynton Beach, FL, USA) 
was equal to 2.627 g/cm3 and its specific surface area is 10.48 m2/g (BET analysis, Nova 
800, Anton Paar, Graz, Austria). The X-ray analysis of metakaolin has been previously 
reported [41]. The diffractogram showed the presence of silica. To activate the metakaolin, 
an 8M solution of NaOH (Merck, Darmstadt, Germany) was used in combination with a 
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So far, the role and the effects of biochar on this class of materials, AAMs, which
have peculiar properties compared to traditional Portland composites, are far from being
completely examined and understood. In the present research, the effect of different biochar
amounts on the overall performance of pastes containing metakaolin and activated by
sodium hydroxide and sodium silicate has been investigated.

2. Materials and Methods
2.1. Materials and Recipes

The metakaolin used was obtained by rapid calcination of a kaolinitic clay with an
original production process that requires low energy consumption and low CO2 emission.
Its commercial name is Argicem and it is produced by Argeco Développement located
in Fumel (Lot-et-Garonne), France. The density of metakaolin measured using a helium
pycnometer (Ultrapycnometer 1000, Quantachrome Instruments, Boynton Beach, FL, USA)
was equal to 2.627 g/cm3 and its specific surface area is 10.48 m2/g (BET analysis, Nova
800, Anton Paar, Graz, Austria). The X-ray analysis of metakaolin has been previously
reported [41]. The diffractogram showed the presence of silica. To activate the metakaolin,
an 8M solution of NaOH (Merck, Darmstadt, Germany) was used in combination with a
Na2SiO3 solution (commercial name Reoflux B, SS, Ingessil, Verona, Italy) with the follow-
ing characteristics: water content = 56 wt%; SiO2/Na2O ratio = 2.07; and ρ = 1.53 g/cm3.

The biochar used to prepare the pastes comes from non-contaminated chipped hard-
wood (mainly peach and grapevine) slowly pyrolyzed (from ambient temperature to 550 ◦C
with a heating rate of 10–15 ◦C·min−1 followed by an isothermal condition of 550 ◦C for
30 min). This biochar was produced by Romagna Carbone snc, located in Bagnacavallo
(RA), Italy, and kindly provided by the Department of Agricultural Sciences of the Uni-
versity of Bologna, Italy [33]. The elemental chemical composition of biochar is reported
in [33]. Biochar was previously dried in the oven at 55 ◦C for 72 h, and later, it was manually
ground and sieved using a sieve of ϕ 0.5 mm. The density of the biochar measured using
the helium pycnometer was 1.961 g/cm3, with a specific surface area of 5.73 m2/g and a
volume porosity of 5%. Figure 1a–c show the morphology of the filler obtained by scanning
electron microscopy (FEI Instruments, FEI, Hillsboro, OR, USA). Biochar particles show
a very complex shape, rough surface, and a large size distribution. The larger particles
(Figure 1b) disclose a porous network capable of absorbing water, while some of them show
organized hexagonal microfibrils that belong to the lignocellulosic materials (grapevine).
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Moreover, biochar was analyzed with the XRD technique (diffractometer Empyrean,
Malvern Panalytical, detector PIXcel1D, Almelo, The Netherlands) to determine its com-
position. The main elements detected are quartz, calcium carbonate, and sodium calcium
aluminum silicate (Figure 2). A small peak is also present at a low 2θ value that can
probably be assigned to potassium sodium iron aluminum silicate hydroxide.
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Figure 2. XRD of the biochar.

Comparing the XRD results with others present in the literature, it is possible to ob-
serve the presence of amorphous and crystalline phases of silica. For example, Muthukrish-
nan [17], Gupta [13], and Egodagamage [30] found, for rice husk biochar, sharp and narrow
peaks at 2θ = 22◦, indicating the presence of crystalline phases of silica, and a hump between
20 and 25◦ belonging to amorphous silica. This one can have a pozzolanic effect during the
hydration process, even with a limited contribution to the final geopolymerization.

The biochar was also analyzed by thermogravimetric analysis (TGA 55, TA In-
struments, Waters LLC, New Castel, DE 19720, USA) with the following method:
ramp 20 ◦C·min−1 to 1000 ◦C (Figure 3). The graphic obtained discloses a steady and
constant decomposition leading to an almost linear decrease in weight loss. However, a
small peak appears at 706 ◦C that may be related to the decomposition of calcium carbonate
(corresponding to about 20% of the total mass of biochar).
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2.2. Mix Design and Sample Preparation

