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1. INTRODUCTION

The civil construction sector is growing, which is of great socioeconomic importance.
However, this increase has consequences that are already the focus of studies for
many researchers. One of the main materials used in civil construction, cement, is
responsible for a significant amount of carbon dioxide (CO2) emissions. Cement
production alone has been responsible for approximately 8% of global CO2 emissions,
primarily due to its high level of embodied carbon in cement factories (Blois; Lay-
Ekuakille, 2021; Cadavid-Giraldo; Velez-Gallego; Restrepo-Boland, 2020 e Un
Environment and International Energy Agency, 2017). Most of the CO2 emissions
come from burning the clinker used to produce this filler, along with the significant
energy consumption required for this process. Cement factories, in addition to this, are

responsible for the rapid consumption and depletion of limited resources.

In this way, it is important to conduct research that focuses on carbon-neutral
construction and the utilization or recycling of materials that can decrease the
consumption of finite resources. This research should also explore alternatives to
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Ordinary Portland Cement (OPC) to protect the environment (Danish; Ulucak, 2020;
Mota et al., 2017).

One way that has been gaining prominence is the incorporation of Supplementary
Cementitious Materials (SCM) to reduce the use of clinker. This demonstrates that it is
possible to use alternative cementitious materials for the production of OPC and
maintain efficiency and meeting the necessary demand for the construction industry
(Martirena; Monzd, 2018; Mo et al., 2016). The ashes from biomass residues are an
example of SCM, as they are rich in silica and have been studied to better understand
their behavior when incorporated into cementitious matrices in pastes, mortars, and
concretes. Some examples of these ashes include rice husk ashes, elephant grass
ash, and sugarcane bagasse ash, among others (Agwa et al., 2022; Cordeiro; Sales,
2016; Cordeiro; Toledo Filho; Fairbairn, 2009).

The agroindustry generates a significant amount of residual biomass from harvesting
and processing, which poses a problem that needs to be solved. In the time period
from 2000/01 to 2021/22, corn production increased from 591 million tons to 1.189
billion tons, with the United States, China, and Brazil being the top producers, and this
increase is due to the high annual yield and great harvest potential (CONAB, 2023;
Kang et al., 2020; Statista, [s.d.]). The main by-products that the corn crop leaves in
the field are the leaves and stems, while in the industry, the cobs are produced. Corn
straw commonly does not have a defined final destination, as it is generated during
harvesting and becomes an agro-industrial waste. Both straw and cob are often
stacked randomly, discarded, used as fertilizers, or used as fuel for daily use (Aliu et
al., 2023; Chu et al., 2012; Zeng; Ma; Ma, 2007; Zhou et al., 2022). However, even in
the latter case, waste is still generated in the form of ash and, in this context, this ash
may have a pozzolanic character, react with the calcium hydroxide in the cement and
form more hydrated calcium silicate (Abdalla; Ghafor; Mohammed, 2019; R. G. De
Azevedo et al., 2022).

In recent years, research has focused on the use of corn straw for bioconversion into
fuel ethanol, which brings both economic value and ecological benefits (Jin et al., 2017;

Mengi-Dinger; Ediger; Yesevi, 2021; Wang et al., 2021; Zhao et al., 2020). Even so,
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there are some factors that pose a crucial challenge in the sugar conversion process,
making it difficult to produce and reuse corn straw (Anca-Couce; Hochenauer;
Scharler, 2021; Pino et al., 2018).

The residues mentioned above from the corn crop have the potential to produce a
substantial amount of ash. This ash can possess a high pozzolanic capacity due to the
high amount of silica, which promotes the reaction with calcium hydroxide (Qi; Feng;
Wang, 2020; Qudoos et al., 2019). when obtained through a controlled burning process
(Theng et al., 2015; Titiloye; Abu Bakar; Odetoye, 2013; Zhao et al., 2023), as well as

reducing problems caused by floating pollution or land accumulation.

In this study, researchers such as Cordeiro et al. (2020) and Lima and Cordeiro (2021)
conducted studies on the production of ash from corn straw (CSA). They evaluated the
pozzolanic behavior of ash obtained at different temperatures and through controlled
acid leaching. Additionally, they examined the compressive strength of mortars made
with varying amounts of CSA as a replacement for OPC. The results were promising,
indicating that CSA can be classified as a pozzolanic material with sufficient

mechanical strength.

The significance of addressing agro-industrial residues is evident, as well as the
potential for studying their integration into civil construction. This research contributes
to the field by exploring the use of corn straw as a pozzolanic Supplementary
Cementitious Material (SCM), which is a topic that has been sparsely covered in the
literature. By doing so, it aims to address the aforementioned issues and reduce

associated problems.

2 MATERIALS AND METHODS

2.1 MATERIALS

The corn straw required for the research was obtained from a distributor in a market in
Manaus (state of Amazonas, Brazil). In this establishment, only corn derivatives are

prepared, while the corn cobs and straws are discarded. Subsequently, the collected
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material underwent a cleaning process to remove materials that were not relevant to
the research. The hydraulic binder used was ordinary Portland cement, obtained
without addition, obtained from local shops in the city of Manaus. Water from the city's
water supply system and a superplasticizer composed of polycarboxylic ether (with a
specific mass of 1.07 g/cm? and an average solid content of 31.52%) were used to

mold the pastes.

2.2 EXPERIMENTAL METHODS

2.21 PREPARATION OF BIOMASS SAMPLES AND ASH
PRODUCTION

After being collected, the corn straw underwent initial cleaning to remove unwanted
materials, such as the cob and corn stigma. These were sun-dried to remove surface
moisture and subsequently dried in an oven at 105 £ 5 °C to eliminate any remaining
moisture until a consistent mass was achieved. The biomass grinding procedure
started with a branch crusher to reduce the size of the straws into smaller particles.
This facilitates the burning process because a larger contact surface area improves
the burning efficiency. However, the desired size was not achieved, and it was
necessary to use a knife mill with a granulometric mesh that had an approximate
opening diameter of 2.3 mm. This process resulted in the material particles being left

in a suitable size for combustion.

