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Abstract
The cement industry is one of those that consumes the most energy, due to the high 
temperatures required to produce this material, and it is also one of the most that generates 
high CO2 emissions. In this work, the addition of sugarcane ash, bituminous coal and 
hazardous residues in cement pastes were evaluated. For this, cement pastes were produced 
in accordance with ASTM C305, from which the test specimens were prepared to analyze 
compressive strength and parallel to this, metal leaching tests were performed using the 
SPLP procedure. Following this, the reactivity of the fly ash in the cement pastes was 
evaluated by means of thermogravimetric tests. The different analyzes were carried out 
at the ages of 1, 3, 7, 14, 28, 56, 90 and 180 days. The ashes were characterized by XRF, 
XRD, and laser grain size, where the SiO2 and Al2O3 contents in the cane and bituminous 
coal ash were relatively high, contrary to what was obtained in the treated and untreated 
hazardous waste ash. These results are quite innovative because there are few works using 
HW in the literature. Cements with CAN, BIT, and THW5 were found to show equivalent 
and even superior compressive strength performance when compared to control. This work 
can be used as a guide and an inspiration for policymakers who want to apply this kind of 
material in the cement sector and promote evidence-based decisions and regulations.
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1  Introduction

The significant increase in solid waste production has generated various environmental 
problems, including global warming, depletion of the ozone layer, threats to human health, 
damage to ecosystems, and depletion of natural resources. (Abdel-Shafy & Mansour, 
2018; Papamarkou et al., 2018; Tantawy et al., 2012; Yusuf et al., 2019). The generation 
of municipal solid waste in urban areas in 2018 was approximately 2.01 billion metric tons 
per year (Ellis, 2019; Khandelwal et al., 2019), and by 2050, an increase of more than 50% 
in waste generation is expected, reaching almost 3.4 billion metric tons per year (Das et al., 
2019; Margallo et  al., 2019). By 2020 in Colombia, around 11.9 million tons of waste 
were generated, of which only 1.8% was used and only approximately 16% was recycled 
(Minambiente, 2022; Padilla & Trujillo, 2018). In the case of hazardous waste, according 
to the latest report from the Ministry of the Environment in 2019, around 640,000 tons 
were generated (IDEAM, 2020; Ordoñez-Ordoñez et  al., 2019) and it is expected to 
continue to increase due to the emergence of new industries, regulatory compliance, and 
more controls (Arias Espana et al., 2018). The high generation of waste has led to sanitary 
landfills such as Doña Juana presenting disposal and management problems, causing water, 
soil, and air contamination (Bermudez et al., 2019; Giraldo et al., 2002).

Inadequate waste management has led developing countries to seek sustainability 
strategies (Das et  al., 2019). The challenge is to find an integrated management of solid 
waste, which is focused from generation to disposal. The emphasis on waste management 
is linked to addressing the carbon footprint resulting from this activity. In the UK, landfills 
currently produce 14,446 tons of CO2 equivalent annually, and it’s projected to increase 
to 17,821 tons of CO2 equivalent per year by 2030 (Clarke et  al., 2019). Added to this 
is the fact that it has been reported that there is a relationship between urbanization and 
CO2 emissions in developed countries, leading to solutions being proposed in which eco-
innovations contribute to the reduction of environmental burdens (Aldieri et  al., 2021a, 
2021b). These solutions are associated with circular economy concepts, which involve the 
use of waste as raw materials in the manufacture of new eco-innovative products (Aldieri 
et al., 2021a, 2021b).

One of the alternatives that is easy and adequate for the management of waste, 
completely reducing its risk, is incineration (Papamarkou et al., 2018; Yang et al., 2018). 
One of the disadvantages of the incineration process is the generation of gases, fly ash 
and bottom ash. Ashes are considered hazardous waste due to the heavy metal content 
(Ghouleh & Shao, 2018; Papamarkou et al., 2018; Tantawy et al., 2012; Yang et al., 2018). 
Fly ash has elevated metal content caused by vaporization during incineration, potentially 
containing traces of various harmful compounds such as polycyclic organic compounds, 
PCBs, dioxins (Saikia et al., 2015),furans, and other contaminants (Kowalski et al., 2016). 
Other constituents that can be found in fly ash due to the toxic nature derived from heavy 
metals are Cd, Cr, Cu, Ni, Pb, and Zn (Stiernström et al., 2014). Fly ashes produced from 
incineration pose a disposal challenge as they cannot be deposited in regular sanitary 
landfills. In Colombia, the limited availability of secure landfills for such waste complicates 
its management (Aristizábal et al., 2008; Cobo et al., 2009).

As a result of this, in recent years, work has been carried out worldwide on the recovery 
of ashes, using different types, according to the residue incinerated. The estimated 
production of fly ash is around 800 million tons per year in the world (Tang et al., 2016; 
Toniolo & Boccaccini, 2017). Some of the main applications that have been found for this 
type of ash have been for its use as mineral additions to cements, concretes, and mortars; 
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also for road construction (Papamarkou et al., 2018; Saikia et al., 2015; Yang et al., 2018), 
and in the use of structures (Ginés et al., 2009; Rajamma et al., 2009; Saikia et al., 2015).

