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Introduction

Ash-based materials have been used for neutralization of acidic soils and for restoring their nutrient levels [START_REF] Alvarenga | Use of wastes from the pulp and paper industry for the remediation of soils degraded by mining activities: Chemical, biochemical and ecotoxicological effects[END_REF]Cruz et al., 2019a). Thermal oxidation materials and derivates were very recently included in Annex II to Regulation (EC, 2019) as a new component material category for fertilizers sold in the internal market (EC, 2021). However, ash must be stabilized before its application to soil. Stabilization involves a complex series of chemical and mineralogical transformations. Among them, CaO carbonation to CaCO3 by reaction with atmospheric CO2, presents a key role on the control of a variety of thermodynamically unstable oxides, hydroxides, and silicates [START_REF] Costa | Current status and perspectives of accelerated carbonation processes on municipal waste combustion residues[END_REF][START_REF] Pan | CO2 capture by accelerated carbonation of alkaline wastes: A review on its principles and applications[END_REF]. When alkaline solid wastes such as biomass fly ash are subjected to carbonation their physicochemical stability and leaching behaviour are improved, and pH of the granules is adjusted from highly alkaline to near neutral This increases their potential for re-use, for example as a substitute for other commercial liming agents or as a component material in fertilizers [START_REF] Alvarenga | Use of wastes from the pulp and paper industry for the remediation of soils degraded by mining activities: Chemical, biochemical and ecotoxicological effects[END_REF]Cruz et al., 2019b;[START_REF] Ukwattage | Effect of accelerated carbonation on the chemical properties and leaching behaviour of Australian coal fly ash, to improve its use as a compost amendment[END_REF]. Carbonation effectiveness, however depends on chemical properties of alkaline ash materials and carbonation procedure. The presence of calcium and/or silicon salts, the chemically available Ca content, the free water content, and the porosity of the material all affect the carbonation rate and extent (Bertos et al., 2004b). During the last years, interest in carbonation of alkaline solid wastes has risen due to their potential to fix gaseous CO2 from industrial emissions through solid precipitation [START_REF] Pan | Validating carbonation parameters of alkaline solid wastes via integrated thermal analyses: Principles and applications[END_REF]. Carbonation process can occur either under natural conditions or can be accelerated in reactors. Until now, natural carbonation is the method most commonly used due to its relatively low investment and operating costs (Bertos et al., 2004b;[START_REF] Chimenos | Short-term natural weathering of MSWI bottom ash[END_REF]. However, carbonation under atmospheric conditions is time-consuming (months to years) and requires large areas for spreading the stabilizing materials, which limits the capacity for recycling large quantities of ash at the production stage (Bertos et al., 2004a;Cruz et al., 2019b). Reactor-based carbonation on the other hand will reduce the time required for complete carbonation down to timescales of hours or days (Bertos et al., 2004b;[START_REF] Pan | Validating carbonation parameters of alkaline solid wastes via integrated thermal analyses: Principles and applications[END_REF][START_REF] Pan | CO2 capture by accelerated carbonation of alkaline wastes: A review on its principles and applications[END_REF][START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF]. A maximum reduction of time and an increment of the efficiency can be achieved by optimizing parameters such as CO2 concentration and pressure, temperature, and moisture content [START_REF] Arickx | Effect of carbonation on the leaching of organic carbon and of copper from MSWI bottom ash[END_REF]Bertos et al., 2004b;[START_REF] Pan | CO2 capture by accelerated carbonation of alkaline wastes: A review on its principles and applications[END_REF]. Although there are several studies on system operating conditions for solid precipitation of CO2 (Bertos et al., 2004b;[START_REF] Costa | Current status and perspectives of accelerated carbonation processes on municipal waste combustion residues[END_REF][START_REF] Dong | Biomass ash alkalinity reduction for land application via CO2 from treated boiler flue gas[END_REF][START_REF] Ji | Effects of fly ash properties on carbonation efficiency in CO2 mineralisation[END_REF][START_REF] Pan | CO2 capture by accelerated carbonation of alkaline wastes: A review on its principles and applications[END_REF][START_REF] Zhang | Effect of different hydration time on carbonation degree and strength of steel slag specimens containing zeolite[END_REF], information on accelerated carbonation of fly ash aggregates from combustion of residual forest biomass (biomass ash) is still scarce. To the best of our knowledge, only the effect of accelerated carbonation on CO2 uptake and on the compressive strength for biomass ash artificial aggregates was evaluated for a set of fixed carbonation parameters [START_REF] Mäkikouri | Effects of accelerated carbonation on carbon dioxide uptake and compressive strength of biomass ash artificial aggregates[END_REF]. Thus, it is crucial to understand the influence of these key operational parameters on biomass ash aggregates properties relevant for application to soils. These include alkalinity, soluble salts, mineralogy, physical stability, and leaching behaviour of both nutrients and potentially toxic elements. According to [START_REF] Wang | Strategies to accelerate CO2 sequestration of cement-based materials and their application prospects[END_REF], carbonation speed and rate for cement-based materials could be improved by increasing CO2 concentration over 20%. Humidity is another factor that affects carbonation, and a relative humidity of 50 to 70% appears to be the optimal range for a quick and effective carbonation of cement-based materials (Bertos et al., 2004b;[START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF][START_REF] Wang | Strategies to accelerate CO2 sequestration of cement-based materials and their application prospects[END_REF]. However, diffusion of CO2 and reaction kinetics are two conflicting processes affected by humidity, which requires its optimization for each different material subjected to this process. In addition, temperature affects uptake of CO2 by cement-based materials as reviewed by [START_REF] Wang | Strategies to accelerate CO2 sequestration of cement-based materials and their application prospects[END_REF]. At high temperatures (over 80°C), the solubility of CO2 in water will decrease thus reducing carbonation rates. However, at higher temperatures, CO2 permeability can be enhanced which would lead to a more efficient penetration of CO2 to the granules inner pores. [START_REF] Wang | Increasing efficiency of carbon dioxide sequestration through high temperature carbonation of cement-based materials[END_REF] demonstrated that CO2 uptake rates of cement-based materials was greatly affected by temperature, the optimum carbonation temperature being approximately 100°C. Thus, optimization of relative humidity, residence time, temperature and CO2 concentration is crucial to prepare granules from biomass ash for a successful recycling of these materials as soil improver. Eventually ash granules (AG) must meet key chemical and physical properties in order to be used as soils improvers. Here key properties including pH and EC, CS, as well as the leachability of nutrients and potential toxic elements (PTEs) are evaluated in products derived from various carbonation processes. In this context, the main goal of this study was to optimize the stabilization of granulated ash by varying several key properties relevant for accelerated carbonation. This is done by an evaluation of subsequent changes in both carbonation efficiency and physico-chemical properties of the granules thus prepared.. In this study we tested the impact of variable operating conditions (humidity, residence time and temperature and CO2 concentration) of an atmospheric fixed-bed reactor (AFR) and a closed high-pressure reactor (HPR).. Chemical and physical properties of AG obtained by AFR and HPR were compared to those obtained after oneyear of carbonation under atmospheric conditions. Results of this study will enable adjustment of pH, physical stability and leaching behaviour of AG for soil amelioration thus increasing the potential for recycling large quantities of biomass ash while saving valuable resources (money, time, and space) and increasing capture of CO2 by solid precipitation into the granules.