The formulated recipes are reported in Table 2. Starting from an unmodified
metakaolin composition (MH-0), different mix designs were investigated with increas-
ing amounts of biochar substituting 1, 2, 5, and 8 wt% of metakaolin (MH-1, MH-2,
MH-5, and MH-8). The quantity of activators was kept constant although this caused
a slight unbalance in the ratio among the different oxides of silicium, aluminum, and
sodium. Alkali-activated pastes with biochar were obtained by using a beaker (1 L vol-
ume) and a mixer (Janke & Kunkel IKA: Labortechnik RW-20, Haverhill, MA, USA).
After weighing the ingredients, metakaolin and biochar were placed in the beaker, and
later, the activation solution (NaOH and Na2SiO3, previously mixed) was poured in. Fi-
nally, water was also added to the mix. For each recipe, at least 20 cylindrical samples
(ϕ 27 mm × height 55 mm) were cast to perform physical and mechanical tests, 3 cylindri-
cal samples (ϕ 27 mm × height 40 mm) were prepared to determine the bulk density and
water absorption, and 3 samples 25 × 25 × 285 mm with a gauge length of 250 mm were
prepared to evaluate the dimensional changes in the hardened pastes.

Table 2. The recipes of the AAM pastes tested.

Name Metakaolin (%) Biochar (%) Na2SiO3 (%) NaOH (%) H2O (%)

MH-0 56.02 0.00 21.29 21.29 1.40
MH-1 55.46 0.56 21.29 21.29 1.40
MH-2 54.90 1.12 21.29 21.29 1.40
MH-5 53.22 2.80 21.29 21.29 1.40
MH-8 51.54 4.48 21.29 21.29 1.40

Samples were then stored at room temperature and sealed in polyethylene bags. After
24 h, the cylinders were demoulded and stored in hermetic polypropylene containers until
testing. Figure 4 shows a flowchart of the materials’ characterization, sample preparation,
curing, and investigated tests at both fresh and hardened states.
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2.3. Methods
2.3.1. Determination of Consistency

Fresh pastes immediately after the preparation were cast in a brass truncated conical
mould (ϕ 20–40 mm, 60 mm height). After the removal of the mould, two perpendicular
diameters of the collapsed paste were measured. Standard consistency (C) was calculated
as follows according to Equation (1):

C = 100·(dm − d0)/d0, (1)



Materials 2025, 18, 486 10 of 20

where dm is the average diameter of the two perpendicular diameters and d0 is the lower
diameter of the mould (i.e., 40 mm).

2.3.2. Physical Properties

The bulk density (ρb) of the pastes was determined by weighing the cylinders in dry,
wet, and hydrostatic conditions, as prescribed by the EN 772-13 Standard [42] after 28 days
of curing at environmental temperature. In particular, samples were initially submerged in
water for about 3 days and the weights in wet and hydrostatic conditions were measured.
Samples were later moved in an oven at 40 ◦C for at least 2 days before measuring the dry
mass. For the three weights, different measures were performed until weight changes of
less than 2% were achieved. The values of weight measured for the determination of the
bulk density were also used to calculate the water absorption (WA) at atmospheric pressure
according to the EN 772-21 Standard [43] at 28 days of curing.

A capillary water absorption test (EN 15801 [44]) was performed using three cylindrical
samples (ϕ 27 × height 55 mm) after 28 days of curing. The amount of water absorbed was
calculated using Formula (2):

Qi = (mi − m0)/A, (2)

where Qi is the amount of absorbed water at time ti (kg/m2), mi is the weight of the sample
at time ti (kg), m0 is the weight of the dried sample (kg), and A is the absorption area in
contact with water (m2).

2.3.3. Pore Size Distribution

After the compression test, performed after 28 days of curing, some fragments of the
broken samples were collected. The external surfaces were removed using a chisel and
samples near 1.0 g were obtained. Later, the samples were dried in an oven at 40 ◦C for
24 h. The pore size distribution of the fragments was obtained using a mercury intrusion
porosimeter (MIP Pascal 140 Series and Pascal 240 Series, Thermo Scientific, Waltham,
MA, USA).

2.3.4. Mechanical Properties

Compressive strength (σc) was measured on cylinders (ϕ 27 × height 55 mm) initially
after 7, 14, and 28 days of curing at room temperature and relative humidity of 60 ± 10%.
After 28 days of curing, three cylinders were placed for 8 days in a container with the base
covered with filter paper and a thin layer of water at the bottom to perform capillary testing
as specified in the previous point (Section 2.3.2) but also to create an environment suitable
for the development of efflorescence. After 4 days in the oven at 40 ◦C (40 days of total
curing time, 28+8+4 days), the compressive (σc) strength was measured again to compare
the decrease in strength due to the efflorescence formation. The apparatus used to perform
the tests was 100 kN Wolpert equipment (Wolpert, Neu Ulm, Germany) with a 5 mm/min
displacement rate. Except for the dimensions of the samples, the tests were performed
according to the EN 196-1 Standard [45]. Before measuring the compressive strength after
28 and 40 days, the dynamic elastic modulus (Ed) was measured using an ultrasonic pulse
velocity tester (Matest C369N, Matest, Treviolo, Italy) according to EN 12504-4 [46].