The firing process was carried out in a muffle furnace equipped with a controller and a
porcelain capsule for storing the material to be fired. Initially, the amount of material to
be calcined was determined based on the sample mass and muffle volume ratio of
0.036, as established in the study by Cordeiro, Toledo Filho and Fairbairn (2009). This
fixed proportion was adopted to maintain a uniform ratio between the mass of the straw

and the volume of the internal chamber.

After weighing, the material was distributed into porcelain crucibles to maximize the
available contact surface and ensure uniform burning. The firing procedure was
conducted at five different firing temperatures, following the parameters outlined in the

79
RC: 148586
Available in: https://www.nucleodoconhecimento.com.br/civil-engineering/corn-straw-ash



https://www.nucleodoconhecimento.com.br/
https://www.nucleodoconhecimento.com.br/civil-engineering/corn-straw-ash
https://www.nucleodoconhecimento.com.br

MULTIDISCIPLINARY SCIENTIFIC JOURNAL  REVISTA CIENTIFICA MULTIDISCIPLINAR NUCLEO DO

0 ) NUCLEO [D() CONHECIMENTO ISSN: 2448-0959

https://www.nucleodoconhecimento.com.br

work by Cordeiro, Toledo Filho and Fairbairn (2009). The heating rate used was 10
°C/min. First, the corn straw was burned at a temperature of 350 °C for three hours.
Then, the temperature was gradually increased to the desired values of 400°C, 500°C,
600°C, 700°C, and 800°C, with each temperature being maintained for an additional
three hours.

The material was burned, according to the aforementioned methodology, in a sufficient
guantity to conduct the CSA characterization tests and for the production of cement
pastes. To determine which burning temperature was more reactive, we used criteria
such as the chemical and mineralogical composition, as well as other parameters
including electrical conductivity, Chapelle pozzolanic activity index, loss on ignition,
and ultrafine grinding. After obtaining the ashes, the CSAs were ground for
homogenization. This step was necessary because the size of the CSAs varies with
the increase in temperature, as observed by Barroso (2011) and confirmed during the

collection of ashes in this study.

The samples were subjected to the milling process for 30 minutes, with the intention
of achieving an average size (D50) of around 20 um. The milling procedure was carried
out in a high-energy ball mill (8000M Mixer/Mill®). The balls used in the milling process
were made of steel and had a diameter of approximately 8.5 mm.

It was also necessary to determine the quantity of material that would be used during
each milling process. The grinding of the ash had the following relationship: (i) use of
steel balls, comprising 40% of the mass, relative to the volume of the cylinder; and (ii)
adding a sample that accounted for 50% of the mass of the spheres. This same
methodology was also used by Pinheiro (2015) and Paiva (2016) when grinding rice

husk ash and sugarcane bagasse ash, respectively.

2.2.2 ASH CHARACTERIZATION

The chemical composition of the samples, in terms of oxides, was determined in an
energy dispersive X-ray fluorescence spectrometer (EDXRF), EDX — 720 from
Shimadzu. The fire loss of CSAs was carried out based on NBR NM 1836, weighing
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1.000 g + 0.001 g of CSA sample, calcined at a rate of 10 °C/min in a muffle furnace,

at a temperature of 950 = 50°C for approximately 50 min.

The crystalline phases present in the CSA, as well as the mineralogical composition,
were identified using a Bruker diffractometer, model D2 Phaser. The radiation was
operated at 40 kV and 30 mA, which was copper monochromatic (Cu Ka, A = 1.5418A),
with an angle step of 0.02° and measurement interval between the Bragg angles (20)
of 10° and 80°. Diffraction patterns provided by the Inorganic Crystal Structure
Database (ICSD) were used for the analysis.

With the ground ash in hand, the particle size distribution was determined using a
Malvern Mastersizer laser particle analyzer, equipped with a Hydro 2000MU wet
reading unit. The ash being tested was added to the system while maintaining the
obscuration range, which is a measure of turbidity, between 10% and 20%. The
Fraunhofer model was used due to the lack of a refractive index for the material. The
pump was set to 2500 rpm and the ultrasound was set to level 3.0 for the first 30 s and
60 s after the final reading. This was done to analyze whether the material showed

adequate dispersion.

For the analysis of specific surface area, a Micromeritics nitrogen analyzer, ASAP
2020, was used. The ash samples were pre-treated for 24 hours at 150°C under
vacuum. Adsorption and desorption analyses were carried out at -196°C, using relative
pressures ranging from 0.01 to 0.99 and a sample mass of approximately 0.3 g. The
specific surface area was determined using the BET method (Brunauer-Emmett-
Teller), while the Pore volume (Pv) and pore diameter (Pd) were calculated using the

BJH method (Barrett-Joyner-Halenda) of desorption.
2.2.3 POZZOLANIC ACTIVITY

The pozzolanicity of the CSAs was verified through two analyses. First, the electrical
conductivity method proposed by Luxan et al.(1989). To measure the electrical
conductivity, a saturated solution of calcium hydroxide was used at a temperature of
40 °C + 1°C. The ash to be tested, weighing 1.75 g, was immersed in the solution.
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Temperature and readings were continuously monitored using the Multiparameters
Labquest 2 equipment for 20 minutes. The authors propose that the minimum time
required to verify pozzolanic activity is 2 minutes. Table 1 lists the classifications
established by Luxan; Madruga and Saavedra (1989) regarding the material and its

pozzolanic properties.

Table 1 — Evaluation of pozzolanic activity by measuring conductivity

Classification of the Variation of electrical conductivity
material (mS/cm) -2 min
Non-pozzolanic AC<04
Moderate pozzolanicity 04<AC<12
Good pozzolanicity AC>1.2

Source: Adapted from, Luxan et al. (1989).