Material and Methods

Ash granules preparation

AG used in this study were prepared via granulation on a rotating drum using distilled water as a binding agent according to the methodology described by Cruz et al. (submitted). After granulation, the AG were sieved using a 9.5 mm sieve and stored at vacuum to preserve the moisture content during all tests performed using the accelerated carbonation mode. To compare physico-chemical properties of reactor-based granules with those obtained after natural carbonation, granules were also prepared under natural conditions. Natural carbonation was performed for 365 days at at room temperature under atmospheric conditions and without additional watering.

Accelerated carbonation process

Optimization of accelerated carbonation for AG was carried out in two different types of reactors including an AFR, consisting of a quartz tube (L = 400 mm and ID = 20 mm) placed within an electric furnace and a HPR (L = 150 mm and ID = 65 mm) placed within a water bath (Figure 1A and 1B). A set of distinct experimental conditions were initially optimized for the AFR. This includes moisture content of granules, relative humidity of the gas, CO2 pressure, ash texture, residence time and temperature. The optimal conditions derived from these tests were subsequently also applied using HPR with additional variation in temperature and residence time as shown in Figure 2. 

Atmospheric fixed-bed reactor

The system incorporates a controlled evaporator chamber, externally heated by a heater tape. Each test was conducted following the same experimental protocol: 25 g (d.w.) of granulated material supported on two layers of ceramic wool was loaded into the fixed-bed reactor and heated at 1 and 10°C min -1 for the tests performed at 25 and 100°C, respectively. Subsequently, a gas flow (0.250 L min -1 ) was passed through the reactor fed by a mass flow controller (Alicat, MCS Series). Temperature of the fixed bed was controlled by a K-type thermocouple connected to a PID controller (Eurotherm). At the reactor outlet, the gas product passed through a series of traps, which collected the unconverted moisture by condensation. Impact of granules moisture and gas relative humidity on materials' carbonation Moisture conditions during carbonation are determined both by the moisture content of the granules and the relative humidity of the gas. A relative humidity of the gas between 50 to 70% has been reported as the optimal range for the accelerated carbonation process of cement-based materials and recycled concrete aggregates (Bertos et al., 2004a;[START_REF] Fang | Empirical modelling of CO2 uptake by recycled concrete aggregates under accelerated carbonation conditions[END_REF]. Here, three different combinations of these two parameters which simulate variable realistic situations that may occur at the industrial production of AG were tested: i) dried AG and gas with 60% of relative humidity (D AG +WG); ii) AG with inherent moisture of granulation process (27 wt%) and gas with 60% of relative humidity (W AG + WG); iii) AG with inherent moisture of granulation process (27 wt%) and dry gas (W AG + DG). A typical flue gas temperature in the exhaust system (100°C) with a typical flue CO2 gas concentration (15 vol%) was tested [START_REF] Madejski | Methods and Techniques for CO2 Capture: Review of Potential Solutions and Applications in Modern Energy Technologies[END_REF][START_REF] Shatskikh | Analysis of Deep Heat Recovery from Flue Gases[END_REF]. A residence time of 5 hours was chosen in line with Bertos et al. (2004a). The relative humidity (≈ 60%) of the gas was controlled by passing the gas flow through two gas washer bottles located before entering the electric furnace. Relative humidity was measured at the end of the line by a relative humidity meter (Vaisala™). To quantify the effect of water addition on carbonation efficiency an additional test with the same operational conditions was performed using moistened AG with dry gas. In this test water was added twice after 1h30 and 3h respectively to keep the material at its initial moisture content. All the following described tests were performed using granules inherent moisture from granulation process and a dry gas flow.

Impact of temperature and residence time on materials' carbonation

The effect of temperature and residence time on the carbonation process was evaluated at 15% CO2. Temperature was set at either 25 or 100°C and carbonation was determined after 5h. Subsequently the impact of time was assessed by increasing the carbonation time from 5 up to 20h at both 25 and 100°C.

Impact of CO2 concentration on materials' carbonation

The increment of CO2 concentration from 15 to 100 vol% on carbonation was evaluated for both temperatures of 25 and 100°C. Residence time used here was based on the results from the previous test and was set at 5h at 100°C and 20h at 25°C respectively (see results for more details).

Effect of the of biomass ash texture on materials' carbonation

According to Cruz et al. (submitted), ash texture affects granulation because it alters the granules' porosity depending on the texture of the input material. Here, a fine and a coarse biomass ash were used to evaluate the effect of ash texture on the carbonation. Characterization of ash texture of each ash type is provided in SI (Figure S2). Based on the results of the optimization process (temperature, residence time and % of CO2) granulated material made from coarse and fine ash were subjected to accelerated carbonation at 100 vol% of CO2, for 5h for 100°C and 20h for 25°C respectively. Management 156 (2023): 297-306. 10.1016/j.wasman.2022.11.011 2.2.2 Closed high-pressure reactor HPR carbonation was performed in a 300 mL stainless steel reactor under constant pressure in a CO2 atmosphere (at 100% of CO2). Each test was conducted using 100 g (d.w.) of granulated material at 1 bar. Granulated material was placed on the reactor and subsequently purged with CO2 to remove the residual air. Similar to the AFR reactor two temperatures were tested (25 and 100°C). The AFR reactor was heated using a water bath, and the reactor temperature was controlled using a K-type thermocouple connected to a PID controller (Eurotherm). Sub-samples of the granulated materials (approximately 25 g, d.w.) were collected four times at 20 hour intervals during the 80 hours of the experiment. Since the granules maintain their moisture throughout the carbonation process a drying step (20 h at 80°C) was applied once the carbonation process was completed. This was done mainly to remove moisture from the granules before proceeding with subsequent analyses. Based on preliminary tests (results not shown) residence times were set at 80 h to obtain similar reductions in pH and EC as obtained in the AFR reactor. Operating conditions were set at a CO2 pressure of 100% for 5 hours at 100°C and 20 h at 25°C respectively.

Physico-chemical characterization of granulated materials after accelerated carbonation

All granulated materials after the accelerated carbonation process were subjected to a water leaching test according to EN 12457-2:2014. In the water extracts obtained after 24 hours, pH, EC and elemental concentrations were determined.. Water-extractable contents of Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Se and Zn were prepared according to BS EN 12457-2, 2014. . Compressive strength was evaluated using a Shimadzu AG-25TA, equipped with a 1 kN load cell according to the methodology described in Cruz et al. (submitted). Mineralogy was determined on milled AG samples by X-ray diffraction (XRD), using a Rigaku Geigerflex diffractometer D/max-Series.

