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Abstract: This study investigated the mechanical properties and hydration mechanism of cement-based
composites incorporating rice husk biochar (RB) and corn straw biochar (CB) under standard curing
conditions of 28 days. The compressive strength, flexural strength, and total calcium hydroxide generated
during hydration of the cement-based composites were studied using simultaneous thermal analysis (TG-
DTG), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS), and attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR). The results showed that when the incorporation of RB and CB was 4%, both
the compressive and flexural strengths were significantly improved. The incorporation of RB and CB did
not generate new hydration products or change the total amount of calcium hydroxide generated during
hydration. On the contrary, refining the internal pore structure of the cement significantly improved the
mechanical properties of the cement-based materials. These findings indicate that biochar materials prepared
from agricultural and forestry waste represent a valuable new development strategy for improving the

performance of cement-based materials.

1. Introduction

Auxiliary cementitious materials are widely used to reduce cement usage and
improve the durability of cement-based composite materials. These admixtures
mainly use materials such as silica fume to improve the early and long-term
strength and durability of cement-based building materials. However, the
disadvantage is that they are relatively expensive compared to cement-based
materials themselves. In recent years, biochar materials have shown excellent
adsorption performance due to their advantages such as large specific surface
area and high porosity. Therefore, biochar materials have been widely used
in the adsorption of wastewater and soil pollutants'’. At present, research
on the combination of biochar materials and other materials in related fields
mainly focuses on carbon dioxide sequestration, soil improvement™, water
purification”™, and heavy metal ion adsorption”’. The application research
of biochar materials in building materials not only maintains the original
mechanical properties of the materials, but also introduces functions such
as environmental purification and carbon dioxide sequestration''*'?. In fact,
agricultural and forestry practices are the main contributors to the large amount
of biomass waste generated. Globally, approximately 140 Gt of waste is
generated annually, posing a significant challenge to management as discarded
biomass has a negative impact on the environment ¥, In recent years,
several studies have reported the positive effects of incorporating different
biochar contents and types into cementitious matrices, including improved
cement hydration, contaminant fixation, fracture energy and high-temperature
resistance, as well as direct and indirect effects on mechanical strength "%,
Experimental studies conducted by Gupt et al. showed that biochar particle
size significantly affects the workability, hydration and mechanical properties
of cementitious matrices "*'. The following year, the team further improved the
strength of cement mortar under sulfate conditions by adding rice husk biochar
'l However, these studies required the addition of silica fume to enhance
concrete performance, which could potentially increase costs further. Studies
by Sirico et al. showed that by adding an appropriate proportion of biochar,
compressive strength and flexural strength comparable to the original material
could be obtained !'”. Although biochar materials can positively impact cement
properties and impart unique characteristics to cement, previous studies have

not systematically investigated the mechanisms by which biochar materials
affect cement hydration reactions.

In this work, two biochar materials, rice husk biochar (RB) and corn stalk
biochar (CB), were mixed with conventional commercial cement to prepare
cement-based composite materials (RBMC and CBMC, respectively). This
study investigated the mechanical properties and hydration mechanism of
cement-based composites under standard curing conditions for 28 days.
Simultaneous thermal analysis (TG-DTG), X-ray diffraction (XRD), mercury
intrusion porosimetry (MIP), scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), and attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) were employed to study the compressive
strength, flexural strength, and total calcium hydroxide generated during
hydration of the cement-based composites. This research presents a valuable
new development strategy for improving the performance of cement-based
materials using low-cost biochar materials prepared from agricultural and
forestry waste.

2. Experiments

2.1. Raw Materials and Analysis

PII 52.5 cement (PC) was used with a loss on ignition of 2.3%. The basic
performance indicators and chemical composition of the cement are shown
in Table 1 and Table 2 respectively. Figure 1(a) presents the particle size
distribution diagram of the cement. Its particle size ranges from 2.121 pm to
176 pm, with an average particle size of 21.19 pm. Other materials include
standard sand and tap water. The materials used in this experiment are all
sponsored by Weihai Zhongheng Pipe Pile Co., Ltd.

Rice husk charcoal (RB) and corn straw charcoal (CB) were obtained through
carbonization experiments. The heating rate of the muffle furnace was 501/
min, the nitrogen flow rate was 200 mL/min, and the final carbonization
temperature was 500(). Before starting the heating of the muffle furnace,
nitrogen was filled to expel air and form a nitrogen environment. After heating
up to the final carbonization temperature, it was continuously maintained for
2 hours, and then it was automatically cooled to room temperature to obtain
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Table 1. Basic performance index of cement.

