

[image: image1]
Mineralisation of CO2 in wood biomass ash for cement substitution in construction products









 


	
	
ORIGINAL RESEARCH
published: 22 January 2024
doi: 10.3389/frsus.2024.1287543








[image: image2]

Mineralisation of CO2 in wood biomass ash for cement substitution in construction products

Nimisha Tripathi1,2*, Colin D. Hills1,2*, Raj S. Singh2, Stephen Kyeremeh1 and Andrew Hurt1


1University of Greenwich, Chatham Maritime, Kent, United Kingdom

2Indo UK Centre for Environment Research and Innovation, Chatham Maritime, Kent, United Kingdom

Edited by
 Ana V. M. Nunes, New University of Lisbon, Portugal

Reviewed by
 Giorgio Tofani, National Institute of Chemistry, Slovenia
 Long Ji, Huazhong Agricultural University, China
 Elena Surra, Chemistry and Technology Network (REQUIMTE), Portugal

*Correspondence
 Nimisha Tripathi, n.tripathi@gre.ac.uk 
 Colin D. Hills, c.d.hills@greenwich.ac.uk

Received 01 September 2023
 Accepted 05 January 2024
 Published 22 January 2024

Citation
 Tripathi N, Hills CD, Singh RS, Kyeremeh S and Hurt A (2024) Mineralisation of CO2 in wood biomass ash for cement substitution in construction products. Front. Sustain. 5:1287543. doi: 10.3389/frsus.2024.1287543
 

This study extends our exploration of the potential of biomass ashes for their CO2-reactivity and self-cementing properties. The ability of three hardwood-based biomass ashes to mineralise CO2 gas and partially replace CEM I in mortars was investigated. The three hardwoods were English oak (Quercus rober), English lime (Tilia x europaea), and beech (Fagus sylvatica). The woody biomass wastes were incinerated at 800°C to extract their key mineral phases, which are known to be reactive to CO2 gas to form carbonates. The selected biomass ashes were analysed for their CO2-reactivity, which was in the range of 32–43% (w/w). The ashes were used to replace CEM I at 7 and 15% w/w and this “binder” was mixed with sand and water to produce cylindrical monolithic samples. These monoliths were then carbonated and sealed cured over 28 days. The compressive strength, density and microstructure of the carbonate-hardened monoliths were examined. The ash-containing monoliths displayed mature strengths comparable to the cement-only reference samples. The CO2 uptake of oak containing monoliths was 7.37 and 8.29% w/w, for 7 and 15% ash substitutions, respectively. For beech and English lime they were 4.96 and 6.22% w/w and 6.43 and 7.15% w/w, respectively. The 28 day unconfined compressive strengths for the oak and beech ashes were within the range of ~80–94% of the control, whereas lime ash was 107% of the latter. A microstructural examination showed carbonate cemented sand grains together highlighting that biomass ash-derived minerals can be very CO2 reactive and have potential to be used as a binder to produce carbonated construction materials. The use of biomass to energy ash-derived minerals as a cement replacement may have significant potential benefits, including direct and indirect CO2 emission savings in addition to the avoidance of landfilling of these combustion residues.
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1 Introduction

By 2045, the world’s urban population is expected to grow by 1.5 to 6 Bn people. An additional 1.2 M km2 of new “built environment” will be constructed by 2030 and cities will be responsible for 66% of energy consumption and 70% of greenhouse gas emissions (World Bank, 2023). This staggering pace of development requires sustained additional energy supplies and natural resources, including construction materials.

Globally, the current production of cement is estimated to be ~4.2 Gt/year (Schneider et al., 2011; Ezema, 2019). Portland cement production is energy-intensive and involves transformation of limestone and clay to a clinker at 1450°C. Almost 1 t of carbon dioxide (CO2) is emitted/t of cement produced, with 60% of the emissions arising from the decomposition of limestone, and 30% from the burning of fossil fuels to achieve the temperature required (Richardson and Taylor, 2017; Maries et al., 2020; Maschowski et al., 2020). The remaining 10% arise from the workings of the cement plant (WBCSD, 2009).

The global “shift” from fossil fuels to renewables involves increasing biomass to energy use. Sustainable biomass-derived energy contributed ~70% of the total renewable supply in 2017, with 90% of this coming from solid biomass sources (WBA, 2019). In 2020, 685 TWh of electricity was generated globally from biomass sources (WBA, 2022). Currently, bioenergy contributes 55% of renewable energy, equating to >6% of world total energy supply (IEA, 2023). Further projections indicate that around 60% of the total global bioenergy demand in 2050 will be met by solid bioenergy, 30% from liquid biofuels (including energy use for their production), and 10% from biogases (IEA, 2021).