Quality control and statistical analysis

Three replicates of the water extracts from AG were prepared and two extraction blanks were included in each batch. All elements in water extracts were analysed by ICP-MS according to EN 17294-1 (2007) and EN 17294-2 (2004) procedures. Detection limits in water extracts were the following (in mg L -1 in between brackets): Al (0.01), As (0.001), B (0.006) Ca (2), Cd (0.0001), Co (0.0001), Cr (0.001), Cu (0.001), Fe (0.02), K (1), Mg (2), Mn (0.001), Mo (0.001), Na (2), Ni (0.001), P (0.06), Pb (0.001) and Zn (0.005). Microsoft Office Excel 2019 and SPSS Statistics 27 for Windows were used for descriptive statistics and statistical data analysis. 

Results

Preliminary tests to optimization pH, EC of granules

Moisture and gas relative humidity

The combination of moistened granules with absence of relative humidity on gas demonstrated to be the best way to achieve a significant reduction in the pH value of granulated materials (Figure 3A). Moistened granules submitted to accelerated carbonation for 5h at 100°C using dry gas showed a significant reduction of pH (up to 2.9 units decrease) and EC (up to 9 mS cm -1 reduction) (Figure 3A). On the other hand, using moist gas in combination with moistened granules resulted in an excessive increment of the total water content in system, reducing the granules permeability and CO2 diffusion in the materials' micro-and macropores. This could have lowered the interaction of CO2 with the Ca hydrated phase (Ca(OH)2), diminishing the formation of calcium carbonate. If AG were subjected to a drying pre-step at 105°C during 24h before carbonation (dry granules), the use of moist gas also did not result in a reduction of pH and EC (Figure 3A). This is probably because the low water total content in the system limited the dissolution of CO2. EC was not affected by the relative humidity of the gas. The treatment where water was added twice promoted a further significant reduction of pH from 10.9 to 9.8. This suggests that water addition allowed to somewhat restore the initial AG moisture level, which was likely to evaporate quickly considering the temperature used in this test.

Temperature and residence time

The reduction of temperature from 100 °C to 25 °C did not promote a significant adjustment of pH or EC during the 5 hour test (Figure 2B). This suggested that the reaction of Ca(OH)2 with CO2 to form calcium carbonate was not completed in the 5 hour period for a temperature of 25°C. A significant reduction of granules pH (from 11.4 to 9.4) for this temperature was only achieved with the extension the residence time from 5 to 20 hours (Figure 3B). For the temperature of 100°C, no impact of the extension of the residence time was observed (Figure 3B). This confirmed the hypothesis that the evaporation of moisture from granulated limits the dissolution of CO2 and the subsequent carbonation process. The presence of water on two traps located at the reactor outlet, confirmed that more than 80 wt% of water mass evaporated at the beginning of the experiment when a temperature of 100°C was applied. This result indicates that the residence times must be adjusted depending on the temperature. Here we propose to test both 5h at 100°C and 20h at 25°C.

CO2 concentration

The CO2 concentration had a clear influence on the carbonation efficiency of granules, both at 25 °C and 100 °C. An increase of the CO2 concentration from 15% to 100% led to a significant reduction in pH values from 9.4 to 8.4 (at 25°C for 20h), and from 10.9 to 9.8 (at 100°C for 5h; Figure 3C). The 100% concentration of CO2 was therefore used in subsequent tests. Ash texture It was hypothesized that the texture of ash used for the preparation of granules affects the carbonation efficiency, since granulated materials made from fine BFA were more compacted thus having a lower porosity. This reduced CO2 diffusion into the granules. As shown in Figure 3D, the reduction in both pH and EC was more significant in granules prepared from coarse textured ash. The impact of ash texture was even more significant at an operating temperature of 25°C and 20h residence time. At those operating conditions, a reduction of 4.2 pH units was obtained in granules made from coarse ash, compared to a reduction of 2.5 pH units in granules made from fine ash. The optimized operating conditions derived from the test using AFR -use of moistened granules, dry gas and aCO2 concentration of 100%-were further tested in the HPR system. The static system (HPR) allowed to evaluate the impact of a constant moisture content of the materials during the process on the carbonation efficiency and on granulated ash properties.

pH and EC in granules obtained by AFR and HPR and natural carbonation 3.2.1. Adjustment of pH and EC