The second method performed for pozzolanic analysis was the modified Chapelle
method, as prescribed by NBR 15895 (ABNT, 2010). To carry out the experiment, 2.00
g of CaO and 1.00 g of the ash to be tested were added to an Erlenmeyer with a lid,
along with 250.00 g of deionized water. The set was kept in a water bath at a constant
temperature of 90°C + 5°C for about 16 + 1 h. After this period, the contents were
added to a sucrose solution. Finally, the solution was titrated with HCI to determine the

Chapelle pozzolanic activity index, mg of Ca(OH)2 per g of material.

2.2.4 PRODUCTION OF PASTES BASED ON CEMENT AND CORN
STRAW ASH

To assess the reaction of the ash with the cement, pastes were prepared using the
most reactive CSA, as determined by the tests described in the ash characterization
section. Initially, reference pastes (REF) were made using OPC-type cement with a
water/cement ratio of 0.43. The ash pastes contained 10% cement replacement by
mass (CSA-10%). The water-to-cementitious material ratio was maintained at 0.40,
and specific superplasticizer contents were used to ensure consistent paste

consistency within a spread diameter range of 100 £ 20 mm, as determined by the
82

RC: 148586

Available in: https://www.nucleodoconhecimento.com.br/civil-engineering/corn-straw-ash



https://www.nucleodoconhecimento.com.br/
https://www.nucleodoconhecimento.com.br/civil-engineering/corn-straw-ash
https://www.nucleodoconhecimento.com.br
https://www.nucleodoconhecimento.com.br/wp-content/uploads/2023/09/Evaluation-of-pozzolanic-activity-by-measuring-conductivity.jpg

MULTIDISCIPLINARY SCIENTIFIC JOURNAL  REVISTA CIENTIFICA MULTIDISCIPLINAR NUCLEO DO

0 ) NUCLEO [D() CONHECIMENTO ISSN: 2448-0959

https://www.nucleodoconhecimento.com.br

Kantro minislump test (Kantro, 1980). For the REF and CSA-10% pastes, 0.10% and

0.16% of superplasticizer were used relative to the cement content, respectively.

The pastes were mixed in a 2-speed mixer using the following steps: (i) water +
cement, kept at rest for 30 seconds; (ii) mixed at low speed for 30 seconds; (iii) scraped
the bowl wall for 30 seconds; (iv) covered the mixture with a damp cloth and let it rest;

and (v) blended the mixture on high speed for 120 seconds.

2.2.5 PASTE COMPRESSIVE STRENGTH

To determine the compressive strength of the paste made with the most reactive CSA,
a total of 32 cylindrical specimens with dimensions of 25 mm in diameter and 50 mm
in height were prepared and subjected to a uniaxial compression test. The specimens
were cured in lime-saturated water at a temperature of 25°C, using the SL-155
thermostatic water bath. After curing for 7, 28, 56, and 91 days, the samples were
faced at both ends on a lathe. The test was conducted using an Instron universal
mechanical press equipped with a 150 kN load cell, and the loading speed was set at

0.1 mm/min.

2.2.6 TOTAL AND CAPILLARY ABSORPTION

Water absorption through total immersion and capillary are essential factors for
assessing durability, as pastes, concrete, and mortars are exposed to weathering
processes such as rain and direct contact with water containing aggressive agents.
The total water absorption (A) was determined by NBR 9778 (ABNT, 2009).
Additionally, the void index (Iv) was calculated, which indicates the volume of pores
accessible to water under direct contact and without a gradient depression. The
specific mass of the hardened cementitious paste (pr) was also determined according
to the methodology described in the standard after 28 and 91 days of curing. For the
test, 12 specimens of 25 mm in diameter and 50 mm in height were molded. These

specimens were previously immersed in water for 72 hours and then boiled for 5 h.
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To determine the water absorption by capillary rise, the methodology outlined in NBR
9779 (ABNT, 2012) was used. For the test, the drying temperature of the specimens
was adjusted to 60 °C. The test was carried out on 12 samples of pastes, measuring
25 mm in diameter and 50 mm in height, for the reference specimens and replacing
10% of CSA with cement.

3 RESULTS AND DISCUSSION

3.1 ASH CHARACTERIZATION

3.1.1 ASH YIELD

The average yield results obtained were 3.52, 2.87, 2.61, 2.33, and 2.26% for the ash
obtaining temperatures at 400, 500, 600, 700, and 800 °C, respectively. These results
indicate that when carrying out the heat treatment with corn straw powder, the ash
yield is considerably reduced due to the amount of organic matter in it. Yields also vary
according to the fineness of the sample after grinding, as well as the moisture content

in the straw. Therefore, the result is subject to change.

Cordeiro et al. (2020) conducted a study on the leaching of rice husk, corn straw, and
bamboo leaves with the aim of producing pozzolanic ash. Because of this, the authors
chose to conduct a pre-burning stage on these materials. This stage simulated the
burning process that takes place in the particulate collector in sugar and alcohol plants.
The average yield achieved after this process was 22% by mass for rice ash, 13% for
corn straw, and 23% for bamboo leaf. It should be noted that after the initial firing, the
authors further subjected the sample to a muffle furnace for an additional 3 hours at
600°C. This step was intended to theoretically reduce the final yield even further.

3.1.2 PARTICLE SIZE DISTRIBUTION OF THE CSA

Fig. 1 shows the granulometric curves of the OPC and the CSAs calcined at the five

firing temperatures and after grinding for 30 min. The ashes were ground to minimize
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the size of the particles. Through the curves, it can be seen that the milling process

resulted in a finer particle size distribution as the milling time increased.

Fig. 1 — Particle size distribution curves obtained for OPC and ground CSAs
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Source: Own authorship (2023).

Table 2 lists the values of D10, D50, and D90 obtained from the granulometric analysis.

The specific mass values obtained for each ash after milling are also listed in this table.
It should be noted that parameters D10 and D90 refer to the cut diameters of the
cumulative distribution curve at 10% and 90%, respectively, while parameter D50

represents the average particle size.
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Table 2 — Characteristics of particle size and specific mass for OPC and ground CSAs

Samples/variables CSA 400 CSAS00 CSA600 CSA700 CSA800 OPC

D1o (um) 2913 3.116 2.704 1.805 1.3 2471
Dso (um) 18965 20426 16115 13.234 689 12.739
Dao (Um) 57014 80591 67693 76436 3644 37.338

Specificmass (g/cm?) 2.109 2.256 2.303 2.387 2465 3.179

Source: Own authorship (2023).