Cement industry is one of those that contributes the greatest proportion to CO2 emissions 
(Chowdhury et  al., 2015; Dong et  al., 2015; Soyinka et  al., 2023). The environmental 
reports of some cement companies such as Cemex and LafargeHolcim reveal that their 
emissions are between 561 and 622  kg of CO2 per ton of cement produced (Fennell 
et al., 2021). Similarly, it has been determined that the amount of energy required for the 
production of one ton of cement is around 4 GJ (Elmrabet et al., 2019), making the process 
expensive. The use of supplementary materials can promote the sustainability of the 
cement industry, decreasing production costs and, therefore, the carbon footprint (Hassan 
et  al., 2023; Moghaddam et  al., 2019; Siddique, 2013; Soyinka et  al., 2023). Different 
studies have been carried out on the application of fly ash and other materials, such as 
plastic, as well as alternative fuels in cement production (Çankaya, 2020; Chen et al., 2023; 
Das & Shrivastava, 2023; Sharma, 2018). At the same time, it has been investigated how 
these materials can affect the physical and chemical properties of cement and concrete 
as such. Several authors have focused on studying the chemical composition of different 
types of mineral additions to understand how they can function as cement substitutes 
(Bahurudeen et al., 2015; Jafari & Sadeghian, 2023; Saccani et al., 2017). Indicators have 
been established, such as the Si/Al ratio (Prošek et al., 2019; Wang et al., 2023), that show 
evidence that when making substitutions with mineral additions, pozzolanic reactions can 
occur, which are strongly influenced by the particle size (Moghaddam et al., 2019).

Most research has focused on the use of different types of ashes in order to evaluate 
whether better characteristics are evident than in cements and concretes (Prošek et  al., 
2019; Siddique et al., 2012). Replacement percentages between 10 and 30% by weight of 
ashes from different types of biomass with adequate mechanical properties have been found 
(Chusilp et al., 2009; Khan & Ali, 2019; Morales et al., 2021; Rodríguez-Fernández et al., 
2020). Additionally, it has been show that a high percentage of substitution contributes to 
the decrease in resistance (Morales et al., 2021; Prošek et al., 2019). Fly ashes from different 
types of biomasses, such as palm oil, rice husk, sugarcane bagasse, as well as bituminous 
coal, have been investigated, and it has been reported that up to 10% replacement shows the 
formation of CHS gels. In addition, compression resistance values are very similar to those 
of the control (Al-Kutti et al., 2019; Morales et al., 2021, 2023; Saldarriaga et al., 2022). 
On the other hand, fly ash from hazardous waste incineration processes in the manufacture 
of lime pastes has also been evaluated, finding that replacements of up to 5% can react 
and form CSH gels (Saldarriaga et al., 2022). A problem with the use of this type of ash 
is the possible metals they may contain, which is why there is little research on reactivity 
in the literature because the work has focused on encapsulation processes. Instead, it has 
been reported that the chemical composition of the mineral addition has a direct impact 
on the durability of the cement, as they can favor cement hydration reactions (Cho et al., 
2019), but they can also affected by the organic and inorganic impurities of the mineral 
additions, retarding or inhibiting them (Saikia et al., 2015). This can cause the structural 
properties of the cement to be affected as its age increases. For this reason, in this work the 
addition of fly ash to the manufacture of cylinder-shaped cement pastes has been evaluated 
by substitution with four types of fly ash (sugarcane, bituminous coal, treated and untreated 
hazardous waste) at various percentages in mass at different study times. In the first place, 
the reactivity of the mixtures was analyzed through thermogravimetric analysis, both 
standard and high resolution, to determine the phases present during the hydration process 
in the ash–cement matrices. Following that, the compression strength of the cylindrical 
pastes was evaluated. In order to assess the cement’s ability to encapsulate heavy metals, 
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leaching experiments have been carried out on the produced cylinders, along with a control 
sample. This work is distinctive in that it looks at the correlation between the results of 
leaching tests and high-resolution TGA analyses carried out on different combinations. 
By using this technique, it has been noted that as CSH gels form in the cement pastes, 
the leaching of metals gradually reduces. This study validated the correlation between 
the specimens’ mechanical strength and the potential degradation stages of the hydrated 
calcium silicates. Most importantly, these results demonstrate how extensively fly ash from 
hazardous trash was used in this investigation.

2 � Materials and methods

The fly ash used in this work came from incineration processes. The sugar cane ashes 
were obtained from the Ingenio Carmelita, located in the municipality of Riofrío, Valle 
del Cauca. The coal ashes come from the company Conceniza S.A.S. from the city of 
Medellín, Antioquia, and the ashes from hazardous waste have been donated by the 
company Tecniamsa, a hazardous waste incineration plant located in the municipality of 
Mosquera, Cundinamarca. At Tecniamsa, the hazardous waste that undergoes incineration 
is electronic, hospital, and waste with hydrocarbon content, among others. The composition 
of this waste changes since the daily feed to the incineration furnace is different (CAR, 
2009).

2.1 � Pretreatment of hazardous waste ash

In accordance with Gene et al. (2019) and Saldarriaga et al. (2022), the hazardous waste 
ashes were washed in order to remove concentrations of salts, for example chlorides and/or 
sulfates (Saikia et al., 2015). For this, a water/ash ratio of 5:1 was taken (Gene et al., 2019; 
Saldarriaga et al., 2022). Subsequently, the sample was centrifuged at an acceleration of 
10,000 g for one hour in order to settle the ashes. The supernatant was removed, and the 
precipitate was placed on trays and baked at 75 °C for 7 days to evaporate all the moisture 
content of the sample.

2.2 � Characterization of the ashes

The chemical composition of the ashes was determined by X-ray fluorescence (XRF) 
carried out on Thermo brand wavelength equipment (Table  1). The mineralogical 
composition of the ashes was determined by X-ray diffraction (XRD) using a Miniflex-
Rigaku X-ray diffractometer working with Bragg Brentano geometry, with CuK1.2 
wavelength (1.54051 y 1.54433  Å) (Gene et  al., 2019; Saldarriaga et  al., 2022). The 
diffractometer was operated in the angular range of 2θ between 6 and 80°, using a step 
length of 0.02° and a time of two seconds per step.