Results of pH and EC in granules water extracts are shown in Figure 4. For both reactors (AFR and HPR), carbonation was tested at either 25 or 100°C with 100% of CO2. For HPR, the residence time varied between 20 and 80h to ensure an efficient carbonation. As shown in Figure 4, a residence time of 20h at 25°C in AFR and 80h for both temperatures in HPR was needed to achieve a pH reduction equal or higher than that observed in AG's obtained after one year of natural carbonation. Adjustment of granules pH was faster for both temperatures at AFR than at HPR. This can be explained by the heat released by the formation of calcium hydroxide (exothermic reaction) that vaporizes or brings the water to the granules' surface. Being a dynamic system, the constant flow of CO2 in the AFR reactor helps to remove the water/water vapor, while in the static system (HPR), the water/water vapor remains trapped and can saturate the CO2 atmosphere, leading to a need of higher residence time to achieve similar pH adjustment. Moreover, at 100°C CO2, solubility was reduced in the HPR reactor which required a longer residence time compared to that obtained at 25°C. To achieve similar EC values in the granules compared to those made under natural carbonation for 3 months a residence time of 5h (at 100°C) or 20h (at 25 °C) was required in the AFR reactor. Granules made by HPR at 100°C were the only ones that had a slightly increased EC throughout the experiment. Water evaporation from the granules inside the reactor at 100°C promoted a possible reprecipitation of potassium and sodium salts at the surface of granules as confirmed by higher water-extractable contents for these two elements at these residence times (see in more detail the impact of temperature on Na and K leaching behaviour). 

Mineralogy of the granules

Results of the XRD analysis of calcite (CaCO3 crystalline phase) on granules upon accelerated carbonation at both reactors and natural carbonation are presented in Table 1. The content of calcite in the granules made by AFR at 25°C was similar to that observed in granules tested after 6 months of natural carbonation, and for AFR at 100°C a stabilization time between 15 to 30 days. However, the presence of calcite was not equally distributed across the granules and were different in the core of the granule compared to its surface. For AFR, at both temperatures the formation of calcite occurred mainly at the granules surface, being higher for 25°C due to the higher residence time. For HPR, temperature also affected the distribution of calcite across the granules, being more noticeable at 25°C for a same residence time of 80h, where the calcite formation occurred mainly at the granules surface. Increase in temperature (100°C) led to a higher penetration and diffusion of CO2 into the granules promoting a higher carbonation degree of the core comparatively to granules carbonated at 25°C. 

Compressive strength of the granules

Carbonation in both reactors resulted in an increase of the compressive strength (CS) of the granules compared to the material before carbonation (Figure 5). At 25 °C, for AFR, ash-based granules had a higher CS compared those produced by HPR. To obtain similar values for CS in the HPR reactor, a 4 (at 25°C) to 12 times (at 100°C) longer residence time was required. Despite these aspects, all operating conditions allowed to obtain granules with a CS equal to or in excess of 15N, which is considered the minimum CS required to allow storage, handling and spreading of granules to soils, as described by Cruz et al. (submitted).

Values of CS for AG made from coarse ash upon accelerated carbonation (both 5 and 20 h in AFR, and 60 for 100°C and 60 and 80 h for both temperatures in HPR) were not statistically different between 3-months of natural carbonation (Figure 5). This similarity indicates that the diffusion of CO2 throughout the granule was efficient during accelerated carbonation of coarse AG. Accelerated carbonation of granules made from fine ash led to significantly lower values of CS than those observed after 3-months of natural carbonation, regardless of the operating conditions. This was associated with a high degree of compaction of the fine ash particles which subsequently resulted in a lower porosity and slower diffusion of CO2 into the granules core. The resulting lower degree of carbonation then led to lower CS values after 5 or 20h. 