Through the values in Table 2 and Fig. 1, it can be seen that as the corn straw
calcination temperature increased, the particles had a reduction in D50, varying
between 6 and 20 um. Cordeiro et al. (2020) when grinding for 30 minutes, in a high
energy mill (Union Process), the CSA leached with citric acid, reached a D50 of 6.8
pMm, while Lima and Cordeiro (2021) when performing the CSA grinding, for 30 minutes
and also in a high energy mill, they obtained a D50 of 9.23 um. The last authors, when
substituting cement for CSA (without chemical treatment), concluded that it does not
decrease the compressive strength of mortars when the substitution content varies
between 10% and 30%. Therefore, from the dimensions of the CSAs reached in this
research, the CSAs 700°C and 800°C are those that are close to the dimensional range
found by the aforementioned authors and can be used for experimental tests to analyze

their potential as mineral addition.

As for the specific mass of the CSAs produced, it is noted that as the temperature
increases, the specific mass tends to grow, due to the CSA becoming more crystalline
with the rise in the firing temperature. Through Table 2, it can be seen that the specific
mass values varied between 2.109 and 2.465 g/cm3, approaching the value of 2.36
g/cm?3 found by Lima and Cordeiro (2021) for the CSA produced without chemical

treatment.

3.1.3 CHEMICAL COMPOSITION

Depending on the quantitative analysis of the elements performed by EDXRF, the

chemical composition of OPC (Table 3) and ground corn straw and the CSAs for the
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five temperatures (Table 4) were obtained. Tables 3 and 4 present the percentages of
chemical elements in oxides, along with the percentages of loss on ignition of the
various ashes. These values demonstrated a decrease as the temperature of ash

production increased.

Table 3 — Oxide composition and loss on ignition of OPC

Oxides Cimento CP 1 (%)
CaO 69.17
SiO; 15.01

Fez0s3 5.51
Al2O3 4.56
SO; 4.55
K20 0.53
TiO2 0.33
MnO 0.26
SrO 0.05
CuO 0.02
ZnQO 0.02
Si024Al203+Fe03 25.08

Loss onignition -

Source: Own authorship (2023).
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Table 4 — Oxide composition and loss on ignition of corn straw in natura and

Com strawin 400°C 500°C 600°C 700°C 800°C

Oxicle natura (%) %) (%) () (%) (%)
K:O 51.00 29.27 30.15 33.18 33.10 32.28
Si0; 19.71 25.32 27.15 31.14 33.65 36.99
P.0s 9.01 8.05 7.87 8.77 10.33 1140
Fe:0s 1.25 4.22 259 2.24 1.50 142
CaO 4.70 412 466 447 576 6.14
SO; 13.88 2.96 3.14 3.63 393 4.07
Zn0O 045 0.24 0.23 0.26 0.28 0.29
Others - 0.83 0.54 0.69 0.54 0.70
SiO+Al:03+Fe O3 20.96 29.54 29.74 33.38 35.14 38.41
Losson ignition - 25.00 23.68 15.62 10.91 6.71

Source: Own authorship (2023).

With regard to the composition of the OPC, it is confirmed that it complies with the
chemical requirements required for Portland cement according to NBR 16697 (ABNT,
2018), in which the MgO and SO3 content are below 6.5% and 4.5%, respectively, and
the loss on ignition is less than 4.5%. It is also verified that the CSAs presented several
chemical elements, in a more abundant way K, Si and P, and lesser amount of Fe, Ca,
S and Zn. It should be noted that the levels of K, P and Ca are a result of the corn
fertilization process carried out in the state of Amazonas. In the preparation of the soil,
organic matter and limestone are incorporated to correct acidity and improve soil
quality. Oliveira et al. (2018) point out that the adequacy of soil fertility in the state, to
achieve high corn productivity, is carried out through the insertion of macronutrients

(nitrogen, phosphorus and potassium) and the correction of acidity (liming).

When comparing the results of Table 4 with the recommendations of Table 5, it is
evident that the ashes produced for the five temperatures, according to classification
E, have: (i) sum of SiO2 + Al2O3 + Fe20s3 less than 50%; (ii) SOs values below the
established limit, which is 5%; and (iii) Loss on Ignition greater than 6%. Therefore,
due to these two unmet requirements, it is not possible to infer that ash is considered
Class E (ABNT, 2014).
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Table 5 — Chemical requirements (ABNT, 2014)

s

Pozzolanic material class

Properties
N Cc E
SiO2 + Al,O: + Fe;0: (%) 270 270 270
SO1 (%) <4 <5 <5
Moisture content (%) <3 <3 £3
Loss on ignition (%) <10 <6 <6

Alkalis available inNa:O(%) =15 <15 £15

Source: Own authorship (2023).

According to Table 5, when analyzing the chemical composition of straw in natura and
the CSAs, it is noted that the contents of K20, Fe203 and SOs decrease compared to
the natural state. However, these levels show a slight increase with higher
temperatures. Compounds such as P20s, CaO, and SiO2 showed increases of up to
26%, 30%, and 87%, respectively. It is noteworthy that the increase in the amount of
Si and the consequent reduction of K are favorable. This allows the ash to partially

replace the cement in mass, serving as a mineral addition.

