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Abstract: Cement production is an energy- and resource-intensive industry accounting for approxi-
mately 7% of global carbon dioxide emissions. Therefore, a key decarbonisation option for the cement
industry is to substitute the clinker with so-called supplementary cementitious materials (SCMs).
Due to its properties and availability, the bottom ash from the biomass combustion process could
be suitable as an SCM. Several agricultural residues were collected and analysed. The materials
were applied for ashing experiments in a lab-scale muffle furnace, which was operated at different
temperatures. The chemical, physical, and mineralogical characterisation of the ashes produced was
carried out. In addition, the reactivity of the cementitious paste made from the ashes was measured
through lab-scale experiments. The influence of the different ashing temperatures and the additive
mixing on the properties of the ashes and cementitious paste was analysed. The results show that the
spelt husk ash is the most promising biomass ash, with its high silica content and high pozzolanic
reactivity. The bound water of the cementitious paste made from spelt husk ash reaches 7.3 g/100 g
paste at 700 °C but decreases to 2.5 g/100 g paste at 900 °C due to the formation of a crystalline
structure. Nevertheless, the addition of kaolin to the spelt husk can maintain the reactivity of the spelt
husk ash produced at high ashing temperatures by stabilising the amorphous structure in the ash.

Keywords: biomass; agricultural residues; ash; combustion; supplementary cementitious material

1. Introduction

Concrete is an essential material in the construction sector, and it is one of the most
demanded products in the world [1]. The main conventional binder used in concrete is
Portland cement, which has a significant impact on the environmental footprint of concrete
production [2,3]. Portland cement production is an energy- and resource-intensive industry
that still relies heavily on fossil fuels, such as lignite and hard coal. The main part of carbon
dioxide release during clinker production comes not only from the combustion of fossil
fuel but from the thermal decomposition of limestone. Consequently, the cement industry
is accountable for approximately 7% of global carbon dioxide emissions [4]. This represents
a major challenge to achieving the Paris Agreement’s goal of limiting global warming to
below 2 °C [5].

Efforts to achieve a more sustainable cement production industry have been gaining
interest in recent years. In addition to potential solutions, such as carbon capture and
storage, alternative fuels, and energy efficiency, it is becoming more apparent that one
of the economically viable options to abate the carbon dioxide emissions from cement
production is to partially substitute clinker with sustainable supplementary cementitious
materials (SCMs) [6]. SCMs are pozzolanic or hydraulic materials that typically contain
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silicate, aluminosilicate, or calcium aluminosilicate that are obtained from less carbon-
intensive processes. Commonly employed SCMs are usually derived from industrial waste
streams, such as coal fly ash and blast-furnace slag [7]. However, especially in the case
of coal fly ash, the supply chain will not be sustainable in the future. Due to stricter
environmental constraints leading to the shutdown of coal-fired power plants in some
European countries, the cement industry will face a more limited availability of these
coal-based SCMs.

On the other hand, the utilisation of biomass in the energy sector is growing. Biomass
energy accounts for about 60% of the total renewable energy supply in the EU, which is
dominated by woody biomass [8]. Biomass combustion produces two types of biomass ash
as by-products: coarse bottom ash, which consists of inorganic constituents and unburnt
carbon, and fine fly ash, which is collected in filters and is typically rich in potassium,
chlorine, and sulphur [9]. In grate combustion, bottom ash accounts for approximately
60-90% of the total biomass ash produced [10].

The use of biomass ash as SCMs in the cement industry is considered a potential
valorisation route of biomass ash [11,12]. Several studies have investigated the application
of fly from woody biomass combustion as partial substitutions of Portland cement [13-18].
For instance, Foft et al. suggest biomass fly ash can substitute up to 20 wt.% of cement
binder without significantly reducing the mechanical strength of the cement mixture [14].
On the other hand, only a few studies have focused on the use of biomass ash as SCMs,
including, in particular, from ash-rich, non-woody agricultural residues. Only rice husk ash
has received some attention as an SCM, particularly due to its high silica content [19-21].
However, due to the low regional availability of rice husk in the EU, the evaluation of
other available non-woody biogenic residues becomes more important from a supply
chain perspective.