Table 1 shows that for bituminous coal (BIT) and cane bagasse (CAN), the content 
of SiO2, Al2O3, and Fe2O3 exceeds 70% (86.37% and 81.07%, respectively), therefore 
that can be classified as type F ash, according to ASTM C618 (ASTM, 2019). However, 
there are differences in the content of unburned material, which is 1.33% for BIT ash 
and 8.60% for CAN ash, allowing BIT ash to be classified as type F as pozzolans and 
CAN ash to be classified as type N because the content of CAN is close to the standard 
limit (ASTM, 2019), a result similar to that reported by other authors (Arenas-Piedrahita 
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et al., 2016; Cordeiro et al., 2009). Pozzolans have the ability to react with portlandite 
to form calcium hydrate silicates, which are mainly responsible for giving cement and 
concrete resistance (Teixeira et al., 2019; Wang et al., 2014), and class N ashes are con-
sidered as natural pozzolans that have appropriate requirements for any application or 
must be heat treated to improve their properties (ASTM, 2019).

In the same way, it can be observed that after washing the ashes of hazardous waste, 
the composition changes (Table 1). This is mainly due to the elimination of inorganic 
salts, followed by the possible reactions that occurred in the washing and centrifuging 
processes to which the sample has been subjected. Regarding the metal content, 
unlike coal ash, both sugarcane ash and untreated hazardous waste (UHW) and treated 
hazardous waste (THW) hazardous waste contain metals. These metals are in the form 
of oxides, which add up to 0.08%, 0.1, and 0.46%, respectively, percentages that exceed 
the limits allowed for residues that are considered non-hazardous (Gene et al., 2019).

Regarding the Si/Al ratio, similar values are evident between sugarcane ash and 
treated hazardous waste (3.70 and 3.31, respectively). For bituminous coal ash and 
untreated hazardous waste ash, the Si/Al ratios are widely scattered (1.28 and 8.01, 
respectively). The results of Duxson et  al. (Duxson et  al., 2007) indicate that good 
resistances can be obtained with Si/Al ratios between 1.15 and 1.90 and that, in the 
same way, as the Si/Al ratio increases, the structural properties improve. Riahi et  al. 
(2020) found that as the Si/Al ratio increases, the amount of water required for good 
workability increases, and in turn, the strength may decrease.

Table 1   Chemical composition of the ashes obtained by XRF

Compound Bituminous 
coal (BIT) wt%

Cane bagasse 
(CAN) wt%

Untreated hazardous 
waste (UHW) wt%

Hazardous waste 
treated (THW) wt%

SiO2 48.72 60.65 0.72 2.22
TiO2 – 0.80 0.05 0.24
Al2O3 32.28 13.96 0.07 0.57
Fe2O3 5.37 6.46 0.04 0.13
MnO – 0.14 N.D 0.03
MgO – 1.99 0.02 0.20
CaO – 3.18 0.44 2.93
Na2O – 2.12 3.73 4.51
K2O – 1.53 0.37 0.37
P2O5 – 0.35 0.04 0.25
SO3 1.04 0.03 1.32 3.25
Cl – – 4.27 3.23
ZnO – 0.04 0.08 0.30
Cr2O3 – 0.04 N.D 0.02
CuO – – N.D 0.04
PbO – – 0.02 0.10
PPI (105°–1000 °C) 1.33 8.60 88.79 81.58
SiO2 + Al2O3 + Fe2O3 (%) 86.37 81.07 0.83 2.92
Si/Al mole ratio 1.28 3.70 8.01 3.31
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Another factor to consider for mineral additions is the amount of unburned material. 
The higher the percentage of this material, the content of iron, silicon, and aluminum 
oxides decreases. This, in turn, affects the reactivity of the mineral addition, reducing 
the surface area and requiring more water, which leads to a decrease in the resistance of 
concrete (Arenas-Piedrahita et al., 2016).

2.3 � Determination of particle size distribution

The determination of the particle size distribution by laser granulometry was carried out 
for type I cement and the four ashes (CAN, BIT, THW, and UHW) using a CILAS 1064 
particle analyzer using the laser diffraction method. For this, isopropyl alcohol has been 
used as a dispersing agent in a range between 0.4 and 500 mm, according to the SM 2560D 
method of Standard Methods (Methods, 2018).

2.4 � Monolith preparation

The cement and ash pastes were made in accordance with the ASTM C305 standard 
(American Society for Testing and Materials 2014). The ratio of water-cement and water-
cementing material that has been used is 0.5 (Teixeira et  al., 2019). The cement that 
was used for the preparation of the specimens was a gray cement for general use type I 
brand ARGOS (American Society for Testing & Materials, 2017; Argos, 2020). The 
cylinders were made with dimensions of 1 inch in diameter by 2 inches high. The strength 
specifications of the type I cement used in this study for day 3 is 8 MPs, day 7 is 15 MPa, 
and day 28 is 24 MPa (Argos, 2020).

The mixing proportions used in the manufacture of the pastes in which a greater 
reactivity was observed were obtained from the work carried out by Gene et al. (2019) and 
Saldarriaga et al. (2022). For mixtures with CAN and BIT, the replacement percentage was 
approximately 30%. In the case of UHW, a mixture of approximately 10% was used, while 
for THW, ratios in the range of 3–5% were used. The temperature and humidity conditions 
for the preparation of the specimens were followed in accordance with the ASTM C192 
standard (American Society for Testing and Materials, 2018a). The finished cylinders were 
stored in a curing room at a temperature of 23  °C and a relative humidity of 95%. The 
pastes were stored in a container with water without direct contact, as described in the 
ASTM C511 standard (Arenas-Piedrahita et al., 2016; Committee, 2019).