The forest sector is the most significant contributor to the world’s bioenergy supply (Thiffault et al., 2023). Approximately 4.6 Gt is harvested annually with 60% contributing to energy production, 20% to the round wood industry and the remaining being lost during processing (Tripathi et al., 2019). According to FAO (2018), for every cubic metre of log harvested, a cubic metre of woody waste remains in the forest. Forest (primarily wood-derived) products, including charcoal, fuelwood, pellets and wood chips contribute to >85 percent of the total biomass used for energy purposes (Thiffault et al., 2023).

Wood fuels, sourced from tropical hardwood, temperate hardwood, and softwood contribute dominantly to wood fuel ashes (~68% of global forestry ash total) (Zhai et al., 2021). Despite overachieving its 20% target in 2020 with a 22% share of gross final energy consumption from renewable sources, the EU’s recent Renewable Energy Directive 2018/2001/EU outlined a new target of at least 32% for 2030, with a clause of possible upwards revision by 2023 (Eurostat, 2022, 2023). Recently, about 80% of Europe’s renewable heating has been contributed by biomass, mainly by solid biomass, burning (EEA, 2023). However, in developing countries, biomass is dominantly used for non-commercial uses, including as household fuel for both cooking and heating (World Energy Outlook, 2010; Benti et al., 2021). Vassilev et al. (2013) assumed that approximately 7 Gt/yr. of biomass were available for combustion worldwide for energy production. Zhai et al. (2021) estimated that approx. 3 Gt/yr. are currently being utilised.

The use of biomass for energy production is a transition option to “more” sustainable renewable energy. However, biomass burning contributes to CO2 emissions in the longer term (Brack et al., 2021). The CO2 emissions associated with biomass burning (including crop residues) contribute about 18% of global emissions (FAO, 2002; Jain et al., 2014; Tripathi et al., 2020). In respect to the UK, gaseous emissions from biomass to energy have increased by about 11 Mt of CO2 equivalent over the 8 years from 2010 to 2017 (Ricardo Energy and Environment, 2019). The burning of biomass also results in the generation of significant amount of fly and bottom ashes (Tarelho et al., 2015; Cruz et al., 2019). Both fly and bottom ashes are categorised as waste in the European list of wastes and their handling should follow permitted waste management/disposal routes (EC (European Commission), 2000). The estimated worldwide production of biomass ash is 500 Mt/y, of which about 70% is landfilled (Ban et al., 2014; Liu et al., 2017). Vassilev et al. (2013) and Odzijewicz et al. (2022) reported the biomass ash generation from combustion to be 476 Mt/y. However, the global production of biomass ash is ~170 Mt/y and may exceed 1,000 Mt/y in future decades providing all available biomass resources are exploited (Zhai et al., 2021). The emissions from burning woody biomass to energy plants are 1.2 Gt CO2e/y (~2.3% of global emissions) (Bailis et al., 2015). This is further projected to be 2 Gt CO2e by 2050 (Booth, 2018).

The nature of biomass ash depends on the feedstock, the temperature of the burn and the flue gas the treatment system employed (Cruz et al., 2019; Horák et al., 2019). The burn temperature influences ash morphology and chemistry. In general, the original internal and external structure of the biomass, including fibres can be retained at about 600°C (Yao et al., 2017). However, the tendency of an ash to fuse increases at temperatures of 800–1,200°C, leading to loss of volatile elements that may condensate “downstream” in the process and be adsorbed onto ash particles (Li et al., 2012). The elemental composition of biomass ashes varies with ash type, with finer grained fly ashes tending to contain higher amount of nutrients such as Ca, K, Mg, and P and the volatilised elements K and Pb (Barbosa et al., 2013). Bottom ashes concentrate non-volatile elements such as Ba and Si (Kilpimaa et al., 2013). Different biomasses have different mineral compositions and thus carry a “signature” (Zhai et al., 2021a). For example, ashes from eudicots (hardwoods and woody energy crops) are largely dominated by calcium and potassium oxides (CaO and K2O) with modest amounts of silica (SiO2) and low levels of organic contaminants and trace elements and heavy metals. However, temperate hard and soft wood bark ash contain much higher CaO than their parent wood ashes (Zhai et al., 2021).