According to Table 5, the presence of K was noted, an alkaline metal that can be
harmful to the cement paste if present in large quantities, since it is responsible for the
alkali-aggregate reaction, a chemical reaction between mineral forms of “unstable”
silica with fine and/or coarse aggregates and the alkaline hydroxides (i.e. Na*, K* and
OH") that are dissolved in the concrete pore solution. This reaction generates a gel,
which causes expansive pressure within the reacting aggregate materials and the
adjacent cement paste when it absorbs moisture from the surrounding environment.
As a result, microcracks may form, leading to a loss of material integrity (including
mechanical properties and durability) and, in some cases, compromising the

functionality of the affected structure or structural member (De Grazia et al., 2021).
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Comparing the chemical compositions of the CSA, in oxides, listed in this work with
those of Lima and Cordeiro (2021), it is evident that the authors, when producing CSA
at a temperature of up to 650 °C, approximately, found SiO2 values of up to 62.5%, in
addition to K20 contents of 17.2% and 8.7% of CaO. The authors also found Fe, S, P,
Mn and Ti oxide contents, however, in small amounts. It should be noted that due to
the type of soil in the Amazon, the values of the chemical composition of the work by
Lima and Cordeiro (2021) in relation to this vary, however, the chemical elements are

the same.

In a similar manner, other authors also analyzed the chemical composition of the ashes
produced from corn straw. Xu et al. (2021) found that the oxides present were mainly
Si (37.03%), followed by Ca (16.71%), Mg (16.70%) and K (12.93%). Perna et al.
(2019) used the CSA obtained from a heating plant in the Czech Republic. However,
the CSA it had a high carbon content of 31.51%, in its composition, which was reflected
in low levels of oxides, the most abundant being K (25.39%), Si (11.76%), and S
(11.55%). Niu et al. (2019) when studying the CSA of biomass from China, obtained
Si (29.30%), K (28.50%), Ca (15.40%), and Mg (9.98%) as the main oxides. Yao et
al.49 calcined, at 575 °C, biochar residues from the gasification of different biomasses,
obtained in China, one of which was CSA, whose composition mainly presented oxides
of Si (47.28%), K (17.65%), and Ca (12.45 %).

Given the results above, it is stated that the chemical composition of each CSA
produced varies depending on several factors. These factors include the burning
temperature, the calcination process (whether obtained in a plant or in a muffle furnace
with controlled burning), and the location where the agricultural crop is planted. It is
important to note that the soil also plays a significant role in influencing the chemical
composition of the plant. Even so, it is possible to verify that, despite the varying oxide
contents, the most abundant ones are SiO2, K20, and CaO, coinciding with those
shown in the analysis of the CSA referring to this work, as listed in Table 5.
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3.1.4 MINERALOGICAL COMPOSITION

Fig. 2 illustrates the crystalline compounds present in the ash produced after 30
minutes of grinding and identified by X-ray diffraction. The XRD images below show
the ash produced at burning temperatures of 400°C, 500°C, 600°C, 700°C, and 800
°C. The results indicate that the peaks corresponding to quartz (SiOz), sylvite (KCI)
and arcanite (K2S0Oa4) could be found in each spectrum, however, due to variations in
firing temperatures, these peaks had their intensities altered as they increased. It is

also noteworthy that at CSA 800°C, the formation of cristobalite (SiO2) was observed.

Fig. 2 — X-ray diffractograms of corn straw ash

CSA 400 °C
u —— CSA 500 °C
CSA 600 °C

~CSA 700 °C
—— CSA 800 °C
B Cristobalite (SiOp
@ Quariz (Si0;)
#  Arcanite (K;S0y4)
A sylvite (KCI)

Intensity (a.u.)
w

20 (graus)

Source: Own authorship (2023).

As shown in the image above, the presence of crystalline silica is evident, in the form

of quartz (ICSD 16331) and cristobalite (ICSD 77452), with the peaks of the latter being
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better defined and pronounced in the diffractogram at 800 °C, which can be attributed
to the high firing temperature. It should be noted that there is a deviation from the
baseline, verified between the Bragg angles of 20° and 40°, indicating the presence of
silica in the amorphous state. Sylvite peaks (ICSD 165593) were also found, more
intensely at temperatures from 400 °C to 700 °C. Additionally, arcanite peaks (ICSD
79777) were detected. Such minerals and an amorphous halo were also observed in
the works of Lima and Cordeiro (2021), Cordeiro et al. (2020), Perna et al. (2019) and
Niu et al. (2019) when analyzing corn straw ash. Still, Capablo et al. (2009) when
studying corn straw ash, found high amounts of potassium oxide, in addition to calcium

oxide, sulfur and phosphorus, proving the presence of sylvite and arcanite.

Through Fig. 2, it can be verified that when increasing the firing temperature, the quartz
peaks had their intensities increased as the sylvite peaks were reduced. This
phenomenon was also reported by Shakouri et al.51 when analyzing the XRD pattern
of corn cob ash, produced at temperatures ranging between 600°C and 700°C, in
addition to showing amorphous content between positions 25° and 35°, the authors
also identified sylvite as the main crystalline phase, since the melting point of KClI is
770°C.

Existing forms of potassium-bearing compounds in ash exert influence on ash melting
because alkali metals can promote the formation of low-temperature eutectics (Yao et
al., 2020). Anicic et al. (2018) indicated that potassium can be easily released by
vaporization and transformed into gaseous/aerosol phases or retained in ash. This
process leads to the formation of K2SO4, generated as a product of potassium
sulfation. Additionally, KCl is formed by the combination of K+ and Cl- radicals released
in biomass combustion. Yao, Xu and Liang (2017) also certify that at higher incineration
temperatures, less sylvite can be expected due to the reaction of KCI with SiO2, Al203,

and residual phases of potassium aluminosilicate, resulting in the release of HCI.
3.1.5 SPECIFIC SURFACE AREA (BET)

Table 6 presents the values of specific surface area determined by the BET method,
as well as the Pore volume (Pv) and Pore diameter (Pd) obtained using the BJH
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method. According to what was found, CSA milling for 30 minutes resulted in an
increase in the BET specific surface area. The highest increase was observed for CSA
500, with a value of 7757.20 m2/kg. Additionally, the Pd was measured at 11.17 nm
and Pv at 0.025 cm?/g.

Table 6 — Characteristics obtained for CSA 700 °C after nitrogen physisorption

Samples BET specific surface area(m’/kg) Pore diameter(nm) Pore Volume (cm?g)

CSA400 4490.90x 60,00 11.17 0.025
CSAS500 7757.20+ 11,75 8.54 0.035
CSA600 3755.2+7,75 20.85 0.028
CSA700 1927.0+£5,35 32.64 0.017
CSA 800 1839.8+5,23 24 .91 0.013

Source: Own authorship (2023).