2.5 � Tests of resistance to compression of the specimens

The compressive strength tests of the specimens were carried out in accordance with the 
ASTM C39 standard (American Society for Testing and Materials, 2018b) at the ages of 1, 
3, 7, 14, 28, 56, 90, and 180 days using an MTS universal machine, which uses a one-ton 
pump at a compression speed of 2 mm/min to determine the resistance to compression at 
the time the specimens fail. In order to accomplish this, three replicas were taken in line 
with the standard, brought to the universal MTS machine, and individually failed. These 
have been collected and then processed in accordance with the explanation provided in 
Sect. 2.6. On the day of each failure, all the specimens were removed from the curing room.
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2.6 � Thermal analysis using thermogravimetry (TGA)

For all the samples, thermogravimetric tests were carried out in order to analyze the 
phases present in the mixtures. The smallest fractions of the residues generated in the 
resistance tests were taken, and the hydration was stopped with acetone (Hewlett, 2004; 
Medina et al., 2018). It was vacuum filtered for 3–5 min, and the samples were placed 
in an oven at 60 °C for one hour (Velázquez et al., 2016). The already dry samples were 
crushed with a mortar and sieved through a 200 sieve of the ASTM-E series (opening 
75 microns) in such a way that a fine powder was obtained (Ashraf et al., 2019). The 
samples were placed in Eppendorf tubes and taken to a desiccator for mounting in the 
thermogravimetric analysis equipment (TGA 5500, TA Instruments).

For thermogravimetric analysis, ultra-high purity nitrogen (UAP) was used as the 
inert atmosphere as purge gas. The heating range was established between 30 and 
600 °C, and the heating ramp used was 10 °C/min up to 600 °C (Gaviria et al., 2018; 
Morales et al., 2023; Saldarriaga et al., 2022).

2.6.1 � High resolution TGA thermal analysis

For pastes with a curing time of 180 days, high-resolution thermogravimetric analyzes 
were carried out. Since it was observed that the pozzolanic reactions increased in that 
period. The maximum temperature established for high-resolution tests was 300 °C with 
a heating ramp of 50  °C/min (Gaviria et  al., 2018; Morales et  al., 2021; Rodríguez-
Fernández et  al., 2020). In the program used for the high-resolution TGA analyses, 
different ratios of resolutions and sensitivities were tested in the TGA. Accordingly, a 
resolution of + 5 and a sensitivity of 3 were established as the best relationship because, 
with these parameters, a better separation of the peaks included in a temperature range 
between 80 and 200  °C was observed, which corresponds to the decomposition of 
C–S–H gels and shows the phases formed in the process.

2.7 � Leaching tests

The leaching test has been carried out on each of the days evaluated in the reactivity 
and compressive strength tests (1, 3, 7, 14, 28, 56, 90, and 180 days). To evaluate if at 
those moments there is a release of the metals present in the ashes and compare it with 
the other tests to determine if there were impacts to the environment on the evaluation 
days. For this, they have been taken two test tubes were taken from each mixture with 
ash, including the reference for the test. The use of sugarcane ash test tubes was not 
considered for the test since, according to their characterization, they did not present 
heavy metals (Table  1). The test was carried out using the synthetic precipitation 
leaching procedure (SPLP) (US EPA, 2015). The fluid used was water and a mixture 
of H2SO4/HNO3 in a 60/40 wt% ratio, adjusting the pH to 4.2 ± 0.05 according to EPA 
Method 1312 (US EPA, 2015). The test tube was introduced into a bottle, and 250 ml 
of SPLP fluid was added; it was left to rest for 24  h. The fluid was then filtered into 
extraction flasks preserved with nitric acid for the reading of metals by ICP-OES.
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2.8 � Metal analysis by ICP‑OES

For the analysis of metals by ICP-OES, a microwave-assisted acid digestion was performed 
with concentrated nitric acid and hydrochloric acid so that the metals remained dissolved 
in the sample and to be able to carry out the metal analysis according to EPA Method 
3015 (US EPA, 2019). Digestion was carried out with nitric acid and hydrochloric acid 
at a temperature of 170 °C for 10 min. After cooling, the contents of the vial were filtered 
and diluted to volume with 5% v/v nitric acid (HNO3) and then analyzed by ICP-OES 
(Inductively Coupled Plasma Atomic Emission Spectroscopy).

2.9 � Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) tests were performed in order to observe the 
formation of C–S–H gels. Likewise, to be able to corroborate the data obtained through 
TGA. The experiments were conducted using a TESCAN LYRA3 FIB-SEM microscope 
(Tescan, Brn, Czech Republic). The samples have been analyzed after 180 days of curing 
for all the mixtures tested.

3 � Results and discussion

3.1 � X‑ray diffraction to fly ash

Figure  1a–d show the diffractograms of the four fly ashes that were used for this work 
(CAN, BIT, UHW, and THW). It can be seen in the CAN and BIT ash diffractograms 
(Fig.  1a, b) that there are less intense patterns with respect to the UHW and THW dif-
fractograms (Fig. 1c, d). This means that the CAN and BIT ashes present more amorphous 
compounds than the UHW and THW ashes, such as SiO2, MgO, and Fe2O3. This aspect is 
favorable and desirable in hydration reactions (Memon et al., 2019), which influence the 
structural properties of cements. With this condition, it is expected that the amorphous 
phases can react with calcium hydroxide (Ca(OH)2) for the formation of calcium hydrate 
silicates, showing that these mineral additions have pozzolanic behavior, influencing the 
properties of the concrete (Arenas-Piedrahita et al., 2016).

For UHW (Fig.  1c), intense diffraction patterns are shown at 32.08° and 45.78°, 
evidencing the existence of a crystalline phase of CaO and PbO, an inappropriate condition 
in mineral additions that decreases their capacity as substitutes for Portland cement 
(Memon et al., 2019). Although in THW (Fig. 1d) less intense peaks are shown, exhibiting 
amorphous characteristics, for that reason the pretreatment carried out on the ashes of 
hazardous waste could reduce the degree of crystallinity of the fly ash, an appropriate 
condition to favor the reactivity of these materials (Gene et al., 2019; Morales et al., 2023; 
Saldarriaga et al., 2022).