2.3.5. Microstructure

After the compression test, some samples were collected and investigated with an
SEM XL20 type (FEI Instruments, FEI, Hillsboro, OR, USA), a scanning electron microscope
equipped with an energy-dispersive spectroscopy EDS X-ray detector. To ensure surface
electrical conductivity, the fractured surfaces of the samples were coated with graphite.
During the observations, an accelerating voltage of 20 kV was applied.



Materials 2025, 18, 486 11 of 20

2.3.6. Determination of Length Change

To evaluate the dimensional changes in the hardened pastes, three samples 25 × 25 ×
285 mm with a gauge length of 250 mm were prepared for each recipe. After 24 h stored
at environmental temperatures in plastic bags, the prisms were demoulded and placed
in a climatic chamber (DY430, Angelantoni, Massa Martana, Italy) at 30 ◦C and 40% RH
until the time of the measurement. The condition was selected to simulate demanding
environments. The change in length at x age (L) was calculated using the following formula
(4), according to ASTM C 490/C 490M–08 [47]:

L = (Lx − Li)·100/G, (3)

where L is the change in length at x age (%), Lx is the comparator reading of specimen
at x age minus the comparator reading of reference bar at x age (mm), Li is the initial
comparator reading of specimen minus initial comparator reading of reference bar (mm),
and G is the nominal gauge length (250 mm).

3. Results and Discussion
In Table 3, the average diameter measured during the standard consistency test (dm),

the final consistency (C), and the physical properties (ρb and WA) are reported.

Table 3. Consistency and physical properties of biochar–AAM pastes.

Sample Name dm (mm) C (%) ρb (Mg/m3) WA (%)

MH-0 120 200 1.42 ± 0.01 27.5 ± 0.1
MH-1 117 193 1.42 ± 0.02 27.5 ± 0.7
MH-2 115 188 1.42 ± 0.01 27.5 ± 0.4
MH-5 102 155 1.41 ± 0.02 28.1 ± 0.7
MH-8 96 140 1.37 ± 0.01 28.6 ± 0.3

dm = average diameter measured during the standard consistency test; C = consistency; ρb = bulk density;
WA = water absorption.

As can be observed, the consistency (C) of the samples decreases as the percentage
of biochar increases owing to the fact that biochar, according to its irregular shape and
porosity, absorbs water from the pastes, increasing the mixture viscosity, although even at
the highest content, the paste could be cast without the creation of high-range porosities.
Concerning water absorption (WA), the results are substantially similar for small amounts
of biochar, but for higher percentages (5 wt% and 8 wt%), an increase in water absorption
is observed due to the porosity of the biochar. For the same reason, a decrease in the bulk
density is observed (near 3.5%).

Table 4 shows the values of the mechanical properties (σc) of the pastes after 7, 14, and
28 days. The development of strength takes place mainly after the first curing time while
afterwards, the strength increase is low or even absent, confirming the different behaviour
of AAMs when compared to traditional Portland composites. Figure 5 shows the graphics
of the compressive strength of the samples after 28 days. As can be observed, the maximum
values of strength at different curing times are obtained for samples with the addition of
1 wt%, which is similar to what has been found in mortars obtained with ordinary Portland
cement with the addition of biochar [13]. In particular, for sample MH-1, the increase in
strength after 28 days is near 15.1% compared to the reference sample. By increasing the
amount of biochar (>2%), a reduction in the mechanical properties, is however observed.
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Table 4. Mechanical properties of biochar–AAM pastes after 7, 14, and 28 days.

Sample Name σc 7 Days (MPa) σc 14 Days
(MPa)

σc 28 Days
(MPa)

Ed 28 Days
(GPa)

MH-0 23.6 ± 3.0 26.6 ± 2.9 25.7 ± 2.7 7.6 ± 0.3
MH-1 28.3 ± 3.0 30.0 ± 2.4 29.6 ± 2.8 7.7 ± 0.3
MH-2 27.6 ± 2.8 30.4 ± 2.8 28.9 ± 2.9 7.5 ± 0.2
MH-5 21.1 ± 2.8 23.6 ± 2.2 24.2 ± 2.0 6.3 ± 0.1
MH-8 18.2 ± 2.6 19.2 ± 2.5 20.1 ± 2.7 5.9 ± 0.1

σc = compressive strength; Ed = dynamic elastic modulus.
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Concerning the dynamic elastic modulus after 28 days (Table 4 and Figure 5), the MH-1
series with the addition of 1% of biochar shows an increase in this parameter (+0.1 GPa
with respect to the reference sample). The two different mechanical properties show the
same trend as a function of the biochar content (Figure 5). The increase in the modulus at
1% substitution is noteworthy since the addition of an organic, porous phase should indeed
lead to lower values as the test progressively takes place at the higher content. Indeed, it
has also been proposed that organic substances can participate in the development of the
alkali-activated structure as will be discussed afterwards.

The XRD graphic of the hardened pastes is shown in Figure 6. As it can be observed,
only quartz (deriving from the original metakaolin, as commented previously) is detected
for all the samples and all the diffractograms have a similar shape. The calcium carbonate
present in the biochar could not be detected owing to its small amount, inferior to the
detection limit of the instrument (near 2%).