According to the table above, the surface areas varied in the range between 1839.80
and 7757.20 m#/kg, indicating not only similar BET values but also comparable pore
volumes. These less expressive BET variable values are attributed to the presence of
quartz content in the ash of the corn straw produced (Fig. 2). Additionally, the levels of
other contaminants, such as carbon content, present in the samples contribute to this
phenomenon (Barbosa; Cordeiro, 2021). When comparing the results, it is noted that
the CSA 800 has the lowest BET value and, consequently, the highest silica content
(Table 5) and other minerals resulting from the crystallization of burnt ash at 800°C
(Fig. 2). This result is further confirmed by the lowest pore value of the sample, 0.013
cm3/g. According to Table 6, when examining the pore diameter values, it is confirmed
that they are in the range of 2 and 50 nm, which classifies them as mesoporous
according to IUPAC (Everett; Butterworths, 1972).

Through nitrogen physisorption of the CSAs produced, it was also possible to obtain
the nitrogen adsorption-desorption isotherms of all firing temperatures, as shown in
Fig. 3. The graphs below depict similar trends and, in accordance with the IUPAC
(Everett; Butterworths, 1972) classification, all ash isotherms were said to belong to
type V with hysteresis material H3, characterizing them as mesoporous solids, with the
presence of uniform and non-uniform pores. Sing et al. (1985) complement these
results by mentioning that H3 hysteresis is typical of narrow pores in the form of slits.
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Fig. 3 — Nitrogen adsorption-desorption isotherms for: a) CSA 400; b) CSA 500; c) CSA 600; d) CSA
700; and e) CSA 800
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Source: Own authorship (2023).

Through the Fig. 3 above, it can be observed that hysteresis can be visualized in the
values of relative pressure (P/Po) ranging from 0.42 to 1.0 for CSA 400, 500, and 600;
and from 0.8 and 1.0 for CSA 700 to 800. Curves with hysteresis of type H3 were also
reported by Barbosa and Cordeiro (2021) and Vieira et al. (2020) when studying
sugarcane bagasse ash and rice husk ash, respectively. Referring to the study
conducted by Barbosa and Cordeiro (2021), for SCBA 1, the authors found a surface

area of 5500 m#/kg and a pore volume of 0.013 cm3/g. This fact was due to SCBA 1
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containing a significant amount of crystalline silica, in the form of quartz, which also

contributed to reducing the pore volume.

According to the results obtained from the characterization of the ashes, the CSA
produced at 700°C exhibited the best characteristics. This particular ash had a higher
sum of Si, Fe, and Al oxides compared to the other ashes. Additionally, its
mineralogical composition was less crystalline compared to the CSA produced at 800
°C, which contributed to its reactivity. Furthermore, it showed the highest value of the
Chapelle pozzolanic activity index. In addition, upon observing the granulometric
curve, it is noted that CSA 700°C presented a D50 value less than 20 um, which

contributed to its selection.

3.2 POZZOLANIC ACTIVITY

3.2.1 ELECTRICAL CONDUCTIVITY

This analysis was carried out for the CSA ground for 30 minutes, as seen in the
granulometric analysis. Through Fig. 4a, it can be seen that the ashes produced
exhibited an increase in electrical conductivity values within the first reading range,
followed by some stability or a slight decrease. Due to this initial increase in
conductivity, the CSA presented a negative AC value, since the ashes contain alkaline
oxides, such as K20 and CaO.
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Fig. 4 — Electrical conductivity curves: a) uncorrected; and b) corrected
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Negative values of electrical conductivity were also found by Lima and Cordeiro (2021)
when analyzing corn straw ash, produced at around 650 °C. Because of this, both the
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authors mentioned here and this work performed an adaptation by subtracting the
electrical conductivity values measured for the CSA immersed in a saturated solution
of Ca(OH)2 from the values of the CSA immersed in distilled water, as shown in Fig.
4b.

According to Fig. 4b, the corrected electrical conductivity curves decrease during the
initial seconds of reading, but then remain relatively constant throughout the test
duration. This effect occurred due to the consumption of calcium hydroxide by the ash,
resulting in the formation of insoluble products through pozzolanic reactions. Table 7
lists the electrical conductivity values for the CSA produced at the 5 temperatures. It is
observed that all ashes are classified as having good pozzolanicity, according to the

classification established by Luxan, Madruga and Saavedra (1989).

Table 7 — Variation of electrical conductivity measured for CSA

Ashanalyzed AC (mS/cm) Classification

CSA400°C 4.650
CSAS500°C 4585
CSA600°C 4.559 Good pozzolanicity
CSA700°C 4.005
CSAB00°C 3.023

Source: Own authorship (2023).

Corroborating the results of good pozzolanicity found for CSA, Rolon and Castafieda
(2021) obtained a AC of 1.175 mS/cm, indicating medium pozzolanicity, while Lima
and Cordeiro (2021) and Cordeiro et al. (2020) found AC equivalent to 1.27 mS/cm
and 3.73 mS/cm, respectively, suggesting that the ash exhibits good pozzolanicity. It
should be mentioned here that in the first study, CSA was produced at 600 °C for one
hour, while in the last two studies, the authors followed the same burning methodology

to produce corn straw ash, with a temperature of up to 650 °C. It is also noteworthy
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that Cordeiro et al. (2020) obtained a higher pozzolanic value by leaching the straw
with citric acid. This was done to minimize the effect caused by alkaline metals present

in the agricultural residue.

Compared to other ash derived from agricultural residues, the CSA produced in this
work obtained AC values as high as the ash already studied and used as pozzolanic
additions. Cordeiro et al. (2020) studied the effects of citric acid treatment on
sugarcane bagasse ash (SBCA) and Rice Husk Ash (RHA). They obtained AC values
of 0.74 mS/cm and 5.78 mS/cm, indicating average and good pozzolanicity results.
While studying finely ground SBCA treated with hydrochloric acid, Barbosa and
Cordeiro (2021) achieved a AC of 1.99 mS/cm, classifying it as gray with good

pozzolanicity.