Biomass ash transformation is a complex process, particularly with regards to the
challenging fuel ash compositions of non-woody biomass fuels compared to sawdust [22].
Biomass ash, especially non-woody biomass, often contains a higher share of elements,
such as potassium, chlorine, and sulphur, that can cause operational problems during com-
bustion [23]. To mitigate ash-related problems, non-woody biomass fuels are in some cases
blended with other biomasses or additives, such as kaolin [23,24]. Kaolin is known as an
aluminium-based additive that can hinder the slagging tendency during thermochemical
processes of biomass [25-27]. During combustion, kaolin reacts with critical ash-forming el-
ements, like K and Na, to form high-melting crystalline compounds, like kalsilite (KAISiOy4)
and leucite (KAISi;Og), thus preventing slag formation [24,28]. Although the addition of
kaolin has been proven to reduce slagging behaviour during the combustion of non-woody
biomass, its effect on the pozzolanic properties of biomass ash has not been widely explored,
particularly with regards to the tendency of the formation of crystalline structures.

In this study, the chemical, physical, and mineralogical properties of bottom ashes
from the combustion of highly available non-woody biomass are investigated with regards
to their valorisation as SCMs at different ashing temperatures. Furthermore, the pozzolanic
reactivity of these ashes in cementitious paste is measured through laboratory-scale ex-
periments. Finally, the ability of kaolin as an additive to improve the characteristics and
reactivity of the biomass ashes is investigated.

2. Materials and Methods
2.1. Biomass Fuel Selection and Preparation

The biomass fuels used in this study were selected based on their characteristics and
availability in Germany. According to Eurostat, wheat and spelt are the most produced
cereals in Germany, with an annual production of 22 million tonnes in 2020 [29]. Therefore,
spelt husk was selected. Moreover, oat husk and hay are also included in this study due
to their potentially high ash content (AC) and seasonal availability. Finally, digestate and
foliage were selected due to their promising properties as alternative sustainable fuels.
Rice husk was selected as a reference, as it has been proposed as an alternative SCM from
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previous studies [21,30,31]. Thus, the biomasses used in this study are as follows: spelt
husk (SH), oat husk (OH), hay (H), digestate (D), washed foliage (F), and rice husk (RH)
as a reference. In the case of SH, 1 wt.% of kaolin was added to produce additivated spelt
husk (ASH) pellets. The kaolin was purchased from Surmin-Kaolin S.A. The chemical
composition of the kaolin used as an additive in this research is presented in Table A1.

The scheme of the biomass fuel preparation and the ash production (Section 2.2) is
illustrated in Figure 1. First, the biomass was crushed to a particle size of 4 mm using
a hammer mill (CHM230/200, NETZSCH, Selb, Germany). The biomass fuel was then
conditioned and mixed with water using a mixer (MSX550, Process Technology GmbH,
Walldiirn, Germany) to increase the moisture content of the fuel to 20 wt.%. To produce
ASH, kaolin was added to the conditioning water. Once the biomass reached its required
moisture, it was pelletised into pellets with a diameter of 6 mm using a commercial ring
dye press (Maxima 360403 K, Salmatec GmbH, Gédenstorf, Germany). Prior to the ashing
process, the pellet batches, each approximately 50 kg, were homogenised using a mixer
and screened to reduce fine fractions (<3.15 mm).

~

Pelleting —)[ Homogenisation ’

-
Conditioning ‘ Ashing ’
N —
Grinding
Fuel analysis

Bion{;ss ash
Figure 1. Biomass ash production method.