Compressive strength (Mpa)

Flexural strength (Mpa)

Setting time (min)

3d 28d 3d 28d Initial Final
setting setting
30.8 60.1 6.9 9.5 174 225
Table 2. Chemical composition of Ordinary Portland Cement(wt%).
Oxide CaO SiO, AlLO, SO, Fe,0; MgO Na,O K,0
PC 63.57 22.84 491 2.69 3.46 2.73 0.18 0.64
Oxide CaO SiO, AlLO; SO, Fe,0; MgO Na,O K,0
Figure 1. Particle size distribution of PC(a), RB(b) and CB(c) powder.
Table 3. Chemical element composition of RB, CB (wt%)
Sample C (6] Si Ca K Al P Mg N Fe
RB 35.33 37.91 22.78 0.52 2.54 0.03 0.24 0.16 0.00 0.07
CB 52.55 23.66 9.33 243 3.21 1.93 0.39 1.31 1.55 1.78

Figure 2. (a) TG result of RB and CB powder. (b)XRD pattern of RB and CB powder.

Table 4. Brunauer-Emmett-Teller (BET) surface area analysis results

Sample BET Surface Area Total Pore Volume Average Pore Radius
(m?/g) (cm?/; g) (nm)
PC 1.98 0.006 12.59
RB 108.94 0.065 2.39
CB 109.97 0.059 2.16

biochar.

The chemical element compositions of RB and CB are shown in Table 3. The
silicon element content in rice husk charcoal is relatively high. The particle
size distribution diagrams of RB and CB are shown in Figure 1(b) and 1(c).
The particle size range of RB is 2.999um - 176um, and the average particle
size is 38.91um. The particle size range of CB is 2.999um - 104.7um, and the
average particle size is 19.49um.

The thermogravimetric analysis results of RB and CB are shown in Figure
2(a). Compared with the weight loss of approximately 5.5% for RB, CB
exhibited a relatively large weight loss of 10.5%. The X-ray diffraction (XRD)
analysis of RB and CB (Figure 2(b)) shows that both RB and CB exhibit a
characteristic peak attributed to cellulose at 20 = 22° (the peak at 20 = 22°
may also be the characteristic peak of SiO[], overlapping with that of cellulose)

U8 indicating that the high - temperature preparation environment did not

damage the cellulose structure of the biochar. CB shows a relatively prominent
and a weak crystal diffraction peak at around 26 = 24° and 43° respectively,
indicating that CB has graphite - like microcrystalline structures to varying
degrees!"”.

The Brunauer-Emmett-Teller (BET) surface area, average pore diameter, and
total pore volume of the three raw materials, PC, RB, and CB were tested
using a fully automatic specific surface area and pore size analyzer. The results
are shown in Table 4. The specific surface areas of RB and CB are 108.94 and
109.97 respectively, which are much higher than that of PC. It can be seen
that biochar has a well - developed specific surface area. Therefore, it can be
hypothesized that in the initial stage of composite material preparation, due to
its well - developed specific surface area, biochar absorbs water to saturation
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Figure 3. Morphology of RB (a) and CB (b) powder

first. As the curing progresses, the water in the biochar gradually migrates into
the cement material, filling the pores of the cement - based material with non -
chemically - bound water. This increases the relative humidity of the cement -
based material, thus improving the curing effect of the composite material and
enhancing the mechanical properties of the sample.

The micro - surface morphologies of RB and CB are shown in Figure 3. The

Table 5. Mix proportion for prepared cement mortar(g)

surface of RB exhibits honeycomb - like macropores, while the surface of CB
shows fibrous macropores. These pores may be generated during the pyrolysis
process or originate from the capillary structure of the biomass raw materials.
The abundant pores have strong water absorption capacity, which can thus
change the water - cement ratio, consistent with the hypothesis in the BET
analysis.

Samples Water Sand Cement BB biochar w/b
Control 225 1350 450 0 0.5
RB2% 225 1350 441 9 0.5
RB4% 225 1350 432 18 0.5
RB6% 225 1350 423 27 0.5
CB2% 225 1350 441 9 0.5
CB4% 225 1350 432 18 0.5
CB6% 225 1350 423 27 0.5

Figure 4. Compressive strength and flexural strength

2.2. Samp le Preparation and Testing Methods

The mix ratio design for the composite material is shown in Table 5. Referring
to GB/T 17671-1999 (the current cement mortar standard of the People’s
Republic of China, which is not much different from standards used in other
countries), the composite material is prepared into cement mortar specimens
measuring 40 mm x 40 mm X 160 mm. Specimens mixed with CB and RB are
abbreviated as CBMC and RBMC, respectively, with biochar materials added
at 2%, 4%, and 6%. After the samples were molded in the mold for 1 day, the
mold was removed, and the samples were placed in a curing room (temperature:
20 U + 2 [, humidity > 95%). They were cured for 28 days and then taken
out for later use. The compressive strength and flexural strength of 7 groups of
samples were tested respectively. Meanwhile, thermogravimetric - derivative
thermogravimetric (TG - DTG) analysis and X - ray diffraction (XRD) were
used to analyze the content and phase composition of the hydration products
of the samples. The mercury intrusion porosimetry (MIP) was adopted to

analyze the influence of the addition of biochar on the pore structure of the
mortar. Fourier - transform infrared spectroscopy (FTIR) analysis was used
to analyze the changes of the surface functional groups of the samples. The
micro - morphology and element distribution of the samples were observed
by scanning electron microscope (SEM) and energy - dispersive spectrometer
(EDS).