The images obtained with scanning electron microscopy on the fractured surfaces of
samples cured for 28 days show a dense and compact microstructure for MH-0 samples
(Figure 7a) that assures high values of compressive strength. No detectable differences can
be observed at 1 and 2% biochar addition (Figure 7b), while at higher concentrations, small
crystals of sodium silicate were also detected on the matrix, homogeneously arranged in
the sample (Figure 7c). Some cracks can be observed (Figure 7d) close to the largest biochar
particles owing to the imperfect adhesion to the matrix (Figure 7d).
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The results of the MIP tests are shown in Figure 8. The MH-0 unmodified sample
shows a steady increase in mercury intrusion leading to high values of overall intrusion.
For the modified samples, a hump in the curve is present in the porosity range from 0.04 to
0.07 µm. At 1% biochar amount, the high-range porosity (>10 µm) is not reduced compared
to the MH-0 sample but is lower at the higher concentrations (2 and 5%). The detected
hump can be related to the presence of biochar.
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Figure 8. MIP results.

The results of the capillary water absorption are summarized in Figure 9 where the
amount of absorbed water is plotted as a function of the square root of time. Mostly
because of the hydrophobic character of biochar, a progressive decrease in the rate of water
permeation is observed and it is stronger as the biochar amount becomes higher than 2 wt%.
This effect suggests an increased resistance to the diffusion of ions inside the modified
materials, an effect that can lead to increased durability as proposed for other modified
geopolymers showing high hydrophobic behaviour [48].
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During the capillary test (Figure 10), samples presented a very fine whitish patina
all around the line of the capillary rise in the water (white collar). This patina generally
disappeared after 8–10 h. This condition was also detected and analyzed by Manzi [49]
and Zhao [31]. The first author, using the X-ray diffraction technique, found that the
main element of the efflorescence was sodium carbonate hydrate; Zhao, using SEM and
energy-dispersive X-ray spectroscopy (EDS), found sodium carbonate. The amount of
efflorescence decreases as the biochar content increases. A similar effect was found by
Zhao [31] although in systems that did not contain biochar.
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In order to study the effect of efflorescence formation on the materials’ properties, the
samples were submitted to eight days of curing in the same condition as the capillary test.
Afterwards, they were dried in an oven at 40 ◦C until constant weight was obtained. At
this point, they underwent a mechanical test. Table 5 and Figure 11 show their compressive
strength and the dynamic elastic modulus. The same trend previously observed at 14 and
28 days is obtained even at this time. The maximum values of compressive strength are
detected for 1 wt% and 2 wt% of biochar, respectively, as 29.8 MPa and 30.2 MPa. In
particular, comparing the values of strength in the conditions previously explained to
the strength after 28 days (∆σ), it can be observed that the addition of biochar always
increased the compressive strength with respect to the reference sample MH-0 that, on the
contrary, decreased its strength by approximately 13%. The increase may be due to the
40 ◦C treatment but it is still remarkable that only the modified samples show no damage
effects as it is conversely observed in the plain composition.

Table 5. Mechanical properties of biochar–geopolymer pastes after 40 days, where ∆σ is the decrease
(−) or increase (+) of strength with respect to the 28 days of curing.

Sample Name σc (MPa) Ed (GPa) ∆ (%)

MH-0 22.4 ± 2.7 9.3 ± 0.6 −12.8
MH-1 29.8 ± 2.1 9.2 ± 0.3 +0.7
MH-2 30.2 ± 2.8 8.4 ± 0.3 +4.5
MH-5 26.3 ± 3.0 7.6 ± 0.2 +8.7
MH-8 21.1 ± 1.2 7.7 ± 0.2 +5.0
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Eventually, Figure 12 shows the results of the dimensional stability test performed
at 30 ◦C and 40% R.H. A complex behaviour is observed. The lowest amount of biochar
does not provide any increase in the stability of the paste, while at higher concentrations,
the filler, behaving as a humidity reservoir, manages to reduce shrinkage. The effect is not,
however, proportional to the filler amount.
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The addition of small amounts of biochar changes the properties of the materials in
a complex way. The porosity of the filler tends to decrease workability and affects the
mechanical properties. On the contrary, it seems to behave as a buffer, able to control
the alkalinity inside the material, reducing the negative effects of the efflorescence and
mitigating, at proper contents, the dimensional changes. Indeed, biochar has an intrinsic
alkaline character as proved in [33] and its porosities can behave as an alkaline reservoir
that promotes and maintains the integrity of the 3D structure. The chemical character of
the filler plays, however, a different role. Some studies [50] have underlined how carbon-
based materials can enhance the reactivity of the binders, a feature that can explain the
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increase in mechanical properties at low content. This behaviour is obtained to handle the
reduction in metakaolin, which is much more reactive towards alkalis than biochar and
contains only a small fraction of the reactive inorganic phase. When the organic matter
increases, metakaolin depletion and possibly a mismatch in the oxide ratios of the mix
prevail. Moreover, the larger particles of biochar disclose an imperfect adhesion to the
surrounding matrix and can create weak points in the structure, lowering the mechanical
properties. The different water affinities of biochar enable the modified samples to absorb
water at lower rates and to be less affected by the damages produced during its absorption,
mainly efflorescence formation and leaching. After the water diffusion and efflorescence
formation, while a decrease in the strength of the MH-0 series with unmodified metakaolin
is detected, in the modified materials, where more constant alkalinity is possibly provided
as previously underlined, the mechanical properties are maintained.