The EU supports the valorisation of biomass ash to meet its “end-of-waste” strategy towards a circular economy (EC (European Commission), 2011). The utilization of woody biomass ash as a partial cement replacement is being progressively investigated over the years (Cheah and Ramli, 2011; Berra et al., 2015). Biomass ashes from forestry and agriculture contain functional elements such as calcium, silica, alumina, and iron, and have potential to be used as a replacement for clay, shale and limestone (Buruberri et al., 2015; Modolo et al., 2017). They can act as a pozzolana (Snellings et al., 2012) or secondary cementitious material (SCM), in combination with ordinary Portland Cement (CEM I) (Tosti et al., 2021). Albeit the large proportion of the total biomass ash produced is landfilled (Carević et al., 2021), example uses of biomass and its ashes in construction are given in Table 1.



TABLE 1 Use of biomass and its ashes as pozzolans and in construction.
[image: Table1]

The demand for “carbon efficient” management to minimise CO2 emissions and utilise wastes is increasing and both solid and gaseous waste resources are being explored (Tripathi et al., 2019, 2020). Worldwide, CO2 is being increasingly used as feedstock for manufactured products, such as urea, fuel and polycarbonate. The transformation of CO2 into mineralised products, such as carbonate-based construction aggregates based on thermal process residues is commercially available.1 Under the right conditions, minerals found in biomass ash, for example, calcia (CaO) and magnesia (MgO) can combine with CO2 gas to produce carbonate salts which permanently “lock-up” the CO2 imbibed (Tripathi et al., 2019; Hills et al., 2020). This transformation is thermodynamically driven (Bertos et al., 2004; Flannery, 2015; www.carbicrete.com). However, the handling of biomass waste ashes and their subsequent mineralisation is critical to the efficient production of valorised products, which are “fit for purpose”.

The present work explores the potential for sequestering CO2 in ashes arising from 3 selected hard wood species and their suitability for use as a partial replacement of a hydraulic cement, that is inherently CO2-reactive. As cement production generates significant CO2 emissions, alternative materials that can act as a cement replacement are attractive, especially if there is potential to meet the requirements of “end of waste”. Further, this work also quantifies the global potential for CO2 mineralisation of biomass ash for CO2 savings and emission avoidance. The available biomass ash data used for this calculation is taken from Zhai et al. (2021).



2 Materials and methods


2.1 Sample preparation and characterisation

Two materials were prepared for examination. The first was a mortar made with CEM I and <2 mm sand, which acted as our reference material. The second was another mortar containing CEM I, sand and three biomass ashes, where ashes partially replaced CEM I at 7 and 15% w/w (total weight).

Three types of industrial wood-derived biomass residues sourced in the UK were investigated: English oak (Quercus rober), beech (Fagus sylvatica) and English lime (Tilia × europaea) (oak and lime hereafter, respectively). These woody residues were combusted in a Muffle furnace at 800 ± 25°C with a residence time of 4 h to obtain carbon free ashes. These resulting ashes were a concentrated reactive mineral suite particular to each biomass.

The biomass ashes were characterised for selected physical properties (e.g., surface area and ash content) and their chemical (total carbon, elemental oxides and mineral phase) properties. The biomass ashes and their mortar mixtures were examined for their simple physico-chemical properties, elemental and phase-chemistry, compressive strength development and density. The surface area of ashes was determined (Micromeritics Gemini V2.00), and total carbon was analysed by CHN analysis (FLASH EA 1112 Series). The bulk elemental composition was determined by X-ray fluorescence spectrometry (Bruker S2 Puma). The crystalline and amorphous phases in both CEM I and biomass ashes were determined by using X-ray diffraction (Bruker D8 Advance using Cu Kα radiation generated at 40 kV voltage and 40 mA current, between 2° and 80° 2θ). The interpretation of diffractograms was aided by DIFFRACplus EVA software (Bruker AXS), an internal corundum standard and Rietveld refinement using TOPAS V4.1 (Bruker AXS).

Both CEM I and biomass ashes were tested for their reactivity to pure CO2 at 15% moisture (w/w) and a pressure of ~2 bar. The ashes were exposed to CO2 for four-separate cycles in a closed pressurised carbonation chamber, with the first three cycles extending to one hour each, and the fourth cycle being 24 h. The uptake of CO2 in ashes was determined on weight gain (% w/w) basis, following Hills et al. (2020). The theoretical CO2 uptake was also calculated using stoichiometry following Steinour equation (Huntzinger et al., 2009; Nam et al., 2012). The theoretical uptake was compared with the measured CO2 uptake in this study.