3 Results and Discussion

The compressive strength and flexural strength values of the 7 groups of
samples after 28d curing under standard conditions are shown in Figure 4. It
can be seen from the figure that when the biochar addition amount is 4%, the
strengths of RBMC and CBMC are slightly higher than those of the control
group. This may be because the biochar material has a porous carbon skeleton
structure with very stable properties. Its abundant micropores can store a
large amount of water, which is slowly released during the hydration reaction
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Figure 5. SEM images and EDS results of control (a), RB4% (b) and CB4% (c)

of the cement material, thus improving the degree of cement hydration and
promoting the formation of hydration products (C-S-H gel)!"**".

At the same time, due to the filling effect of biochar, the pore size of the
cement - based material can be reduced, making the composite material denser
than the control group. Therefore, this experiment shows that adding a small
amount of biochar can improve the mechanical properties of the cement-based
material by deepening the degree of cement hydration.

However, there is a certain reasonable range for the improvement of the
strength of cement specimens by biochar. When the addition amounts of RB
and CB are 6%, the strengths are lower than those of the control group. The
main reason is that the strength of the cement-based material comes from
the products generated by the cement hydration reaction. If a large amount
of cement is replaced by biochar, it will inevitably lead to a reduction in
hydration products, thus reducing the mechanical properties of the cement -
based material.

Therefore, this experiment can basically confirm that when the dosages of RB

and CB are 4%, it has a promoting effect on the strength of cement mortar
samples. In the following, the control group, RB4% and CB4% are taken as
the research objects respectively to explore the influence of biochar on the
cement hydration reaction.

Figure 5 shows the micro - morphology images and EDS spectra of the
specimens in the blank group, RB4% and CB4% after 28 - day standard
curing. From the micro - morphology images, it can be seen that the hydration
products of the specimens in the blank group, RB4% and CB4% are mainly
fibrous C - S - H gel and flaky calcium hydroxide. Through the analysis of
the EDS spectra, the Ca/Si molar ratios of the hydration products of the three
groups of specimens are 5.26, 3.52 and 3.55 respectively. Previous studies
have shown that a lower Ca/Si molar ratio has a stronger adsorption capacity
for alkalis. Therefore, specimens with a lower Ca/Si molar ratio can better
inhibit the occurrence of the alkali - aggregate reaction (AAR). Thus, adding
an appropriate amount of biochar to cement has important guiding significance
for the study of concrete durability".

Figure 6. (a) TG/DTG curves of control, RB4% and CB4%; (b) CH content of control, RB4% and CB4%; (c) XRD patterns of control,
RB4% and CB4%; (d) Cumulative distribution curves of control, RB4% and CB4%; (e) ATR-FT-IR spectras of control, RB4% and

CB4%.
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Figure 6(a) shows the comprehensive thermal analysis curves of the
control group, RB4% and CB4% with a hydration age of 28 days. Through
observation, the cement-based material has three obvious concave peaks or
weight-loss segments, which are the endothermic peak of free water at 1000]
- 200101, the endothermic peak of calcium hydroxide at 400(1 - 47007 and the
endothermic peak of calcium carbonate at 650(] - 950[]. Compared with the
control group, the addition of biochar led to an increasing trend in the weight
loss of the cement mortar samples.
By analyzing the DTG curve of the cement - based material, it is considered
that the weight loss caused by the evaporation of free water in the sample
occurs when the temperature is in the range of 110[] - 400(, which is called
gel weight loss. When the temperature is in the range of 40001 - 500L], the
mass loss is caused by the decomposition of Ca(OH),.
Since the water generated by the decomposition of Ca(OH), is released as
water vapor, the weight loss in the DTG curve at 400L) - 500L] is the mass of
water vapor. Therefore, the content of Ca(OH), (CH, %) can be calculated.
My x m