4. Future Scope
A more complete set of tests and experimental techniques is, however, necessary to

support this initial hypothesis, i.e., the determination of the effective pH values in the bulk
of the material throughout the curing processes, the analysis of the chemical structure of
the gel by infrared, energy-dispersive X-ray analysis and solid-state NMR. This, however,
exceeds the scope of the present paper which only focuses on the macroscopic behaviour of
the modified material. Moreover, another important point is to evaluate the effects of the
different chemical compositions of biochar coming from other agricultural waste.

5. Conclusions
In the present research, starting from an in-depth analysis of the existing literature

dealing with the use of biochar in traditional (OPC) and innovative sustainable (AAMs)
building materials, the addition of small amounts of biochar to metakaolin alkali-activated
pastes is studied. The research focuses on the effects of biochar on macroscopic properties
(physical, mechanical, microstructural, and durability) of the alkali-activated materials.
The following results of the experiments can thus be summarized:

- An improvement in the mechanical properties (compressive strength and elastic
modulus) is obtained with the addition of 1% of biochar (+15% for compressive
strength and +0.9% for dynamic elastic modulus after 28 days). A higher amount
progressively tends to decrease the mechanical performance.

- Water permeability tends to decrease with the addition of biochar, while the formation
of efflorescence is reduced. An increased durability of the modified materials can thus
be forecast.

- At compositions above 2%, biochar provides higher dimensional stability to the
samples, a feature that was never tested before.

A tailored addition of biochar to the alkali-activated composite material can thus
increase a selected property while further decreasing the environmental impact of the
construction material. Future work will concentrate on the detailed effect of biochar on the
chemistry of the alkali-activated 3D structure.

Author Contributions: Conceptualization, A.S. and S.M.; methodology, A.S. and S.M.; validation, A.S.
and S.M; formal analysis, A.S. and S.M.; investigation, L.B.; writing—original draft preparation, A.S.,
L.B. and S.M.; writing—review and editing, A.S. and S.M.; supervision, A.S. and S.M. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support from PNRR MUR project ECS_00000033_
ECOSISTER. The authors also acknowledge financial support from PRIN 2020—Sector PE8, project
code 2020WEFKX5_004.



Materials 2025, 18, 486 18 of 20

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors declare the availability of the data reported in this paper.

Acknowledgments: A. Sgaravatto (Department of Civil, Chemical, Environmental and Materials
Engineering, University of Bologna, Italy) is gratefully acknowledged for technical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mensah, R.A.; Shanmugam, V.; Narayanan, S.; Razavi, N.; Ulfberg, A.; Blanksvärd, T.; Sayahi, F.; Simonsson, P.; Reinke, B.; Försth,

M.; et al. Biochar-added cementitious materials—A review on mechanical, thermal, and environmental properties. Sustainability
2021, 13, 9336. [CrossRef]

2. Silvestro, L.; Piccinini Scolaro, T.; Ruviaro, A.S.; dos Santos Lima, G.T.; Gleize, P.J.P.; Pelisser, F. Use of biomass wood ash to
produce sustainable geopolymeric pastes. Constr. Build. Mater. 2023, 370, 130641. [CrossRef]

3. Palomo, A.; Krivenko, P.; Garcia-Lodeiro, I.; Kavalerova, E.; Maltseva, O.; Fernández-Jiménez, A. A review on alkaline activation:
New analytical perspectives. Mater. Constr. 2014, 64, e022. [CrossRef]

4. Chen, L.; Zhou, T.; Yang, J.; Qi, J.; Zhang, L.; Liu, T.; Dai, S.; Zhao, Y.; Huang, Q.; Liu, Z.; et al. A review on the roles of biochar
incorporated into cementitious materials: Mechanisms, application and perspectives. Constr. Build. Mater. 2023, 409, 134204.
[CrossRef]

5. Akinyemi, B.A.; Adesina, A. Recent advancements in the use of biochar for cementitious applications: A review. J. Build. Eng.
2020, 32, 101705. [CrossRef]

6. Gupta, S.; Kashani, A.; Mahmood, A.H.; Han, T. Carbon sequestration in cementitious composites using biochar and fly
ash—Effect on mechanical and durability properties. Constr. Build. Mater. 2021, 291, 123363. [CrossRef]