2.2 Mix design, manufacturing, and handling of monoliths with CEM I and biomass ashes

The mix design consisted of CEM I (CEMEX, United Kingdom), 2 mm sand (S Walsh and Sons) and biomass ash (as a cement replacement at 7 and 15% w/w), and a control with CEM I and 2 mm sand only (Table 2). The cylindrical monoliths (20 mm in height and diameter) were fabricated by hand tamping the mixtures in 3 layers. Monolithic specimens of this size are not covered by civil engineering standards but are appropriate for research purposes. Hand tamping produces relatively low-density products that were pervious to CO2 gas. The monoliths were divided into two halves, with one being allowed to mature for 28 days in sealed plastic bags, whereas the other was carbonated in 100% CO2 at 2 bar pressure for 24 h prior to curing. The wood ash containing monolithic samples are given the acronym O-7, B-7, and L-7 for the 7% and O-15, B-15, and L-15 for the 15% CEM I substitutions.



TABLE 2 Mix designs for monoliths.
[image: Table2]

The monoliths were tested in triplicate for their unconfined compressive strengths after 1, 7, and 28 days after being formed (ELE International, 65KN compression testing apparatus). The monoliths were tested for their mechanical properties (including density and unconfined compressive strength) and CO2-reactivity. Dry density of oven dried monolith was determined using mass/volume relationship, with the volume calculated for each individual monolith using the diameter and length relationship measured using digital callipers. For each ash, 36 monoliths were broken plus 18 for the control (includes both carbonated and non-carbonated monoliths), making 126 monoliths in total.



2.3 CO2 uptake in biomass ash containing monoliths

The indicative CO2 uptake in monoliths was calculated from the calcite content in carbonated monoliths at 28 days using an atomic mass balance approach. It should be recognised that some of the carbonate detected in “uncarbonated” monoliths might have arisen from atmospheric carbonation during materials handling and preparation. The CO2 uptake in carbonated monoliths includes both atmospheric and added CO2.

The biomass ashes and both uncarbonated and carbonated biomass ash-containing monolithic products were investigated by XRD and electron microscopy (Zeiss, Sigma 300VP, with Oxford Instruments X-maxN Energy Dispersive System, with an accelerating voltage of 10 kV and working distance between 8 to 10 mm). The capture of back-scattered electron micrographs and EDAX analysis was performed on polished resin-impregnated blocks.




3 Results


3.1 Physical, chemical, and mineralogical characteristics of CEM I and biomass ashes

The physical and chemical characteristics of the biomass ashes are given in Table 3. The ash content was highest in lime ash, being 3.80%, followed by beech (1.26%) and oak (0.83%) (w/w total weight) ashes. The beech ash presented the highest surface area at 4.53 m2/g followed by the lime and oak ashes at 3.28 and 3.8 m2/g, respectively. The total carbon content of oak ash was highest at 8.21 g/kg, followed by lime and beech ashes, at 5.47 and 2.80 g/kg, respectively. The composition of ashes as oxide equivalents is given in Table 4 and shows the calcium oxide (CaO) content was highest in oak (77% w/w), followed by lime (58%) and beech (45%). Calcium oxide is the key mineral indicator of the CO2 reactivity in ashes and its presence is critical for carbonation to proceed. Lime ash contained the highest silica content at 37% w/w followed by beech (8%) and oak ash (3%).



TABLE 3 Key physico-chemical characteristics of cement and biomass ashes.
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TABLE 4 Mineralogical composition of wood biomass ashes (% w/w, total weight).
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3.2 CO2 uptake in biomass ashes

After each successive cycle of exposure to carbon dioxide gas, a gradual individual decrease in the amount of CO2 uptake was observed, as mineral phases progressively carbonated. For oak ash, the first hour CO2 uptake was 25.63 g/kg, which declined to 0.61 g/kg after the fourth cycle of carbonation. In contrast, beech as reacted with approximately the same amount of CO2 over all four consecutive cycles, ranging between 16.75 and 17.62 g/kg. The cumulative CO2 uptake in ashes after 24 h is given in Table 5. The key major mineral phases of uncarbonated and carbonated biomass ashes are given in Tables 6, 7.