2.2. Ashing Method

The ashing of the biomass pellets was carried out in a muffle furnace (1185H66EA,
Nabertherm GmbH, Lilienthal, Germany) under an air atmosphere. The biomass pellets
were heated from room temperature to the final temperature at a heating rate of 10 K/min.
The final ashing temperatures of 700 °C, 800 °C, and 900 °C were selected based on previous
studies that indicated a change in the structural characteristics and composition of the
biomass ash in the range of 700 °C and 900 °C [32-34]. Higher ashing temperatures are not
considered as they may induce slag formation and produce ashes with a high content of
crystalline phases [35,36]. The final ashing temperature was kept constant for 2 h. In total,
400 g of biomass pellets was used for each ashing experiment. Each ashing experiment was
repeated several times to produce a sufficient amount of biomass ash (at least 200 g) for the
subsequent characterisation and analysis (Section 2.3).

2.3. Biomass Ash Characterisation

The AC of the biomass fuel was analysed at 550 °C according to the standard of AC
determination in solid biofuels [37]. To analyse the chemical composition of the biomass
fuel and ash, elemental analyses were performed using the inductively coupled plasma
optical emission spectroscopy (ICP-OES) method after hydrofluoric digestion according to
DIN EN ISO 16967:2015-07 [38]. The loss on ignition (LOI) of biomass ashes was determined
according to DIN EN 15935:2021-10 [39].

For the mineralogical characterisation, the samples were ground by hand with an
agate mortar until a grain size of <63 um. The mineralogical composition was determined
using an X-ray diffractometer (XRD) Panalytical X'Pert Pro with an X'Celerator detector.
Data were acquired in the range of 5 to 70 °20 with a step size of 0.0167 °20 and a total
measurement time of 2 h. Rietveld refinement was performed to determine the quantitative
composition of the samples using the software Panalytical Highscore Plus 4.8 with ICSD
database version 1.5 from FIZ Karlsruhe. An internal rutile standard was used to quantify
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the amorphous content. In addition, the textural properties of the ashes were characterised
using the Brunauer-Emmet-Teller (BET) specific surface area (SSA). The BET method is
the most widely used tool for measuring the surface area of porous material [40]. The
textural analysis was performed using the autosorb apparatus (iQ-MP/XR, Quantachrome
Instruments, Boynton Beach, FL, USA). Nitrogen was used as the adsorptive gas at 77 K,
with a standard molecular cross section of 0.162 nm? [41]. The BET specific surface area
was determined in the pressure range of p/pg = 0.05-0.3, and prior to the gas sorption
experiments, the samples were degassed and activated under ultrahigh vacuum for 12 h at
250 °C [42,43]. The pH of the ash samples was measured according to the standard soil pH
measurement (ASTM D4972) [44].

2.4. Pozzolanic Reactivity Test

The reactivity of the cementitious paste was determined according to the measuring
bound water and the cumulative heat of hydration during the curing process, as described
in ASTM C1897-20 [45]. This method was developed as a new, rapid, relevant, and reliable
(R3) method to evaluate the pozzolanic reactivity of cementitious pastes using simple
instruments, which are often available in scientific laboratories [46]. Round-robin tests
were conducted to validate the results of both methods [47]. Both test methods have been
shown to correlate well with the benchmark 28 days relative strength.

According to ASTM C1897-20, the ash was mixed with Ca(OH), and CaCOs in a
ratio of 2:6:1, respectively. After tempering the dry mix at 40 °C, the potassium solution
tempered at the same temperature was added to the solids and mixed with a high-shear
blender to form a cementitious paste. The potassium solution was a mixture of 4 g of KOH
and 20 g of K,SO; dissolved in 1 L of reagent water. The mass ratio of the dry mixture to
the potassium solution was 1:1.2.

2.4.1. Isothermal Calorimetry

Isothermal calorimetry is used to determine the heat released during the reaction
process, which gives an indication of the reactivity of a particular sample. Heat release was
measured using isothermal calorimetry (TAM Air, TA instruments, New Castle, DE, USA).
Each 15 g of the samples was weighted in two sample vessels for duplicate determination.
Tap water was used as a reference. The samples were immediately placed in the calorimeter,
and the heat of the reaction was recorded for 7 days. For evaluation, the first 75 min were
cut off according to the ASTM C1897-20 [45].