3.2.2 MODIFIED CHAPELLE TEST

The method for determining the fixed lime content was determined using the modified
Chapelle. Therefore, this test was based on the consumption of portlandite by the
ashes, allowing the establishment of quantitative data for comparison between them.
Through this consumption, the maximum reactive potential of the mineral addition is
verified. Fig. 5 shows the lime consumption, in mg Ca(OH)2/g of ash, in each of the

ground samples after 30 minutes.
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Fig. 5 — Chapelle pozzolanic activity index results found for CSA
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Through the Fig. 5 above, it can be seen that the Chapelle pozzolanic activity index
values obtained for the CSA tend to increase as the firing temperature is high, however,
for the CSA at 800 °C, this value decreased abruptly. This behavior confirms what was
demonstrated in the chemical and mineralogical compositions Through Table 5, it can
be observed that the CSA decreases the amounts of alkali metals as the firing
temperature increases from 400 °C to 700 °C. This decrease in alkali metals leads to
an increase in the Chapelle pozzolanic activity index. The same does not happen for
CSA 800 °C, as the mineralogical composition of this ash resembles crystalline
minerals such as silica in the form of cristobalite, which reduces its reactivity. This
contributes to the lowest value of Chapelle among the other ashes produced at this

temperature.

Through Fig. 5, itis emphasized that all samples had a pozzolanic activity value greater
than 330.00 mg Ca(OH)2/g (Fig. 5 - red dashed line), which is the minimum value
established by Raverdy et al. (1980) for a sample to be considered as pozzolanic.
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When comparing the results obtained from the electrical conductivity test and the data
presented in Fig. 5, it is evident that there is a correlation between the two. Both
experiments carried out indicate that the ashes have good pozzolanic activity.
However, unlike the electrical conductivity test, where the AC decreases as the CSA
firing temperature increases, in the Chapelle pozzolanic activity index, the pozzolanic
activity tends to increase as the CPM firing temperature increases. This was due to the
amount of carbon present in the ashes, making the AC higher in CSA with a higher

loss on ignition.

When comparing the results found in this research for the CSA with the works already
carried out with ashes from agricultural residues, it is noted that the values found here
are similar to those of ashes considered pozzolanic. Cordeiro and Sales (2016)
produced elephant grass ash (EGA) at 600 °C, using the same firing conditions as in
this work, finding a Chapelle value of 883 mg Ca(OH)2/g and AC of 1.63 mS/cm.
According to the work carried out by the authors, the sum of Si, Al, and Fe oxides was
84.40%, indicating that the ash possesses good pozzolanicity. By comparing the
values obtained by the authors with those of this study, it is observed that the CSA,
despite presenting the sum of these same oxides ranging from 29% to 40%, had
Chapelle activity index values between 705.78 and 1056.01 mg Ca(OH)2/g, indicating
reactivity as high as the EGA.

In addition to the aforementioned work, other works that studied pozzolans that are
widely disseminated also had values as high as those obtained for the CSA. Andrade
Neto et al. (2021) analyzed the Chapelle pozzolanic activity index of SCBA and
obtained values of up to 1023.96 mg Ca(OH)2/g. Hasnain et al. (2021) studied RHA
and observed values of 480.10 mg Ca(OH)2/g and 412.05 mg Ca(OH)2/g for SCBA
and RHA, respectively.

3.3 PASTE COMPRESSIVE STRENGTH

Regarding spreadability, both the REF and CSA-10% pastes achieved values of 10 +
2 cm, as specified. The REF paste had spreading values of 9.77 £ 0.12 cm, while the
CSA-10% had values of 9.25 £ 0.11 cm.
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The compressive strength results of the REF and CSA-10% pastes at 7, 28, 56, and
91 days of curing are shown in Fig. 6. The average of four samples was taken for each
test age, and the error bars were added to the graph to indicate the dispersion of the
results, which varied based on the breaking age and mixing of the paste. In general,
all mixtures showed an increase in compressive strength values with the progression
of hydration. The results show that the CSA-10% pastes achieved a higher initial

strength gain after 7 days of curing, leading to improved performance.

Fig. 6 — Compression strength for REF and CSA-10% pastes
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However, since CSA 700 does not provide values for the combined content of iron,
aluminum, and silicon oxides, as well as the loss on ignition content, close to the
minimum of 50% and 6%, respectively, as standardized by NBR 12653(ABNT, 2014),
the low pozzolanic activity of the ashes meant that there was no significant increase in
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strength over time. It is noteworthy here that at 28 and 56 days, the compressive
strength of CSA-10% was similar to that of REF, differing by about 5.42% and 1.37%,

respectively.

It should be noted that the partial replacement of cement with ash led to a 0.06%
increase in the dosage of superplasticizer in the pastes in the pastes. This factor was
also observed by Lima and Cordeiro (2021) when producing pastes and mortars with
CSA. The increase in superplasticizer required to adjust the consistency of the mix is
directly proportional to the specific surface area of the ash and the content of cement
replacement in each mix. Similarly to the results presented here, Raheem et al.(2017)
found a reduction in compressive strength after 56 days compared to the result at 28
days. The authors hypothesized that this was due to the pozzolanic activity of the corn
stalk ash, which could have created pores in the concrete and led to lower strength

due to water evaporation.

Wang et al. (2021) observed that the uniaxial compressive strength increased when
using corn straw ash to compose cemented coal gangue landfill. They noted that by
increasing the replacement content of fly ash with CSA, the strength improved. They
found that replacing up to 40% by weight of fly ash with CSA is the optimal amount for
strength in all ages tested by the authors. This is because the coal gangue particles
are tightly packed and the reaction products (CSH and ettringite) are denser and more

durable.