Elements' leaching behaviour

The impact of various carbonation conditions on the availability of nutrients and potentially toxic elements was evaluated after water extraction of AG's produced Results for nutrients and a selection of potentially toxic elements are presented in Figure 6 and presented in mg kg -1 in order to render all the data comparable with existing criteria for the use of waste-derived aggregates as well as for acceptance criteria for inert waste landfilling [START_REF] Böhmer | Aggregates Case Study: Final Report[END_REF][START_REF] Saveyn | Study on methodological aspects regarding limit values for pollutants in aggregates in the context of the possible development of end-of-waste criteria under the EU Waste Framework Directive[END_REF]. Waterextractable contents of Ba, Co, Cu, Fe, K, Ni, Pb, Se and Zn from granulated materials subjected to accelerated carbonation (independently of operating conditions and type of reactor) were similar to those obtained from AG's stabilized under natural conditions (see additional details in SI). Note that for Cadmium, water-extractable concentrations were below the detection limit (below 0.1 µg L -1 ) for all samples analysed. Figure 6 reveals that leaching rates were variable as a function of time and temperature and were substantial and variable for all these elements. Initially it was hypothesized that changes in leaching rates could be correlated with changes in pH and/or EC of the granulated materials during carbonation but this is not always the case, as described next. Only in a few cases part of the observed variations in amounts leached from the granules could be explained by variation in pH. Compared to natural carbonation, concentrations of As, B, Mo and P in water extracts from both AFR and HPR (at 100% CO2) were markedly higher irrespective of temperatures (Figure 6F). Also, water extractability of P in AFR and HPR remained high during the preparation process of AG's in contrast to P solubility under natural carbonation which decreased with time. The slow decrease in P leachability under natural carbonation is similar to what is observed for calcareous soils [START_REF] Jalali | Aging effects on phosphorus transformation rate and fractionation in some calcareous soils[END_REF]. Possibly this is due to the formation of less available P forms including mineral phosphates as hydroxyapatite during aging under natural carbonation [START_REF] Luo | Phosphorus speciation and transformation in long-term fertilized soil: evidence from chemical fractionation and P K-edge XANES spectroscopy[END_REF]. Changes in As leachability were not consistent with changes in pH as often observed for soils [START_REF] Krysiak | Arsenic extractability in soils in the areas of former arsenic mining and smelting[END_REF][START_REF] Song | Influence of soil properties and aging on arsenic phytotoxicity[END_REF]. One hypothesis to explain the increase in leachability of As in accelerated carbonation (Figure 6B and6E) is the decrease of the sorption capacity for As (and other elements) due to the recrystallization of Ca(OH)2, reported as one of the most efficient sorbents for As [START_REF] Mahuli | Mechanism of arsenic sorption by hydrated lime[END_REF], to CaCO3.. Conversion of Ca(OH)2 to CaCO3 is much faster (20 to 80 hours) under conditions prevailing during accelerated carbonation, resulting in a rather fast loss of Ca(OH)2 and a subsequent loss of binding capacity (Cruz et al., submitted). In addition the lack of oxygen in the 100% CO2 atmosphere as imposed in AFR and HPR reduced oxidizing conditions for ash more so than under natural carbonation. Possibly this also affects the speciation of iron (III) oxides and consequently, the binding of As, Mo and P to such oxides. A partial reduction of Fe(III) oxides to more soluble Fe(II) can also promote an increase in the water-extractabilities of As and P [START_REF] Goldberg | Molybdenum adsorption on oxides, clay minerals, and soils[END_REF][START_REF] Khare | XANES investigation of phosphate sorption in single and binary systems of iron and aluminum oxide minerals[END_REF][START_REF] Mehmood | Mechanisms of Arsenic Adsorption in Calcareous Soils[END_REF]. Finally, both Mg and Mn had significantly higher water-extractable concentrations than detected after natural carbonation, but differences were not consistent for all conditions. Both Mg and Mn were more leachable after 20h at AFR and 80h at HPR which suggests that higher residence times at accelerated carbonation contributed to the formation of more soluble forms of these elements possibly also influenced by the reduction in Ca(OH)2 binding, which in natural carbonation was only observed to some extent for Mg, after 90 days.

Discussion

Operational factors to be optimized in accelerated carbonation of biomass fly ash

Relative humidity and moisture content of the granules The use of moistened granules (inherent moisture from granulation) combined with the use of dry gas resulted in an optimal adjustment of both pH and EC that would allow the use of these granules as soil improvers, based on the recommended values defined by Cruz et al. (submitted). The relative humidity that is provided by wet granules ranges from 38% to 67%, which is line with the range of 50 to 70% reported by Bertos et al. (2004b) and [START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF] as optimal for the carbonation of cementbased materials and concrete aggregates. Lower values of relative humidity would decrease the dissolution of CO2, while relative humidity values higher than 70% reduce the effective diffusion of CO2 into the material [START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF].

Temperature and residence time

The results provided here clearly demonstrate that temperature and residence time must always be considered in combination a finding that is consistent with those of [START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF], Our study showed that a temperature of 25°C in combination with a minimum residence time between 20 h (AFR) and 60 h (HPR) provided the most efficient carbonation for AG based on criterial for pH and EC adjustments as required for soil improvers. As was shown by Bertos et al. (2004b) and [START_REF] Pu | Accelerated carbonation technology for enhanced treatment of recycled concrete aggregates: A state-of-theart review[END_REF] the solubility of CO2 was reduced at 100°C leading to a reduction of the carbonation rate. Furthermore, a temperature of 100°C (AFR) caused a rapid evaporation of moisture from the granules, which hampered the dissolution of CO2 and slowed their carbonation even further. The combination of high temperature and low humidity resulted in a incomplete carbonation of the granules core. When needed, the extent of the carbonation of the core, can be achieve by increasing the residence time.