CH = v (€))]
where: M, and M, are the molecular weights of H,O and Ca(OH), respectively,
and m is the percentage of weight loss of the sample at 4000] - 5000]. The
analysis diagram of the content of hydration products (calcium hydroxide) of
the three groups of samples is shown in Figure 6(b). It can be seen from the
figure that the addition of biochar does not affect the total amount of calcium
hydroxide produced during the hydration process of the cement - based
material.
Therefore, it can be concluded that the mechanical properties of the biochar
- cement - based composite mainly come from the bridging effect of biochar
at the micro - cracks in the cement - based material®”. Biochar does not have
a significant impact on the entire process of cement hydration. In addition,
biochar plays a role in changing the hydration rate in the cement - based
material, without changing the total amount of calcium hydroxide during the
hydration reaction™.
Figure 6(c) shows the XRD analysis patterns of the blank group, RB4%
and CB4%. In the figure, when the angle is 18°, it corresponds to the CH
diffraction peak. By comparing the two experimental groups with the blank
group, it is found that the diffraction peak values are basically the same. This
indicates that the incorporation of biochar does not generate new hydration
products, but changes the diffraction peak values of the existing hydration
products. That is to say, the incorporation of biochar affects the morphology
and quantity of the existing hydration products. This is consistent with the
results of the thermogravimetric analysis.
Compared with the blank group, the conversion degree of C;S and C,S into
calcium hydroxide in the two experimental groups is higher, indicating that the
addition of biochar can promote the hydration reaction process of the cement
- based material, thus obtaining higher mechanical properties. From the above
experimental results, it can be concluded that adding biochar to the cement
- based material does not change the total amount of calcium hydroxide
generated during the hydration process of the cement - based material, but only
affects the crystalline form of calcium hydroxide, which is roughly consistent
with the view of Kowald®™.
Figure 6(d) shows the cumulative pore size distribution curves of the control
group, RB4% and CB4% samples after 28 - day curing. As can be seen from
the figure, the porosities of the control group, RB4% and CB4% samples are
7.9%, 5.1% and 5.3% respectively. Due to the addition of biochar, compared
with the control group, the porosities of the samples decreased by 35.4% and
32.9% respectively. It can be seen that the pore size of the cement mortar has
been refined, with a reduction in large pores and an increase in small pores,
making the samples denser. This verifies the hypothesis when analyzing the
results of the mechanical experiments.
Figure 6(e) shows the infrared spectral curves of the control group, RB4%
and CB4% samples after 28 - day curing. The three curves basically overlap
completely, indicating that there is no significant difference in the hydration
products between the two experimental groups and the control group. There is
a distinct absorption peak at 1070 cm[ 1!, corresponding to the Si - O stretching
vibration™. There is also an absorption peak at 1420 cm[1', corresponding to
the C - O symmetric stretching vibration. Therefore, the formation of C - S - H
gel can be inferred”. In addition, the vibration band at 3420 cm[1' corresponds
to the H - OH group, and the absorption peak at 1320 cm[ ' corresponds to the
asymmetric stretching mode of the COT2[0 group®™. From the obtained results,
it can be speculated that the strength of the samples may come from the
formation of calcium silicate hydrate (C - S - H) gel. In addition, the RB4%
experimental group produced the highest C - S - H band, indicating that during
the development of cement hydration, RB is more likely to integrate into the

cement - based material than CB.

4. Conclusions

This study used two types of biochar (RB and CB) as raw materials to replace
cement in the preparation of cement mortar samples at dosages of 2%, 4%,
and 6%, respectively. The mechanical properties and hydration mechanisms
of the samples after 28 days of standard curing were investigated. Mechanical
property tests showed that when the biochar (RB, CB) dosage was 4%, the
compressive and flexural strengths of RBMC and CBMC were higher than
those of the control group. This indicates that there is an optimal value for
the biochar dosage; too high or too low a dosage is not optimal. SEM images
showed that the cement hydration products of all three samples were fibrous
C-S-H gel and lamellar CH. EDS spectroscopy showed that the Ca/Si molar
ratio of the C-S-H gel in RBMC and CBMC was lower than that in the control
group. TG-DTG, XRD, and ATR-FTIR experiments indicated that adding
biochar to cement-based materials did not change the types of hydration
products or the total amount of calcium hydroxide formed. In the infrared
spectrum, a distinct absorption peak was observed at 1070 cm[]', corresponding
to the stretching vibration of Si-O, thus confirming the presence of C-S-H.
Furthermore, the C-S-H absorption peak intensity was highest in the RB 4%
experimental group, indicating that RB is more readily incorporated into
cement-based materials than CB during cement hydration. MIP experimental
results further confirmed that biochar can refine the pore size of cement
mortar. Adding an appropriate amount of biochar can reduce the macropore
size and increase the micropore size of cement paste, making the mortar
denser and stronger. This work demonstrates the significant role of biochar in
the durability of cement-based materials.

5. Future work

This research shows that it is beneficial to add biochar materials to cement.
Next, our research group will focus on exploring the role of biochar in foam
concrete materials.
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