7. Gupta, S.; Kua, H.W.; Low, C.Y. Use of biochar as carbon sequestering additive in cement mortar. Cem. Concr. Compos. 2018,
87, 110–129. [CrossRef]

8. Barbhuiya, S.; Das, B.B.; Kanavaris, F. Biochar-concrete: A comprehensive review of properties, production and sustainability.
Case Stud. Constr. Mater. 2024, 20, e02859. [CrossRef]

9. Neve, S.; Du, J.; Barhemat, R.; Meng, W.; Bao, Y.; Sarkar, D. Valorization of vetiver root biochar in eco-friendly reinforced concrete:
Mechanical, economic, and environmental performance. Materials 2023, 16, 2522. [CrossRef]

10. Ryłko-Polak, I.; Komala, W.; Białowiec, A. The reuse of biomass and industrial waste in biocomposite construction materials for
decreasing natural resource use and mitigating the environmental impact of the construction industry: A review. Materials 2022,
15, 4078. [CrossRef]

11. Maljaee, H.; Madadi, R.; Paiva, H.; Tarelho, L.; Ferreira, V.M. Incorporation of biochar in cementitious materials: A roadmap of
biochar selection. Constr. Build. Mater. 2021, 283, 122757. [CrossRef]

12. Chen, X.; Li, J.; Xue, Q.; Huang, X.; Liu, L.; Poon, C.S. Sludge biochar as a green additive in cement-based composites: Mechanical
properties and hydration kinetics. Constr. Build. Mater. 2020, 262, 120723. [CrossRef]

13. Gupta, S.; Muthukrishnan, S.; Kua, H.W. Comparing influence of inert biochar and silica rich biochar on cement mortar—Hydration
kinetics and durability under chloride and sulfate environment. Constr. Build. Mater. 2021, 268, 121142. [CrossRef]

14. Gupta, S.; Kua, H.W. Carbonaceous micro-filler for cement: Effect of particle size and dosage of biochar on fresh and hardened
properties of cement mortar. Sci. Total Environ. 2019, 662, 952–962. [CrossRef] [PubMed]

15. Gupta, S.; Kua, H.W.; Pang, S.D. Biochar-mortar composite: Manufacturing, evaluation of physical properties and economic
viability. Constr. Build. Mater. 2018, 167, 874–889. [CrossRef]

16. Wang, L.; Chen, L.; Tsang, D.C.W.; Kua, H.W.; Yang, J.; Ok, Y.S.; Ding, S.; Hou, S.; Poon, C.S. The roles of biochar as green
admixture for sediment-based construction products. Cem. Concr. Compos. 2019, 104, 103348. [CrossRef]

17. Muthukrishnan, S.; Gupta, S.; Kua, H.W. Application of rice husk biochar and thermally treated low silica rice husk ash to
improve physical properties of cement mortar. Theor. Appl. Fract. Mech. 2019, 104, 102376. [CrossRef]

18. De Carvalho Gomes, S.; Zhou, J.L.; Zeng, X.; Long, G. Water treatment sludge conversion to biochar as cementitious material in
cement composite. J. Environ. Manag. 2022, 306, 114463. [CrossRef]

19. Zeidabadi, Z.A.; Bakhtiari, S.; Abbaslou, H.; Ghanizadeh, A.R. Synthesis, characterization and evaluation of biochar from
agricultural waste biomass for use in building materials. Constr. Build. Mater. 2018, 181, 301–308. [CrossRef]

20. Navaratnam, S.; Wijaya, H.; Rajeev, P.; Mendis, P.; Nguyen, K. Residual stress-strain relationship for the biochar-based mortar
after exposure to elevated temperature. Case Stud. Constr. Mater. 2021, 14, e00540. [CrossRef]

21. Marathe, S.; Sadowski, L. Developments in biochar incorporated geopolymers and alkali activated materials: A systematic
literature review. J. Clean. Prod. 2024, 469, 143136. [CrossRef]

https://doi.org/10.3390/su13169336
https://doi.org/10.1016/j.conbuildmat.2023.130641
https://doi.org/10.3989/mc.2014.00314
https://doi.org/10.1016/j.conbuildmat.2023.134204
https://doi.org/10.1016/j.jobe.2020.101705
https://doi.org/10.1016/j.conbuildmat.2021.123363
https://doi.org/10.1016/j.cemconcomp.2017.12.009
https://doi.org/10.1016/j.cscm.2024.e02859
https://doi.org/10.3390/ma16062522
https://doi.org/10.3390/ma15124078
https://doi.org/10.1016/j.conbuildmat.2021.122757
https://doi.org/10.1016/j.conbuildmat.2020.120723
https://doi.org/10.1016/j.conbuildmat.2020.121142
https://doi.org/10.1016/j.scitotenv.2019.01.269
https://www.ncbi.nlm.nih.gov/pubmed/30795482
https://doi.org/10.1016/j.conbuildmat.2018.02.104
https://doi.org/10.1016/j.cemconcomp.2019.103348
https://doi.org/10.1016/j.tafmec.2019.102376
https://doi.org/10.1016/j.jenvman.2022.114463
https://doi.org/10.1016/j.conbuildmat.2018.05.271
https://doi.org/10.1016/j.cscm.2021.e00540
https://doi.org/10.1016/j.jclepro.2024.143136