CO2 concentration

The CO2 concentration used in HPR and AFR strongly affected the adjustment of pH, EC and CS of the granules produced although optimal CO2 levels differ between HPR and AFR. For AFR an atmosphere consisting of 100% CO2 promotes gas diffusion rates and permeability of AG resulting in a significant reduction of both pH and EC even at shorter residences times. Also, CS was enhanced at 100% CO2 compared to 15%. Thus, the use of a 100% CO2 atmosphere is recommended in AFR to obtain a faster carbonation and AG's with a higher CS. For HPR on the other hand, a CO2 level of 15% can be more effective since it promotes a more homogeneous formation of calcite both on the surface as well as in the core of the granules. A drawback of this reduction of the atmospheric CO2 concentration is the need of a longer residence times of AG carbonation to reach target values of CS on the final carbonated materials.

Ash texture This study demonstrated that ash texture affects the carbonation rate of granules. Granulated materials prepared from fine ash were more easily compacted and hence were less porous which reduced CO2 diffusion rates. Based on this finding, the use of ash with more than 50% in weight of the < 125 µm size fraction is not recommended. If such material is to be used in the production of granules, residence times need to be adjusted to optimize the final carbonation and hence pH and EC of the soil improver.

Benefits and disadvantages of accelerated carbonation in AFR and HPR

The main benefit of the accelerated carbonation process is the reduction of time required to prepare AG from 6 to 12 months to a mere 5 to 80 hours. This reduces the need for large areas to spread the materials for a long time, as well as the use of machinery required for spreading and turning of the materials during the stabilization stage. This potentially also reduces the consumption of fuel and electricity even though this needs further evaluation. Moreover, accelerated carbonation also avoids the need for the containment of leachates resulting from the process, as well as their subsequent treatment as observed in the case of natural carbonation (usually performed outdoors) (Cruz et al., submitted).

Granules made by AFR (20 hours) and HPR (80 hours) both have a final pH and EC that fall within the desired range as indicated by Cruz et al. (submitted). The time required to achieve this again is considerably shorter than needed under natural carbonation conditions or from raw biomass ash hardened outdoors [START_REF] Steenari | Evaluation of the leaching characteristics of wood ash and the influence of ash agglomeration[END_REF][START_REF] Supancic | Stabilization of biomass ash granules using accelerated carbonation to optimize the preparation of soil improvers[END_REF]). An additional benefit of granules produced by AFR or HPR is the increased availability, measured as extractability in water, of five essential micronutrients required by plants (B, Mg, Mn, Mo and P). The higher release rates are partially due to the final pH values of AG obtained by AFR or HPR (around 8.5 -9.0), and enhance the fertilizing potential from a plant nutritional point of view more so than granules obtained by natural carbonation or raw non-stabilized or stabilized biomass ashes [START_REF] Freire | Critical aspects of biomass ashes utilization in soils: Composition, leachability, PAH and PCDD/F[END_REF][START_REF] Maresca | Recirculation of biomass ashes onto forest soils: ash composition, mineralogy and leaching properties[END_REF][START_REF] Supancic | Stabilization of biomass ash granules using accelerated carbonation to optimize the preparation of soil improvers[END_REF]. Moreover, the shorter carbonation time for both AFR and HPR seems to play a key role in transformation rate and fractionation of these elements. Due to the short timeframe of AFR and HPR, the formation of less soluble compounds that can retain some of the micronutrients with time seems to be reduced compared to natural carbonation which requires several months [START_REF] Vassilev | Mineral Carbonation of Biomass Ashes in Relation to Their CO2Capture and Storage Potential[END_REF][START_REF] Vassilev | Extra CO2 capture and storage by carbonation of biomass ashes[END_REF]. This, however, also led to an increase in the water extractability of some PTEs including As. However, the final As (as well as all other PTE's) concentrations measured by extraction with water in granules prepared by AFR or HPR still complied with legal quality criteria for the use of waste-derived aggregates in several EU member states including Austria, Belgium, Denmark, Finland, France, Germany, Italy, the Netherlands, Spain and Sweden [START_REF] Saveyn | Study on methodological aspects regarding limit values for pollutants in aggregates in the context of the possible development of end-of-waste criteria under the EU Waste Framework Directive[END_REF]. Also leaching rates of PTE's remained below criteria for inert waste landfilling in Portugal [START_REF] Böhmer | Aggregates Case Study: Final Report[END_REF] as well as maximum values for irrigation water as included in Portuguese Decree-law 236/98 (Ministério do Ambiente, 1998). This study primarily focused on the physico-chemical parameters of granules made by AFR and HPR and revealed that it is beneficial to treat ash from the paper and pulp industry to obtain a valuable product to be used as soil improver. And even though a careful cost assessment of the upscaling of this approach to an industrial level has not been performed yet, we postulate that implementation of this technology can reduce current costs associated with the entire process of disposal of ash waste.