TABLE 5 CO2 uptake in wood biomass ashes and their surface areas after 4 carbonation cycles (moisture added 15% w/w, total weight).
[image: Table5]



TABLE 6 Major phases in uncarbonated cement and biomass ashes (% w/w, total weight).
[image: Table6]



TABLE 7 Major phases in carbonated cement and biomass ashes (% w/w, total weight).
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3.3 Mechanical and microstructural properties, and carbonation potential of biomass ash containing monoliths

The mechanical properties of monoliths, including density and compressive strength, are shown in Table 8. Although our primary interest is in comparing carbonated monoliths to elucidate the influence of ashes on compressive strength development, the data for the uncarbonated monoliths is available in the Appendix 1. The results show an increase in compressive strength development over time, both during and after carbonation, with the latter indicating that some residual hydraulic activity in CEM I may have been present. The control sand-cement mix achieved a compressive strength of 740 KPa at 28 days. Compared to control, the compressive strengths of all ash-containing composites were slightly lower at 1, 7, and 28 days of age, except for the L-15 composite which was approximately 9% higher than the control.



TABLE 8 Mechanical properties of carbonated wood ash monoliths.
[image: Table8]

The key major mineral phases of uncarbonated and carbonated biomass ash containing monoliths matured after 7 days of curing are given in Table 9. Calcite was the only crystalline carbonate-containing phase detected in carbonated monoliths. The calcite content of O-7, B-7, and L-7, and O-15, B-15, and L-15 was 16.76 and 18.83, 11.28, and 14.12, and 14.61 and 16.26% w/w, respectively. The results for 28 days old samples are not presented. The effects of atmospheric carbonation upon these porous materials after 7 days of age was significant despite being sealed cured in snap-shut plastic bags, with the effect of reducing the discrepancies observed earlier between carbonated and uncarbonated specimens.



TABLE 9 Example major phases in carbonated biomass ash-containing monoliths after 7 days (% w/w, total weight) as determined by X-ray diffractometry.
[image: Table9]

The backscattered composite electron-micrograph of carbonated oak ash is given in Figure 1. Figure 1A shows angular polymineralic sand grains (grey tones) and porosity (black). The composite is very porous and the matrix containing carbonate-able CEM I and oak ash is found primarily coating the individual sand-sized aggregate grains. Figure 1B is an element map of the same sample showing the distribution of Ca (green). The image clearly shows where the carbonate-able cement is located as it forms a lace-like distribution pattern around the surfaces of the sand-sized aggregate particles.

[image: Figure 1]

FIGURE 1
 (A) Composite backscattered electron micrography of the oak ash containing monolith with (B) the element map showing the distribution of Ca.





4 Discussion


4.1 CO2 uptake in biomass ashes and monoliths containing biomass ashes

The potential of ashes to mineralise CO2 was calculated theoretically, using the Steinour equation (Huntzinger et al., 2009; Nam et al., 2012) which uses the stoichiometry of a mineral “system” to predict the maximum possible carbon (% w/w) “uptake”. The approach assumes that all the mineral oxides in our ashes are available for carbonation (Kashef and Ghoshal, 2013). However, it should be noted that this equation and modifications thereof are not appropriate to all potentially carbonate-able wastes and the predictions are normally greater than can be achieved under laboratory conditions.

The Steinour equation considers that the (hydr-)oxides of Ca, Mg, Na, and K undergo carbonation, while the corresponding carbonates as well as sulphur and chlorine compounds (expressed as CaCO3, SO3, and KCl) lower the CO2 uptake (Hutzinger et al., 2009; Schnabel et al., 2021). Vassilev and Vassileva (2020) studied the theoretical CO2 uptake of 141 biomass ashes and reported the mean value to be 33.99% (340 kg CO2/t of biomass ash). However, our calculations for given biomass ashes indicate a much higher theoretical uptake, following Nam et al. (2012). Our calculated theoretical CO2-uptakes were 69.31, 57.35, and 51.41% (w/w) for the oak, beech and lime ashes, respectively. However, the experimentally derived CO2 uptake upon 24 h of CO2 exposure was 32, 52, and 43% (w/w), respectively (Table 4). Schnabel et al. (2021) also reported a lower CO2 uptake in biomass bottom and fly ashes than predicted and referred to the theoretical values as overestimations.

The beech ash contains less calcium oxide but higher K2O, MgO, P2O5, and Fe2O3. One of the consequences of this is that the diffractogram for beech ash was very noisy showing “peaks” that were difficult to identify. Further, the presence of CaO appears lower than expected, and may be due to the presence of both amorphous and crystalline forms. Indeed, the amorphous phase content of beech ash is 70.93% w/w, approximately 31–35% higher than the other two ashes. Interestingly, despite the complex mineralogy of this ash, upon carbonation the diffractogram is more resolved and comparable to the other two ashes, supporting our view that amorphous CO2-reactive phases were indeed present. The presence of butschliite (K2Ca(CO3)2) indicates the presence of other carbonate phases and portlandite indicates that the hydroxides were formed, inhibiting carbonation.