Compounds such as silicon dioxide were found, which was observed in the four 
diffractograms as amorphous phases because such intense peaks were not shown, 
according to the chemical composition of the ashes (Table 1). For the mineral addition of 
the CAN ash, compounds such as MnO2 and MgSO4 expressed as langbeinite were found 
(Saldarriaga et al., 2022). In the case of the BIT ash, compounds such as CaO, KAlSi2O6, 
and magneto-ferrite (MgFe2O4) were present (Kocak & Nas, 2014; Morales et al., 2023; 
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Saldarriaga et al., 2022). These ashes have high contents of silicon and aluminum oxides 
(Table  1), and according to what was reported by Arenas-Piedrahita et  al. (2016) these 
could be considered mineral additions with pozzolanic properties in accordance with the 
specifications of the standard ASTM (ASTM, 2019), but only if they have significant 
reactivity.

In UHW and THW, NaCl was found in quantities of approximately 4%, an aspect that, 
according to Saldarriaga et  al. (2022), should not be greater than 0.6% to avoid alkali 
reactions, which produce aggregates over time that can cause the disintegration of the 
concrete.

In UHW, there are iron oxide compounds expressed as FeO, Fe2O3, and Fe3O4, which 
can favor the pozzolan reaction as reported by Arenas-Piedrahita et al. (2016), contributing 
to the hydration of the aluminosilicates, taking into account that the mineral additions must 
meet the requirement of aluminum, iron, and silicon oxides as described by ASTM (2019) 
to be used as a substitute for cement.

3.2 � Particle size distribution

Figure 2 shows the cumulative distributions of particle sizes for the worked cement and 
the four fly ashes (CAN, BIT, THW, and UHW). Some similarities are observed in the 
distributions of the particle sizes of the UHW and THW ashes, where their sizes are below 
10 μm, which represents a good condition to favor the reactivity of the ash with the cement 
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(Bui et al., 2005; Xu et al., 2006). In contrast to the CAN and BIT particle size distribu-
tions, where the majority of the particles are greater than 10 μm, Arenas-Piedrahita et al. 
(2016) observed similar behavior. This results in heterogeneity, with some particles being 
larger than others, affecting the reactivity of these ashes and slowing pozzolanic reactions 
(Pavlíková et al., 2018).

The results shown in Table 2 clearly demonstrate that there is a difference in the average 
sizes of the four ashes in relation to the cement. The CAN and BIT ashes have larger mean 
sizes (34.70 and 19.76 µm, respectively), while the UHW and THW ashes have smaller 
mean sizes (3.26 and 2.49 μm). This size condition influences the reactivity because, as 
the particle size decreases, their surface area increases, favoring their ability to react with 
the cement (Darsanasiri et al., 2018). Therefore, hydration reactions are more favored, and 
better resistance can be developed (Darsanasiri et al., 2018; Qudoos et al., 2018). In fact, 
there is a big difference between the D90 of the CAN and BIT ashes with respect to the 
UHW and THW ashes. This size difference causes particles with a larger diameter than 
others to appear, which makes the particles less effective; their surface area is reduced; and 
the reaction of the pozzolans with the cement becomes slower (Pavlíková et al., 2018).

3.3 � Tests of resistance to compression of the specimens

Figure 3 shows the evolution of the compressive strength of the specimens with the differ-
ent ashes as their age increases. An increasing trend is shown as the age of the specimens 
increases. In the case of UHW substitution ashes, there were increases in resistance until 
day 7, and then there was a decrease in this resistance. These changes could be attributed 

Fig. 2   Cumulative distribution of 
particle sizes for type I cement 
and the four ashes

Table 2   Average size, D10, 
D50, and D90, for the 5 samples 
obtained from laser granulometry

Particle type Average 
size (mm)

D10 (mm) D50 (mm) D90 (mm)

Type I cement 8.93 0.98 6.48 20.69
CAN 34.70 10.39 31.15 64.40
BIT 19.76 2.11 13.54 46.93
UHW 3.26 0.38 1.77 8.87
THW 2.49 0.31 1.36 6.57
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to the heavy metal content of these ashes, which could have facilitated the formation of 
microcracks. These affected the formation of the hydration products, as shown in Fig. 4f, 
although the difference in resistance between days 7 and 14 of the UHW system was 
0.45 MPa (Table 3), a difference that is not so significant. A collapse of the test tubes was 
observed between days 14 and 56, due to the microcracks generated by the metals in these 
hazardous waste ashes.

For the mixtures of CAN, BIT, Control, and THW5, a progressive increase in resistance 
was observed as the age of these specimens increased. The resistance was 4.41, 3.48, 8.03, 
and 2.56  MPa, respectively, for the mentioned systems (Table  3), while on day 28, the 
resistance was 14.78, 14.18, 18.20, and 14.55 MPa, respectively. This indicates that they 
have good structural properties to be used as inputs for construction. It is also observed 
that as the percentage of substitution of the ash of hazardous waste treated at 5% increases, 
the compressive strength decreases (Kaur et al., 2019). As the amount of ash in the cement 
matrix increases, the traces of heavy metals in the matrix will possibly increase (Ganesan 
et al., 2007), which can affect hydration reactions, as seen in Fig. 4d–f.

For the specimens made with CAN ash, an increasing trend in resistance similar to 
that reported by other authors was observed, although they used specimens of different 
dimensions (Sua-iam & Makul, 2013). For the specimens with BIT ash, an increase in 
resistance was observed (Nath & Sarker, 2011). This indicates that these ashes do have 
appealing properties for use as cement replacements because they improve their structural 
properties.