Odeyemi et al. (2021) noted that there was a progressive increase in the compressive
strength of concrete molded with a blend of corn straw ash and Palm Oil Fuel Ash
(POFA) as the curing days increased. The optimal combination of ash percentages for
replacing cement was found to be 30% POFA and 16.6% CSA.

Therefore, it appears that the development of strength at the specified curing age is
associated with the level of CSA reactivity. However, it is not a concern if ash produced
has low reactivity, as CSA can still contribute to the strength performance of concrete.
In the long term, the gel produced by CSA is used to fill the pores that develop over

time, thereby improving the quality of the concrete.
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3.4 TOTAL AND CAPILLARY ABSORPTION

The capillary rise absorption tests carried out on the pastes showed that there was an
increase in capillary absorption values in the REF pastes compared to the CSA-10%

paste, both at 28 days and 91 days of curing (Fig. 7 a-b).

Fig. 7 — Capillary absorption: a) 28 days of curing; and b) 91 days of curing for the REF and CSA-10%
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The capillary absorption values for the CSA-10% pastes at 28 days were lower. This
reduction can be attributed to the smaller pore size in the pastes resulting from the use
of ground CSA. However, for the specimens exposed to 91 days of curing during the
testing period, a slightly higher capillary absorption value was obtained for the 10%
CSA paste compared to the REF. This is because the specimens exhibited cracks

when subjected to a lathe.

The reduction in capillary absorption when using CSA is attributed to the pozzolanic
reaction, which produces cementitious materials that enhance the bonding properties
of the paste. As a result, water penetration into the paste decreases, and cavities are
filled (Ahmad et al., 2023).

Abubakar et al. (2016) mention that an increase in the proportion of corn cob ash and
the duration of curing resulted in a reduction in the amount of water absorbed by the
manufactured concretes. The same authors also point out that the water absorption
values may vary due to inadequate interconnectivity and permeability of the concrete
pores, as well as the way in which they are distributed in the mixture.

Comparing the water absorption results of CSA-10% with studies using RHA, it is
observed that similar to the findings for corn cob ash, Anto et al (2022) conducted an
experiment where they substituted 10% of OPC with RHA in a cement paste. The
authors discovered that as the curing days progressed, the water absorption
decreased. On the other hand, Hu et al. (2022) achieved a water absorption rate of
12% when using Portland cement (P.11 52.5) and 10% RHA with a w/c ratio of 0.15. In
comparison, the reference sample without RHA had a water absorption rate of 10%. It
can be observed that, similar to CSA, the utilization of RHA did not result in a significant
increase in water absorption. Even so, it is noteworthy that there is an increase in water
absorption with the addition of corn stover ash, as well as a decrease in density as
corn stover ash increases (Odeyemi et al., 2021; Opeyemi; Otuaga; Oluwasegunfunmi,
2014; Raheem et al., 2017).
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4. CONCLUSIONS

Given the findings of this research, which aimed to investigate the viability of producing
pozzolanic ash from the combustion of corn straw biomass, the following conclusions

can be drawn:

- The produced ashes exhibited non-pozzolanic characteristics, along with the
presence of alkaline metals, which are detrimental to the strength of the cementitious
paste. Consequently, the ash produced at 400 °C, 500 °C, 600 °C, 700 °C, and 800
°C did not show pozzolanic characteristics according to one of the minimum
requirements stated in NBR 12653 (ABNT, 2014). This requirement specifies that the
sum of SiO2, Al203, and Fe203 should be greater than 50%, and the loss on ignition
should be less than 6%. However, the amount of SO3 remained below the maximum
limit of 5%. Even so, it is worth mentioning that even if these do not comply with the
standard, other tests are still necessary.

- When observing the mineralogical composition of the samples, it is noted that the
XRD patterns of the ashes show deviations in the silica baseline between the Bragg
angles of 20° and 40°, indicating the presence of amorphous silica. Furthermore,
prominent crystalline peaks of sylvite are observed, supporting the findings from the
EDXRF and confirming the presence of KCI in the sample. This presence of KCI
contributes to the reduction in compressive strength of the pastes. CSA 800 indicates
the formation of other crystalline compounds due to the high temperature, which makes

it less reactive than the others.

- The applied grinding procedure was sufficient to reduce the average size of the ash
to below 20 ym. Even when using a grinding time of 30 minutes and an average size
slightly larger than those used in the literature, satisfactory results were achieved.
Pozzolanic activity was observed, indicating that grinding influenced the reactivity of
the ash.

- The nitrogen physisorption of the ashes demonstrated that the presence of crystalline
silica, specifically quartz, not only impacts the average particle size, which ranges from
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6 to 20 uym, but also affects the BET surface area. The highest BET surface area value
was obtained for CSA 500 milled for 30 min (D50 = 20.426 um), resulting in a value of
7757.20 m?/kg, a pore volume of 0.035 cm?3/g, and a pore diameter of 8.54 nm.

- The pozzolanic activity, as measured by the variation in electrical conductivity and
the Chapelle index, indicates that the produced ash has pozzolanic properties.
Attention is drawn to the fact that increasing the silica content through thermal
processing resulted in a decrease in the pozzolanic activity of the ashes. This is
because the carbon content had an impact on the electrical conductivity values.
However, the Chapelle pozzolanic activity index showed variation when increasing the
ash calcination temperature. The highest value was obtained for CSA 700, with
1056.01 mg Ca(OH)2/g. It should be noted that the CSA 800 experienced a sudden
decrease in the Chapelle values. This reduction was attributed to the emergence of
new crystalline peaks, which were confirmed by the X-ray diffractogram. Specifically,
the presence of cristobalite peaks was observed. Even so, all samples exhibited

pozzolanic activity above the minimum value specified in the literature.

- The compressive strength values of the CSA-10% paste showed an increase at the
age of 7 days compared to the REF pastes. However, as time passed, the resistance
was slightly lower than that of the REF paste. This can be supported by the water
absorption values through capillarity, where CPM-10% exhibited an increase in
absorption over a 48-hour testing period at 91 days. This phenomenon may be
attributed to the pozzolanic activity of the ash in the paste, which results in an increase

in pores as the paste ages.
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