The carbonation of mineral systems can be regarded essentially completed in three distinct phases involving 8 steps (Maries, 1985; Nam et al., 2012). In our dry carbonation “system” CO2 gas diffuses and dissolves into a thin film of water (pore fluid) and ionises to H2CO3, leading to a drop in pH. As pH drops due to the neutralisation of pore fluid containing dissolved CaO, CaCO3 is precipitated in pore space present in ash (Tripathi et al., 2020).

According to Vassilev et al. (2021), the formation of secondary carbonates in biomass ashes is due to solid–gas reactions between the CO2 and Ca, Mg, K, and Na oxyhydroxides generated by thermal degradation. However, CO2 uptake potential of biomass ashes depends on the decomposition/combustion temperature of biomass varying between 600–900°C (Vassilev and Vassileva, 2020). During the thermal degradation of biomass between 500 to 900°C, transformation of minerals and their phases present in biomass takes place. This includes combustion of residual char, dehydration and dehydroxylation of biomass minerals, decomposition of carbonates, and initial and partial decomposition of sulphates followed by formation of new active or partially active secondary Ca-, Mg-, K-, and Na-bearing minerals, and phases with potential to react with CO2 gas (Vassilev et al., 2014).

The carbonation of calcia-containing phases can result in more complex carbonate mineral products other than calcium carbonate (CaCO3). By way of example, ankerite (Ca(Mg,Fe)(CO3)2) and fairchildite (K2Ca(CO3)2) may form upon carbonation. In the present study, the CO2 mineralised was confirmed by X-ray diffractometry by the presence of calcite and other carbonate containing phases, such as fairchildite (oak ash) and butschiite (beech ash) (Tables 6, 7). The observed maximum CO2 uptake recorded after exposure of biomass ashes to CO2 was in the order: beech, lime, and oak (Table 5), which was not in accordance with the calcium oxide content, present in the following decreasing order: oak, lime, and beech (Table 4). It is possible that the unintended formation of portlandite in oak and beech ashes (shown in the XRD in Table 7), limited its carbonation on exposure to CO2 gas. It is also possible to achieve higher rates of carbonation during prolonged exposure of portlandite to CO2 gas (Tripathi et al., 2020), but in the present work the carbonation step was limited to 24 h. It is also possible that in these ashes, high amorphous phases consist of carbonates. Vassilev et al. (2021) also reported formation of different carbonate containing phases in biomass ashes.

The mineralisation of CO2 in the biomass ashes was aided by their finely divided nature, their relatively high reaction surface available (Filho et al., 2009; Castel et al., 2016) and their calcium oxide, and other CO2-reactive phases present. However, the reaction could be very slow, if CaO is converted into portlandite (Ca(OH)2) and not “quickly” then to CaCO3, as might happen if too much water in the sample limited the diffusion of CO2. The nature of individual biomass may also have influenced carbonate formation (Tripathi et al., 2020).

The backscattered electron-micrographs taken from polished sections of carbonated monolithic samples given in Figure 1 further confirm the carbonation potential of these mixtures through their uniformly distributed Ca content. The grey-scale backscattered electron micrograph (a) showed the fine aggregate grains coated with the carbonate-able matrix as identified by the distribution of Ca in the element map (b). As carbonation proceeds cementation of the fine aggregate particles within the newly carbonated matrix occurs, augmented by the enhanced (CO2 gas permeable) porosity of the matrix thereby, following the same lace-like distribution pattern.



4.2 Mechanical properties of monoliths containing biomass ash

The compressive strength of all ash-containing carbonated monoliths was higher for all additions at 1, 7, and 28 days of age when compared to their non-carbonated analogues. By way of an example, the 7% ash w/w substitutions gave compressive strength increases in the range 82–672% (Appendix 1). At 28 days of age carbonated monoliths containing O-7, B-7, and L-7 displayed compressive strength increases of 109, 28, and 138%, respectively. For 15% w/w ash, the increase was 210, 97, and 119% at 28 days of age, respectively.