At later ages, for the control system, there were no significant variations in resist-
ance between days 28 and 90; only until day 180 was there a variation close to 3 MPa 
in the resistance of the control system in relation to day 90, and the resistance reached a 
value of 21.32 MPa for this system at day 180 of hydration. At later ages, for the control 
system, there were no significant variations in resistance between days 28 and 90; only 
until day 180 was there a variation close to 3 MPa in the resistance of the control system 
in relation to day 90, and the resistance reached for this system a value of 21.32 MPa 
at day 180 of hydration (Arenas-Piedrahita et  al., 2016). For the THW3 system, the 

Fig. 3   Evolution of the compressive strength of the specimens with the different fly ash up to 180 days of 
age
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maximum resistance was reached on day 90 at 16.77 MPa and decreased to 11.45 MPa, 
and for the UHW system, the maximum resistance was reached at 28 days with a value 
of 15.87 MPa and decreased progressively to a value of 13.02 MPa. Because the stand-
ard deviation for the UHW system is 4.65 MPa (Table 3), it can be assumed that the 
difference in resistance for days 28 and 180 of the UHW system is not significant, but 

Fig. 4   Evolution of the formation of C–S–H gels as well as Ca(OH)2 for different days of hydration, a con-
trol, b cement-BIT ash, c cement-CAN ash, d cement-THW3, e cement-THW5, f Cement-UHW
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it shows that this resistance is not desirable. compared to the BIT, control, CAN, and 
THW5 systems.

For the systems with UHW and THW3, it was observed that, at early ages, the mixtures 
gained resistance in the same way as the BIT, CAN, THW5, and control systems. On day 
1, the resistances for UHW and THW3 were 2.03 and 2.71 MPa, and on day 28, they were 
15.87 and 13.96 MPa, thanks to the particle size of these ashes (Table 2). According to 
what was previously described, they could consume the portlandite faster because its 
surface area increased, causing greater reactivity in the ash (Darsanasiri et  al., 2018; 
Qudoos et al., 2018).

In fact, in the TGA results of the mixtures with hazardous waste ash, pronounced peaks 
are observed at early hydration ages (Fig. 4d–f), but in turn, at late ages for the THW3 and 
UHW mixtures, a loss of resistance was observed, probably due to the content of heavy 
metals and other elements such as chlorine (Table 1). These metals may have aided in the 
formation of microcracks, which may have affected the structural properties of mixtures 
(Termkhajornkit et al., 2009).

3.4 � Thermogravimetric analysis

Figure  4 shows the evolution of the cement hydration process as the age of the pastes 
increases; this is a representative characteristic of what occurred in all the mixtures studied. 
It is also possible to show an increase in the region characteristic of the decomposition 
of the different types of C–S–H gels, a region between 80 and 200 °C (Darsanasiri et al., 
2018; Pavlíková et al., 2018; Teixeira et al., 2019). Keeping in mind that these silicates can 
occur in different forms and are not easily identifiable (Song et al., 2018), as well as the 
evolution in the amount of portlandite as the age of the specimens increased. A tendency 
to increase the content of Ca(OH)2 was observed. What may be happening is that when 
mixed with fly ash containing silicon and aluminum oxides, it would lead to a pozzolanic 
reaction that could result in the formation of C–S–H and probably C–A–S–H (Saldarriaga 
et al., 2022), which translates into a positive effect on the quality of cements since hydrated 
calcium silicates contribute to their structural properties (Nakanishi et al., 2016).

For all systems, a similar behavior can be observed in terms of the decomposition of 
hydrated calcium silicates as the hydration time increases. The BIT and CAN mixtures 
with respect to the blank present similar behavior in terms of the decomposition region 
of the portlandite between 400 and 460  °C (Pavlíková et  al., 2018). It is observed that 
a greater amount of portlandite decomposes at day 180 of hydration for these three 

Table 3   Results of resistance tests for all systems up to 180 days of age

Age (day) 1 3 7 14 28 56 90 180 Standard 
deviation 
(MPa)

Compressive strength (MPa)

UHW 2.03 8.28 10.71 10.26 15.87 15.54 14.95 13.02 4.65
THW5 2.56 12.00 14.50 14.49 14.55 19.74 20.43 19.21 5.77
THW3 2.71 8.85 14.60 14.21 13.96 16.03 16.77 11.45 4.63
BIT 3.48 5.13 7.56 12.26 14.18 15.39 20.98 23.42 7.19
CAN 4.41 8.12 9.85 12.50 14.78 15.57 17.12 20.53 5.22
CONTROL 8.03 8.62 13.26 16.34 18.20 18.55 18.02 21.32 4.86
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systems, although comparing the BIT and CAN graphs against those of cement, the 
portlandite decomposition peak is less pronounced with respect to the control since, due 
to its properties, it can react with calcium hydroxide to form hydrated calcium silicates 
(Pavlíková et al., 2018).

For the mixtures with UHW and THW ashes, a similar behavior is observed compared 
to the BIT, CAN, and control systems. Although in the case of THW3 and THW5, there 
is evidence of a reduction in the portlandite peak after 28 days of hydration with respect 
to day 14 of curing. This could give rise to a pozzolanic reaction as the portlandite may 
be transforming into some type of C–S–H phase (Chusilp et al., 2009). For the later ages 
(56, 90, and 180  days), very pronounced C–S–H and portlandite decomposition peaks 
are observed in all systems except the BIT and CAN systems. This could indicate that, in 
effect, with the use of mineral additions in concrete, they do not develop resistance at an 
early age but rather at a later age (Arenas-Piedrahita et al., 2016).

Figure  5 shows the evolution of the hydration process for all systems at 180  days of 
age. For all systems except the cement system with BIT ash and CAN ash, the formation 
of C–S–H gels in the region between 60 and 150 °C is very noticeable, as is the formation 
of portlandite in the temperature range between 350 and 450  °C. For the 30% BIT and 
CAN systems, what may be happening is that the reaction kinetics of the BIT ash and CAN 
ash with the cement are slow, which translates into a low formation of both C–S–H and 
portlandite (Jassam et al., 2019; Lenormand et al., 2015). For the system with THW5, it is 
observed that the portlandite decomposition peak is not so pronounced, due to the interac-
tion of the ash with the portlandite for the formation of hydrated calcium silicates (Qudoos 
et al., 2018; Tang et al., 2016).