Carbonation by AFR proved to be more efficient than HPR when considering the lower residence time to obtain similar carbonation rates. Application of an AFR type reactor by industry also will avoid the need for the development of a pressure carbonation system. Further optimization of industrial scale processes like rerouting CO2 from steam generated in the combustion process is a feasible option to minimize additional costs for the enhanced carbonation process. This optimized re-use of flue gas has already been shown to be feasible and yielded similar results compared to reactors using pure gas [START_REF] He | Flue gas carbonation of cement-based building products[END_REF]. Accelerated carbonation of large quantities of AG thus possibly could capture significant amounts of CO2 from industrial gas streams which would otherwise be released into the atmosphere. At the same time, and in line with EU fertilizers Regulation (EC, 2021(EC, , 2019)), ash materials have the potential to be included in product function categories, e.g. as liming material (PFC 2) or inorganic soil improver (PFC 3B). This would greatly facilitate the use these materials for soil amelioration at a European level (Cruz et al., submitted). 
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Figure 1 .

 1 Figure 1. Schematic representation of accelerated carbonation process: A) AFR and B) HPR.

Figure 2 .

 2 Figure 2. Flow diagram of operational conditions tested at both reactors. Bold and underlined parameters for AFR are the best conditions and were used for the subsequent tests.
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Figure 3 .

 3 Figure 3. Effect of moisture and relative humidity (A), temperature and residence time (B), time and CO2 concentration (C) and granulated material ash texture (D) on the resulting EC and pH of the granules. A one-way ANOVA was performed (p ≤ 0.05) followed by a post hoc Tukey HSD test whenever significant differences were found. Columns marked with the same letter are not significantly different (Tukey HSD test, p > 0.05).
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Figure 4 .

 4 Figure 4. Impact of temperature and residence time on pH and EC of granulated materials subjected to accelerated carbonation at AFR and HPR. Results of natural carbonation were also presented for comparison. A one-way ANOVA was performed (p ≤ 0.05) followed by a post hoc Tukey HSD test whenever significant differences were found. Columns marked with the same letter are not significantly different (Tukey HSD test, p > 0.05).

Figure 5 .

 5 Figure 5. Compressive strength of granules subjected to accelerated carbonation at both reactors using two temperatures and 100% of CO2. Results of granules without carbonation (t = 0 days) and natural carbonation (t = 90 and 365 days) were used for comparison. A one-way ANOVA was performed (p ≤ 0.05) followed by a post hoc Tukey HSD test whenever significant differences were found. Columns marked with the same letter are not significantly different (Tukey HSD test, p > 0.05).

Figure 6 .

 6 Figure 6. Leaching behaviour of chemical elements after carbonation process at both reactors. Results of granules without carbonation (t = 0 days) and natural carbonation throughout 1 year were used for comparison: A) Arsenic; B) Boron; D) C) Magnesium; D) Manganese; E) Molybdenium and F) Phosphorous. A one-way ANOVA was performed (p ≤ 0.05) followed by a post hoc Tukey HSD test whenever significant differences were found. Columns marked with the same letter are not significantly different (Tukey HSD test, p > 0.05).
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Table 1 .

 1 XRD analysis for calcite semi-quantification on granulated materials subjected to accelerated carbonation for different set conditions and on two different reactors. Results of XRD for 1-year natural carbonation were also presented to compare the calcite formation between two types of carbonation (natural and accelerated).

			Natural carbonation		AFR 100 vol% CO2	HPR 100 vol% CO2
		AG	AG	AG	AG	AG	AG	AG	AG	AG
		15D	30D	90D	180D	365D	25°C | 20h	100°C | 5h	25°C | 80h	100°C | 80h
	Granule Core	+	++	++	++	+++	++	+	+	++
	Granule Surface	+	++	++	+++	+++	+++	++	+++	+++
	+++: high intensity; ++: moderate intensity; +: low intensity.				
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