2.4.2. Bound Water Measurement

The chemical reactivity of the paste was determined by measuring the chemically
bound water in the paste [44]. For the bound water measurement, the paste had to undergo
a curing process. Paste samples were kept in airtight containers in a drying cabinet
(FED 240, BINDER GmbH, Tuttlingen, Germany) at 40 °C to accelerate the reaction rate of
slow-reacting SCMs. After seven days, the hardened paste was ground to a particle size
of less than 2 mm. To remove unbound water, the pastes were transferred to petri dishes
before being returned to the drying rack for a further 24 h at the same temperature.

To measure the chemically bound water, the dried paste was heated in a muffle furnace
at 350 °C for 2 h. The bound water content of the paste was calculated as follows:

plZStC ( ; C) o 1
Where:

BWpaste: chemically bound water content of the paste;

w;: total mass of the paste sample and crucible before heating;
wy: total mass of the paste sample and crucible after heating;
w.: mass of the crucible.
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The bound water content of the paste must be corrected with the original chemically
bound water of the SCM, which was calculated as follows

(wiscm — wf,SCM)

BW =
SeM (wi,SCM — we)

% 100 % )

where:

BWoscpm: chemically bound water content of the SCM;
w; scp: total mass of the SCM sample and crucible before heating;
wrscym: total mass of the SCM sample and crucible after heating;

we: mass of the crucible.

The corrected bound water of the paste was subsequently calculated as follows:
BW orr. = BW paste — (0.101 x BWscam) 3)
wherein the coefficient 0.101 is the mass fraction of the SCM in the paste.

2.5. Thermodynamic Equilibrium Calculations

Thermodynamic equilibrium calculations are a powerful method for modeling and
simulating the transformation of any biomass fuel constituents during thermochemical
conversion processes. The calculation is based on the minimisation of the total Gibbs energy
of all chemical reactions that can occur in the system. It is an iterative process that considers
each possible chemical reaction based on the selected database. In this study, this method
was used to predict the slagging behaviour and the transformation of the solid phases in
biomass ashes during the ashing process. The mineral phases of the ash were compared
quantitatively with results from the XRD analysis (Section 2.3). FactSage 8.2 was used
to perform the calculations. This software was chosen because of its extensive databases
of molten salts and slags, and because of the high similarity between the results of this
simulation and the quantitative XRD phase analysis in our previous publications [35].

The organic and major ash-forming elements (C, H, O, N, Al, Ca, K, Mg, P, S, Si, and ClI)
of the biomass fuel were used as simulation inputs. In addition, atmospheric air (21 vol%
Oy, 79 vol% Np) was added as an additional input. The excess air ratio was set to simulate
a rich combustion with excess air (A = 1.15), and the ash transformation process pressure
was set to 1 atm. The temperature was set between 700 °C and 900 °C and was monitored
by 50 K intervals. The transitions during the phase transformation were also observed.

The ‘Equilib” module of the FactSage 8.2 software was used to simulate the thermody-
namic calculation. The databases FactPS, FToxid, and FTsalt provided the thermodynamic
data of the pure substances, oxides, and salts, respectively. According to Lindberg et al. [48],
the FToxid database provides the most comprehensive data on oxides and silicates in solid
and liquid forms. The data of the solution phases were obtained from the FToxid-SlagB
database. The SlagB database identifies liquid solutions of various oxides that can dis-
solve sulphur as sulphates. Although sulphates, such as K,50O4, are commonly found in
biomass ash [49], SlagB has never been optimised for the K;O-CaO-5iO; system. There-
fore, SlagA was chosen for this calculation. In the case of similar chemical species in these
databases, priority was given in the order of FToxid, FTsalts, and FactPS, and duplicates
were suppressed.