3.5 � High resolution thermogravimetry tests

Figure 6 shows the decomposition process of the C–S–H gels for all systems after 180 days 
of curing. At this age, the best decomposition of C–S–H gels was evident. This is to see 
which phases of C–S–H are the ones that are being formed. It is observed that for all sys-
tems, there is a peak in the region between 40 and 70 °C. In the case of the control, there is 
a second peak in the region between 105 and 130 °C (Song et al., 2018). Mainly, the phases 
that may be forming are C–S–H and hydrated calcium aluminosilicates (Song et al., 2018). 
The hydrated calcium aluminosilicates correspond to gypsite or ettringite, phases that, as 

Fig. 5   Total mass lost for a given 
temperature interval (DTG) for 
all systems after 180 days of 
hydration
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described by other authors (Arenas-Piedrahita et al., 2016), contribute to the reactions of 
the ashes with the portlandite to form the different types of C–S–H.

3.6 � Leaching analysis

Tables  S1–S4 show the results of the evolution of the concentration of heavy metals 
obtained by ICP from the leaching tests. The metals analyzed were Al, Ca, Cu, Mg, K, Na, 
Zn, Cr, Fe, Mn, and Pb. For all the mixtures analyzed, it is shown that there was a decreas-
ing trend in the concentration of heavy metals in the leaching fluid. This suggests that as the 
hydration age of the pastes increased, the concentration of heavy metals increased because 
more chemical bonds could have been formed between the heavy metals and the calcium 
hydrate silicates formed during cement hydration reactions. This could have increased the 
encapsulation capacity of the ash–cement matrices, due to the formation of less reactive 
and more thermodynamically stable hydration products (del Valle-Zermeño et  al., 2014) 
and therefore the leaching decreased. Table  4 shows the concentration of metals for the 
samples analyzed by leaching on day 180 of curing. It is evident that of the metals that are 

Fig. 6   Total mass lost for a 
determined temperature interval 
(DTG) in high resolution for all 
systems at 180 days of age

Table 4   Concentration of heavy 
metals for the BIT, UHW and 
THW samples at day 180

Analyzed metal Concentration (mg/L)

BIT UHW THW3 THW5

Aluminum – 0.574 0.155 –
Calcium – 193 178 196
Cupper – – – –
Magnesium – 0.14 0.152 0.158
Potassium 2.4 63.4 29.4 49.8
Sodium 7.48 – 126 209
Zinc – – –
Chromium – – – –
Iron – – – –
Manganese – – – –
Lead – – – –
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regulated both in Colombia and in other countries (Table S5), only the aluminum in the 
UHW is above the norm, while the remaining metals comply with the standard. Metals 
such as Mg, K, and Na are not legislated in water and soil; therefore, their leaching does 
not imply any risk to ecosystems in accordance with the legislation.

As shown in Tables S1–S4, there is a decreasing trend in heavy metal concentrations. 
Because as the cylindrical pastes hydrated, more chemical bonds were possibly formed 
between the metals and the calcium hydrate silicates, which probably prevented the release 
of the heavy metals from the three-dimensional ash–cement matrix. It is taken into account 
that the tolerance of the iCAP 6500 DUO equipment is between 0.001 and 10,000 mg/L 
according to the SM3120B method (Baird et  al., 2017). In fact, it is observed that for 
the four systems analyzed (Tables S1–S4), there were days where the ICP detected some 
metals such as Pb, Al, and Fe and others where the equipment did not detect them. This 
can be attributed to an interference, either due to the impurities that the hazardous waste 
ashes had (Table 1) or due to the calibration of the equipment, but in the case of aluminum 
and iron, most of the concentrations were below the target. detection limit of the SM3120B 
method (Baird et al., 2017).

On days 14 and 28 of the BIT system for aluminum, the concentrations were 0.282 and 
0.516 mg/L (Table S1), which exceed the water quality standard for Colombia (Table S5). 
It is possible that while the cylindrical pastes were hydrating, the ash compounds formed 
microcracks, allowing heavy metals to be released into the leach fluid (Termkhajornkit 
et al., 2009).

In the case of the UHW, THW3, and THW5 systems (Tables S2–S4), a decreasing trend 
is also observed in most of the metals analyzed. Some metals, such as Al, Na, Mg, and Fe, 
had their concentrations in the leaching fluid decrease as the age of the pastes increased 
until day 14, but on day 28, the concentrations of metals such as Al, Ca, Mg, and Fe 
increased (Tables S3, S4). This can be attributed to the fact that this type of ash that comes 
from hazardous waste incineration processes can generate a reaction with water due to 
the pretreatment carried out. In turn with the impurities, which could affect the hydration 
reactions of the pastes and the formation of calcium hydrate silicates for the immobilization 
of metals (Memon et al., 2019; Saikia et al., 2015).

In the case of Ca, its concentration in the UHW, THW3, and THW5 systems was above 
100 mg/L on all test days, which indicates that it does not react with the cement and is not 
encapsulated either. However, this metal, according to the legislation, is not considered 
dangerous (Andrea Truque, 2012a).

For metals such as Cr and Pb, a decrease in their concentration was observed as the age 
of the pastes increased, a behavior similar to that shown by other authors (Xu et al., 2006). 
For the mixtures with UHW ashes (Table 4), it was observed that the Cr concentration was 
0.185 mg/L at the time of carrying out the leaching test after 24 h of hydration of the pastes, 
and a progressively decreasing trend was observed until day 56, where the concentration 
obtained was 0.023 mg/L. At the ages of 90 and 180 days, the Cr concentrations obtained 
were below the detection limits of the EPA method 3015A and the SM 3120B method of 
the Standard Methods (Baird et al., 2017).