Materials 2025, 18, 486 19 of 20

22. Kim, J.-G.; Kim, H.-B.; Baek, K. Novel electrochemical method to activate biochar derived from spent coffee grounds for enhanced
adsorption of lead (Pb). Sci. Total Environ. 2023, 886, 163891. [CrossRef] [PubMed]

23. Zhang, X.; Zhou, X.; Moghaddam, T.B.; Zhang, F.; Otto, F. Synergistic effects of iron (Fe) and biochar on light-weight geopolymers
when used in wastewater treatment applications. J. Clean. Prod. 2021, 322, 129033. [CrossRef]

24. Dzoujo, H.T.; Shikuku, V.O.; Tome, S.; Akiri, S.; Kengne, N.M.; Abdpour, S.; Janiak, C.; Etoh, M.A.; Dina, D. Synthesis of
pozzolan and sugarcane bagasse derived geopolymer-biochar composites for methylene blue sequestration from aqueous
medium. J. Environ. Manag. 2022, 318, 115533. [CrossRef]

25. Zhu, Y.; Ji, S.; Liang, W.; Li, C.; Nie, Y.; Dong, J.; Shi, W.; Ai, S. A low-cost and eco-friendly powder catalyst: Iron and copper
nanoparticles supported on biochar/geopolymer for activating potassium peroxymonosulfate to degrade naphthalene in water
and soil. Chemosphere 2022, 303, 135185. [CrossRef]

26. Suresh, R.; Gnanasekaran, L.; Rajendran, S.; Jalil, A.A.; Soto-Moscoso, M.; Khoo, K.S.; Ma, Z.; Halimatul Munawaroh, H.S.;
Show, P.L. Biomass waste as an alternative source of carbon and silicon-based absorbents for CO2 capturing application.
Chemosphere 2023, 343, 140173. [CrossRef]

27. Candamano, S.; Policicchio, A.; Conte, G.; Abarca, R.; Algieri, C.; Chakraborty, S.; Curcio, S.; Calabrò, V.; Crea, F.; Agostino, R.G.
Preparation of foamed and unfoamed geopolymer/NaX zeolite/activated carbon composites for CO2 adsorption. J. Clean. Prod.
2022, 330, 129843. [CrossRef]

28. Piccolo, F.; Andreola, F.; Barbieri, L.; Lancellotti, I. Synthesis and characterization of biochar-based geopolymer materials. Appl. Sci.
2021, 11, 10945. [CrossRef]

29. Farges, R.; Gharzouni, A.; Ravier, B.; Jeulin, P.; Rossignol, S. Insulating foams and dense geopolymers from biochar by-products.
J. Ceram. Sci. Technol. 2018, 9, 193–200. [CrossRef]

30. Egodagamage, H.; Yapa, H.D.; Buddika, H.A.D.S.; Navaratnam, S.; Nguyen, K. Effective use of biochar as an additive for
alkali-activated slag mortar production. Constr. Build. Mater. 2023, 370, 130487. [CrossRef]

31. Zhao, Y.; Chen, B.; Duan, H. Effect of rice husk ash on properties of slag based geopolymer pastes. J. Build. Eng. 2023, 76, 107035.
[CrossRef]

32. Prabahar, J.; Vafaei, B.; Baffoe, E.; Ghahremaninezhad, A. The effect of biochar on the properties of alkali-activated slag pastes.
Constr. Mater. 2022, 2, 1–14. [CrossRef]

33. Sorrenti, G.; Masiello, C.A.; Dugan, B.; Toselli, M. Biochar physico-chemical properties as affected by environmental exposure.
Sci. Total Environ. 2016, 563–564, 237–246. [CrossRef] [PubMed]

34. Rajamma, R.; Labrincha, J.A.; Ferreira, V.M. Alkali activation of biomass fly ash–metakaolin blends. Fuel 2012, 98, 265–271.
[CrossRef]

35. Abdulkareem, O.A.; Ramli, M.; Matthews, J.C. Production of geopolymer mortar system containing high calcium biomass wood
ash as a partial substitution to fly ash: An early age evaluation. Compos. B Eng. 2019, 174, 106941. [CrossRef]

36. Ishak, S.; Lee, H.S.; Singh, J.K.; Ariffin, M.A.M.; Lim, N.H.A.S.; Yang, H.M. Performance of fly ash geopolymer concrete
incorporating bamboo ash at elevated temperature. Materials 2019, 12, 3404. [CrossRef]