Compressive strength development in ash containing monoliths at early age is ascribed to carbonate cementation (mainly calcite) as described above (Usta et al., 2023). However, in CEM I-only monoliths, strength is not mainly imparted by carbonate formation upon carbonation (calcite formation was lower than for biomass ash containing monoliths), but also by hydration. This indicates that the CEM I was not fully carbonated under the conditions prevailing, and that compressive strength gain was augmented by enhanced hydraulic activity (on exposure to CO2) from the Le Chatelier principle, where the development of CSH is “forced” by a change in pH (Ali et al., 2015).

The results clearly indicate the conversion of calcium oxide and portlandite to calcite after exposure to CO2. Calcite contributes to an increase in early strength development, which in this case increased over 28 days for both 7 and 15% ash containing mixes. We observed a lower compressive strength in the O-15 and B-15 monoliths containing, relative to those containing 7% ash (a 3–7% reduction) over 28 days. However, the compressive strength of the L-15 monoliths was 14.5% higher that the L-7 counterpart. The higher compressive strength of lime ash monoliths could be due to the presence of the higher silica content of this ash (Table 4), which may be reactive/pozzolanic in nature.



4.3 Carbonated biomass ashes as partial cement substitutes

The European standard for cement (EN 197-1, 2011) reports the use of blended or Portland composite cements in construction. These cements include coal fly ash, natural volcanic materials, burnt oil shale, blast furnace steel slag, zeolites, ceramic wastes, etc., and are used as substitutes for “common” cement clinker (Canpolat et al., 2004; Taylor et al., 2006; Maschowski et al., 2020; Zeng et al., 2022). Based on their physico-chemical properties, these blended materials impart properties to the cement in different ways (Schneider et al., 2011; Sigvardsen and Ottosen, 2019). However, under right conditions and with proper product design, blended cements can be formulated for different applications (Bentz, 2010).

In the present study, it is observed that both 7 and 15% replacements of CEM I by biomass ashes in monoliths have attained/exceeded the selective mechanical properties compared to the CEM I only control (Appendix 1). Thus, the results obtained indicate that biomass ashes have potential to directly replace CEM I up to 15% w/w. Whilst recognising this is a limited study, further investigation of a broader range of key properties of mortar/concrete such as workability, water absorption and other transport properties is required.

In our earlier work (Tripathi et al., 2019, 2020) we showed that a 10% substitution of biomass ash to CEM I might be beneficial in terms of strength development and the level of substitution on CO2e emissions. In the present work, we show that a 7–15% w/w substitution of the 3 ashes of interest is also beneficial. However, the strengths of oak and beech ash containing monoliths are slightly higher that the CEM I-only controls with a lower replacement of 7% w/w, indicating the optimal dosage rate is yet to be identified.

From the calcite content of monoliths, the CO2 uptake achieved during carbonation was calculated (Table 9). The CO2 uptake was derived using the stoichiometry of this phase, i.e., via the relative atomic weights of CaO and CO2. The CO2 uptake for O, B, and L at 7 and 15% substitution of CEM I was 7.37 and 8.29, 4.96 and 6.22, and 6.43 and 7.15% w/w, respectively. The corresponding unconfined compressive strengths recorded at 28 days were all within the range of ~80–94% of the control, except for L-15, which was 107% of the control.

One tonne of quick lime has the theoretical capacity to react with 799 kg of CO2 to form calcite (comprising 56% CaO and 44% CO2). With other secondary minerals including Ca-, Mg-, K-, and Na-bearing oxides, hydroxides, silicates, phosphates, and inorganic amorphous material, biomass ash can react with additional CO2 gas (Vassilev et al., 2021). Due to carbonate cementation of biomass-contained minerals, replacing reactive calcium oxide (normally present in cement phases) as the fundamental raw material in cement (in a carbonation application) is potentially attractive. Low carbon materials utilising waste are employed elsewhere as geopolymer cements, blended cements, and magnesium cements (Lippiatt et al., 2020).

The conceptual diagram shown in Figure 2 summarises our observations on the potential of biomass ashes to act as a cement replacement in a carbonated system. This figure considers the currently available data for biomass ashes from biomass energy plants, following Zhai et al. (2021) and assumptions are made to quantify the CO2 emissions from the burning of biomass. The figure also incorporates CO2 saving potential (assuming 35–40% CO2 uptake in biomass ashes), from our data given in Table 5, following Tripathi et al. (2020) and Hills et al. (2020). This also includes the CO2 avoidance potential based on assumptions made for CO2 emissions associated with transportation and landfilling, follows Zheng et al. (2022). This high-level calculation indicates that 150 Mt of CO2-reactive mineral containing biomass ashes (derived from the 3 Gt of biomass used for energy production, from Zhai et al. (2021)) have potential to:

i. Directly capture/mineralise about 60 Mt of CO2,

ii. Reduce about 23 Mt CO2 by partially replacing cement, and

iii. Helping avoidance of 3.76 CO2e emissions by diverting ash disposal to landfills and associated transport requirements.