3. Results and Discussion
3.1. Pre-Evaluation Based on Fuel Ash Composition

The evaluation criteria developed for the preliminary assessment of the potential
of the biomass ash are summarised in Table 1. The criteria have been adopted from the
standard requirement for the use of silicate fly ash in concrete [50]. SiO,, Al;,O3, and Fe,O3
are the pozzolanic oxides that may react in the presence of calcium to bound hydrate
components [51]. A high content of these elements is beneficial for the properties of SCM
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if they are in soluble states. Several species, such as MgO, Na,O, P,Os, SO3, and Cl, are
limited to a certain value as they can impair concrete quality. For instance, a high Cl content
increases the risk of corrosion [52]. In addition to the limit values listed in DIN EN 450-1,
the potassium content is also chosen as an evaluation parameter, as it often correlates
with the risk of slagging [52] and the risk of high particulate matter emissions during
biomass combustion.

Table 1. Selection criteria for pre-evaluation. Adapted from DIN EN 450-1 [50] (db: dry basis).

Parameter Value (wt.% db)
AC as high as possible
K,O as low as possible
MgO <4
NaZO <5
P,05 <5
SiOz + A1203 + F8203 >70
S5i0, as high as possible
SO; <3
Cl <0.10

The results of the evaluation with respect to the selection criteria (Table 1) are presented
in Table 2. The full results of the chemical analysis of the fuels are presented in Table A2.
Based on the results, several biomasses did not meet the selection criteria. OH and H were
neglected due to the low AC (OH: 5.4 wt.% db, H: 5.6 wt.% db) and high potassium content
(OH: 15.0 wt.% db, H: 45.3 wt.% db). Potassium is one of the main constituents that can
induce slagging [52]. In addition, D was also excluded from further analyses due to its
high phosphorus content, which reached 21.6 wt.% db. As concluded by Al Pang et al,,
phosphorus content in the range of 10 wt.% db and 50 wt.% db may interfere with the
setting time of the cement and thus induce micro-cracks [53].

Table 2. Fuel ash composition (in wt.% db) of the biomass samples adapted to the selection criteria
(n.d. not detected). Colour shading indicates the fulfilment of the criteria. Green: fulfilled, yellow:
slightly missed, red: clearly missed. Abbreviations: spelt husk (SH), oat husk (OH), digestate (D),
foliage (F), rice husk (RH).

Parameter SH OH H D F RH

AC 7.9 5.4 5.6 19.3 10.4 15.5

K,O 6.86 15.0 45.3 8.17 4.38 4.63

MgO 1.11 1.95 3.88 6.96 5.90 0.49

Na,O n.d. n.d. 0.39 1.69 0.41 n.d.

P,Os 4.23 5.1 7.77 21.6 2.18 0.89

SiO, + Al,O3 + Fep O3 85.3 72.7 28.5 17.4 447 92.1
SiO, 85.0 724 27.2 134 37.0 91.9

SOs3 1.44 2.26 5.13 8.62 4.05 0.8

Cl 0.05 0.13 0.81 0.12 0.08 0.12

The biomass husk fuel ashes have a high content of silica. For instance, the silica
content of the SH ash reaches 85.0 wt.% db, although it is still lower than the silica content
of RH. This high silica content could be an indication that the SH ash is a highly pozzolanic
material suitable as an SCM. However, it should be further investigated whether the silica
content is in a reactive state. F does not meet all of the criteria (Table 2), e.g., the SO3
contents are above the limit values. However, it is not considered critical in the role of
biomass as an SCM. Thus, SH and F were selected for further analysis, while RH was
included as a reference.
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3.2. Ash Composition

The visual images of the produced biomass ashes from the ashing process of the
selected biomass (SH, F) at different ashing temperatures are shown in Figure 2. For SH,
additivated pellets with 1 wt.% kaolin (ASH) were also employed. RH ashes were used
as a reference. The white colour in SH, RH, and ASH indicates that these ashes contain a
high proportion of silica. In contrast, the F ashes have a slightly brownish colour. For all
samples, especially the RH ashes, the higher ashing temperature increases the whiteness of
the ashes. The high ashing temperature induces a more complete combustion process and
thus removes carbon particles from the produced ash.