37. Yadav, A.L.; Sairam, V.; Srinivasan, K.; Muruganandam, L. Synthesis and characterization of geopolymer from metakaolin and
sugarcane bagasse ash. Constr. Build. Mater. 2020, 258, 119231. [CrossRef]

38. Rajan, H.S.; Kathirvel, P. Sustainable development of geopolymer binder using sodium silicate synthesized from agricultural
waste. J. Clean. Prod. 2021, 286, 124959. [CrossRef]

39. Saloni; Parveen; Pham, T.M.; Lim, Y.Y.; Pradhan, S.S.; Jatin Kumar, J. Performance of rice husk Ash-Based sustainable geopolymer
concrete with Ultra-Fine slag and Corn cob ash. Constr. Build. Mater. 2021, 279, 122526. [CrossRef]

40. Singh, K. Experimental study on metakolin and bagasse ash based geopolymer concrete. Mater. Today Proc. 2021, 37, 3289–3295.
[CrossRef]

41. Manzi, S.; Molari, L.; Bignozzi, M.C.; Masi, G.; Saccani, A. Geopolymeric Composites Containing Industrial Waste Reinforced
with Arundo donax Fibers. Buildings 2024, 14, 1191. [CrossRef]

42. EN 772-13; Determination of Net and Gross Dry Density. European Committee for Standardization: Brussels, Belgium, 2002.
43. EN 772-21; Determination of Water Absorption. European Committee for Standardization: Brussels, Belgium, 2011.
44. EN 15801; Conservation of Cultural Property—Test Methods—Determination of Water Absorption by Capillarity. European

Committee for Standardization: Brussels, Belgium, 2010.
45. EN 196-1; Methods of Testing Cement—Part 1: Determination of Strength. European Committee for Standardization: Brussels,

Belgium, 2016.
46. EN 12504-4; Testing Concrete in Structures—Part 4: Determination of Ultrasonic Pulse Velocity. European Committee for

Standardization: Brussels, Belgium, 2021.
47. ASTM C 490/C 490M-21; Standard Practice for Use of Apparatus for the Determination of Length Change of Hardened Cement

Paste, Mortar, and Concrete. ASTM International: West Conshohocken, PA, USA, 2021.

https://doi.org/10.1016/j.scitotenv.2023.163891
https://www.ncbi.nlm.nih.gov/pubmed/37142015
https://doi.org/10.1016/j.jclepro.2021.129033
https://doi.org/10.1016/j.jenvman.2022.115533
https://doi.org/10.1016/j.chemosphere.2022.135185
https://doi.org/10.1016/j.chemosphere.2023.140173
https://doi.org/10.1016/j.jclepro.2021.129843
https://doi.org/10.3390/app112210945
https://doi.org/10.4416/jcst2017-00098
https://doi.org/10.1016/j.conbuildmat.2023.130487
https://doi.org/10.1016/j.jobe.2023.107035
https://doi.org/10.3390/constrmater2010001
https://doi.org/10.1016/j.scitotenv.2016.03.245
https://www.ncbi.nlm.nih.gov/pubmed/27135586
https://doi.org/10.1016/j.fuel.2012.04.006
https://doi.org/10.1016/j.compositesb.2019.106941
https://doi.org/10.3390/ma12203404
https://doi.org/10.1016/j.conbuildmat.2020.119231
https://doi.org/10.1016/j.jclepro.2020.124959
https://doi.org/10.1016/j.conbuildmat.2021.122526
https://doi.org/10.1016/j.matpr.2020.09.116
https://doi.org/10.3390/buildings14051191


Materials 2025, 18, 486 20 of 20

48. Ruan, S.; Chen, S.; Zhang, Y.; Mao, J.; Yan, D.; Liu, Y.; Liu, X.; Hosono, H. Molecular-level hybridized hydrophobic geopolymer
ceramics for corrosion protection. Chem. Mater. 2023, 35, 1735–1744. [CrossRef]

49. Manzi, S.; Baldazzi, L.; Saccani, A. Formulating geopolymer mortars through Construction and Demolition Waste (CDW)
Recycling: A comprehensive case study. Materials 2023, 16, 7304. [CrossRef] [PubMed]

50. Alastair, Y.H.; Marsh, T.M.; Yue, Z.; Krishnan, S.; Adu-Amankwah, S.; Bernal, S.A. Hybrid organic-inorganic blast furnace slag
binders activated with alkali acetates. ACS Omega 2024, 9, 35888–35905. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.chemmater.2c03522
https://doi.org/10.3390/ma16237304
https://www.ncbi.nlm.nih.gov/pubmed/38068048
https://doi.org/10.1021/acsomega.4c04857

	Introduction 
	Materials and Methods 
	Materials and Recipes 
	Mix Design and Sample Preparation 
	Methods 
	Determination of Consistency 
	Physical Properties 
	Pore Size Distribution 
	Mechanical Properties 
	Microstructure 
	Determination of Length Change 


	Results and Discussion 
	Future Scope 
	Conclusions 
	References