[image: Figure 2]

FIGURE 2
 Conceptual diagram showing CO2(e) saving and avoidance potential of carbonate mineralised biomass ashes.


Although the amount of CO2 emitted during incineration cannot be compensated by the mineralisation of CO2 in ashes or that saved by their replacement for cement, the CO2 offsets that can be achieved by low-carbon products are significant and much higher than the calculations presented in this paper. This study does not include the total CO2 emissions and environmental implications of biomass burning for energy plants and has only considered landfilling of biomass ashes. Similarly, the implications of developing low-carbon materials to partially replace cement and natural aggregates are significant but have not been taken into account in this paper (see Figure 2).

Ash transport has environmental and economic implications, and we have undertaken the example from Zheng et al. (2022), where an emission of 0.1618 kg of CO2 equivalent (CO2e) per tonne-mile was calculated for freight transport of a (full) 15 tonne load and a 0% loading on the return trip. Bastian (2020) reported that the cost of transporting ash for the bioenergy industry in the UK is around £4 million, depending on the ash properties, with cost of fly ash being significantly higher than bottom ash. Bastian (2020) also reported that in the UK, the cost of ash disposal to a distance of 140–170 miles (including transport, landfilling and landfill tax) in two biomass plants ranged from £140–210 per tonne.

With the significant quantity of ash residue generated from biomass energy production, their ultimate disposal is energy intensive, involving transport to a landfill site, landfill engineering costs, site closure/maintenance and further potential emissions. Landfilling requirements can be minimised if ash can be used for its self-cementing properties, or in a blended system (Tripathi et al., 2020). In the UK and elsewhere, landfill capacity is challenged, costs are rising, and alternative management scenarios are needed for the 21st century (Eyre-Walker, 2018). The valorisation of biomass ash residues contributes to sustainable environmental and economic goals. Hope et al. (2017) performed a cost analysis for biomass to energy ash disposal in Canada and reported the landfill cost to be $77 per tonne. However, this was lower than the cost of ash application to forest sites ($92 per tonne) (Hope et al., 2017).




5 Conclusion

The key mineral phases extracted from biomass residues react with CO2 gas to produce carbonate minerals. When incorporated in mortar as a CEM I substitute and carbonated they were hardened by carbonate cementation. A CEM I – only reference product was also hardened this way but attained its “full” strength partially from the enhancement of hydration via the le Chetalier principle.

It was observed that the 7–15% w/w cement replacements resulted in an enhanced early strength development relative to the control, but at 28 days of age the ash-containing monolithic product presented similar or lower compressive strength to the control mortar, except for lime ash at 15% w/w. In this respect, the additions used were not optimised for each ash. The use of ash as a CEM I replacement has significant potential to reduce CO2 emissions when in a carbonation application. Further, the utilisation of biomass residues and their ashes in carbonate-able cements has significant positive environmental and economic implications, as biomass ashes arising from energy production tend to be disposed to landfill or are spread on land. These ultimate management options involve considerable transport costs, landfill taxes and significant consequent CO2 emissions.

Our approach to the mineralisation of CO2 in biomass waste-derived ashes has long-term sustainability implications for this voluminous solid waste stream. Biomass to energy plants producing ash and CO2 gas at the same site can utilise this approach to harness environmental benefits by negation of solid and gaseous emissions, through what is in essence a circular economic solution. Our high-level calculations show that the 150 Mt of ash arising from waste biomass contain key CO2-reactive minerals, with potential to “save” 82.5 Mt of CO2 via direct uptake to form carbonate phases and as a cement replacement. In addition, 3.76 Mt CO2 can be avoided by negating the transport associated with landfill disposal.

The authors are continuing their investigation of potential biomass (ashes) in new range of materials that are “fit for purpose” for use in construction, and which have potential to help achieve the sustainable renewable energy goals with net zero targets. The utilisation of mineralised CO2 in the built environment can be considered as permanent solution that protects virgin materials use, preserves landfill space, and reduces the amount of CO2 being emitted to atmosphere.
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Appendix 1



TABLE A1 Mechanical properties of uncarbonated and carbonated wood ash monoliths.
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