700°C

800

900

Figure 2. Images of the biomass ash produced at different ashing temperature. Abbreviations: spelt
husk (SH), foliage (F), rice husk (RH), additivated spelt husk (ASH).

A significant difference in the granulometry between the F ashes and other ashes can
be observed in Figure 2. While the F ashes consist of more pulverised particles, more SH,
RH, and ASH ashes retain their pelletised form after the thermal treatment. This effect
may be due to the high silica content in SH, RH, and SH ashes. This is probably due to the
relatively strong bonds between the silica units [35].

The chemical composition of the ashes is summarised in Table 3. Overall, the difference
in the ashing temperature does not significantly affect the chemical composition of the
ashes produced. The chemical composition of the ashes also deviates little from the results
of the fuel ash analysis in Table 2. This was also highlighted by Zeng et al. for bottom ashes
from the combustion of blended biomass pellets in a small-scale combustion appliance [23].
The addition of kaolin to SH increases the content of the pozzolanic oxides (5iO;, Al,O3,
Fe,O3) of ASH, as the major constituents of kaolin are Si and Al, as specified in Table Al.
Kaolin in the metastable form of metakaolin has been known for decades to be a highly
efficient pozzolanic SCM [54]. The addition of kaolin slightly reduces the silica content of
ASH from around 88 wt.% db to around 86 wt.% db because the silica content of kaolin
is still much lower than that of SH, which is 52.1 wt.% compared to 88 wt.%. With the
addition of 1 wt.% kaolin, the pozzolanic oxide content of ASH is still lower than in the
case of RH. From the chemical composition of the ashes, it can be concluded that the SH
and ASH ashes are expected to have a pozzolanic higher reactivity than F ashes due to the
significantly higher content of the pozzolanic oxide. However, CaO-rich ashes, such as F
(see Appendix A Table A2), may exhibit (latent) hydraulic properties.
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Table 3. Chemical composition, loss on ignition (LOI), and pH value of the produced biomass ashes
adapted to the selection criteria (n.d.: not detected). Abbreviations: spelt husk (SH), foliage (F),
rice husk (RH), additivated spelt husk (ASH). The number in the sample name indicates the final
ashing temperature.

SIOZ +
Kzo MgO Na20 PZOS A1203 + Si02 SO3 Cl LOI pH

Ash Fe, O3

wt.% db -

SH-700 4.99 1.01 0.04 3.96 88.63 88.42 0.41 0.00 0.28 10.2
SH-800 5.45 1.17 0.05 4.63 86.97 86.75 0.60 0.00 0.17 9.62
SH-900 5.04 1.04 0.06 391 88.56 88.35 0.41 0.00 0.14 9.6
F-700 3.83 5.17 0.37 2.48 52.22 45.08 1.23 0.02 0.01 12.9
F-800 3.62 5.12 0.37 2.36 53.02 45.94 1.84 0.00 1.99 13.0
F-900 3.70 5.58 0.39 248 47.94 39.92 1.30 0.00 0.78 12.8

RH-700 4.46 0.57 0.11 0.88 92.16 91.80 0.30 0.03 0.64 10
RH-800 437 0.52 0.10 0.92 92.27 91.95 0.45 0.00 0.23 9.95
RH-900 4.30 0.56 0.11 0.86 92.45 92.11 0.25 0.00 0.04 9.4

ASH-700 4.80 0.97 0.05 3.58 89.20 85.68 0.28 0.00 0.01 9.1
ASH-800 4.69 0.96 0.05 3.52 89.41 85.90 0.25 n.d. 0.02 9.4
ASH-900 4.78 0.96 0.05 3.50 89.59 86.13 n.d. n.d. 0.30 9.4

LOI indicates the amount of unburnt carbon in the ash. Although it can also indicate
the presence of carbonates and bound water, the major contribution of LOI is mainly
residual carbon [55,56]. As shown in Table 3, the LOI of all ashes produced is generally
low. The LOI of all samples is less than 2%. The low LOI shows that the biomasses are
completely burned during the combustion process. This could be a positive indication,
as carbon content in SCMs may cause some disadvantages in the concrete mixture. For
instance, the carbon content can reduce the fineness of the ash and, therefore, the reactivity
of the cement mixture [55]. Moreover, unburnt carbon has a significant impact on the
workability of cement-based materials due to its high surface area.