For the mixtures with THW3 and THW5 (Tables S3, S4), a trend similar to that 
observed in metals such as Cr and Pb is observed in the mixture with UHW ashes. 
Indeed, this indicates that during the hydration process, hydrated calcium silicates were 
formed (Fig.  4d–f), which allowed for less heavy metal leaching (Ginés et  al., 2009). 
This has been observed at day 180 for these metals (Tables S3, S4). In fact, it is observed 
that the concentrations, despite the fact that some are exceeding the detection limit of 
the SM 3120B method of Standard Methods (Baird et  al., 2017), are also very close to 
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the permitted limits of heavy metals (Table S5), which indicates the effectiveness of the 
ash–cement matrix for the immobilization of heavy metals.

3.7 � SEM analysis

Figure 7 shows the images obtained from a scanning electron microscopy (SEM) analysis 
for all the replacements analyzed. The micrographs show the formation of crystals after 
180 days of curing. In Fig. 7a and b, SEM images for CAN are shown at lengths of 200 
and 50 µm, respectively. In Fig. 7b, the formation of crystals is clearly seen, which was 
also observed in the HR-TGA analyzes (Fig.  6), indicating the high reactivity observed 
during the entire curing time of the samples. Similarly, in Fig. 7c, the SEM analysis for 
the replacement with BIT is shown, in which, as with CAN, there is a high level of reactiv-
ity, and the TGA results are corroborated. Figure 7d shows the results for UHW, showing 
the formation of CSH gels that were presented in both the TGA and HR-TGA analyses. In 
the case of THW replacements (Fig. 7e, f), crystals are observed in both samples, but in 
THW3 there are more crystals than in THW5. With this, the TGA results are corroborated, 
and it is concluded that the THW3 sample shows reactivity results. A larger replacement 
could affect both the properties of the structure and favor the release of possible metals that 
are present in the fly ash. These results show that all types of ashes used in this study are 
of great interest for the construction industry, especially in developing countries such as 

Fig. 7   Scanning electron microscope (SEM) for all replacements performed at day 180
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Colombia, where this type of waste is deposited in landfills. With the use of fly ash in the 
construction industry, a significant contribution is made to the circular economy, especially 
in this industry, thereby reducing environmental impacts such as the effects on water, soil, 
and air.

The results of this research show that the replacement of fly ash in different proportions 
and depending on the type of ash can cause positive effects in the manufacture of low-
performance inputs. These findings could suggest support for industrial innovation where 
a competition structure is developed, which, according to other authors, can reduce the 
negative externalities of innovation in the common environment and the impact of the 
innovation activities of the company on productivity (Aldieri et al., 2021b). These types 
of implementations could result in greater economic growth. With respect to policymakers 
and the construction industry, such as the establishment of special funds to encourage 
the use of this type of material in the industry, in order to be able to expand innovation 
activities. Likewise, it is necessary for construction company owners to increase investment 
in R&D, improving productivity and reducing the reliability of the dissemination of 
knowledge (Aldieri et al., 2021a, 2021b).

The results of this study significantly contribute to the sustainable development 
objectives upon which many developing countries have relied on their medium- and long-
term sustainability goals. These results represent a significant step forward in addressing 
the environmental challenges related to solid waste management, particularly in handling 
and disposing of fly ash, which presents difficulties. The industrial application resulting 
from this research and initiative not only involves government and local actors but also 
integrates a diverse range of interested stakeholders and innovators. This integration aims 
to bring about changes in the dynamics of both the construction industry and sanitization 
company. Additionally, it contributes to the understanding of sustainability in two crucial 
economic sectors essential for fostering sustainable cities’ development.

4 � Conclusions

After analyzing the results of thermogravimetry, compressive strength, and leaching 
of the THW3, THW5, UHW, BIT, CAN, and control systems up to day 180 of age, it is 
concluded that the best mass ratios for its use in low-performance inputs are: cement with 
sugarcane ash, bituminous coal, and treated hazardous waste. The compressive strength 
tests showed that the strength increased as the age of the specimens increased. In the case 
of the UHW and THW3 systems, a different resistance behavior was found in relation to 
the other systems, mainly due to the variations in UHW between days 7 and 14. On day 7, 
a greater resistance is seen compared to day 14 of UHW. This is because at these ages, a 
collapse of the test tubes was observed, which affected their resistance.

In the late ages, an improvement in resistance was observed due to the reaction of the 
pozzolans with the portlandite, for the CAN, BIT, and THW5 systems, where the resistance 
was close to 23 MPa at 180 days of age. In the UHW and THW3 systems, the maximum 
strength reached was close to 15 MPa, which is a good strength compared to the control, 
which was approximately 21 MPa. This indicates that these materials are attractive for use 
as cement replacements. For THW3, the resistance was lower than THW5, since collapse 
of the specimens was observed on day 180, as in the UHW system. These resistance 
behaviors are related to the TGA analyses, where it was evidenced that there were more 
pronounced decomposition peaks of C–S–H and portlandite as the ages of the pastes 
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increased, which confirms that if these phases were formed, they were responsible for 
the strength of Portland cement. In turn, the high-resolution thermogravimetric analyzes 
showed that at the age of 180 days, the decomposition peak of the C–S–H became more 
noticeable, and when relating it to the compressive strength tests, an increasing trend in 
strength was indeed observed. to compression. In the same way, the leaching analyzes 
showed that the leaching of heavy metals was lower, at 180 days of age in relation to day 
1. Which confirmed that for most metals analyzed the immobilization treatment is effective 
except for calcium, although this metal is not considered dangerous, according to the 
legislation.

These findings hold significance for both public policymakers and construction industry 
professionals. They reaffirm the suitability of utilizing this waste material as a cement 
substitute in the production of low-performance construction materials. However, more 
studies are necessary where these results are applied to real-scale tests in order to verify 
their good behavior, thus seeking to improve knowledge in this area, which can be applied 
at a business level.

With the above, it is proven that the mass ratios of BIT, CAN, and THW5 are adequate 
for the manufacture of low-performance inputs, such as bricks, bollards, pots, and paving 
stones, with the possibility of a study for the manufacture of sidewalks with a low flow of 
people.
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