Table 3 also shows that the pH of all ashes ranges between 9.1 and 12.9. F ashes
have the highest pH at more than 12. The ashing temperature does not have a significant
impact on the pH of the ashes. The addition of kaolin to SH reduces the pH of ASH ashes.
ASH-700 possesses the lowest pH at 9.1. This is due to the addition of acidic compounds
in the kaolin, such as SiO, and Al,Os. A high pH in concrete provides protection against
destructive agents that can induce steel corrosion [57]. The pH of the ashes is therefore a
positive factor.

3.3. Mineral Phase Characterisation and Prediction

Figure 3 presents the transformation of the mineral phases in ashes as a function of
ashing temperatures. XRD analyses indicate that the siliceous biomass ashes produced at
700 °C are characterised by a highly amorphous structure. At 700 °C, the proportion of
amorphous structures in SH and RH is 94 wt.% and 96 wt.%, respectively. On the other
hand, nearly half of the phases in F transform into crystalline structures at 700 °C. A notable
reduction in the amorphous content at higher ashing temperatures can be observed for
all non-additive ashes. For instance, the amorphous content decreases from 94 wt.% for
SH-700 to 49% for SH-800 and 34% for SH-900, respectively. Crystallisation at higher ashing
temperatures has also been reported in previous investigations, although the crystallisation
temperature varies depending on the composition of the ash [32,35].
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Figure 3. Phase composition of biomass ashes produced at different temperatures detected using
XRD: (a) spelt husk (SH), (b) foliage (F), (c) rice husk (RH), (d) additivated spelt husk (ASH). Others
in F present the minor phases (<5 wt.%).

As shown in Figure 3, the reduction in amorphous content in SH and RH at higher
temperatures is mainly due to the formation of previously reactive amorphous SiO, into
crystalline mineral phases of simple oxides, such as cristobalite and tridymite. In addition to
siliceous crystalline phases, the presence of calcium potassium diphosphate is also detected
in SH-800 and SH-900. The phosphorous content in SH ashes is relatively higher than in
RH ashes, which, together with the alkali mineral content, contributes to the formation of
calcium potassium diphosphate.

As shown in Figure 3¢, the amorphous content of RH-900 is 8 wt.% higher than
that of RH-800, although the higher ashing temperature should reduce the amorphous
content of the ash, as shown clearly in SH. This effect could be due to the inaccuracy of
the quantification methods. Some phases sometimes show broadened peaks, making it
difficult to distinguish between crystalline and amorphous content, especially in systems
with multi-phase and low crystallinity. In principle, the diffraction patterns of RH-800
and RH-900 are very similar, as shown in Figure Al. From a qualitative perspective, the
amorphous content of RH-800 and RH-900 should not vary.

Unlike the siliceous ashes, the phase transformation of F ashes is relatively more
complex. As shown in Table A2, the major elements of F are CaO (37.6 wt.%) and SiO,
(37.3 wt.%). Therefore, the mineral phases in F ashes are dominated by the phases in the
CaO-5iO; phase diagram. At 700 °C, the SiO; in the form of quartz accounts for about
10 wt.% of the total phases. The content of quartz decreases at higher temperatures mainly
due to the reaction with calcium to form Ca-silicates, like wollastonite (CaSiO3). Moreover,
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a fair amount of mayenite (Caj2Al14O33) is present in F ashes, which is formed by the
interaction between CaO and Al,O3. The amount of mayenite increases with rising ashing
temperatures, reaching more than 11 wt.% at 900 °C. The presence of mayenite in Ca-rich
ashes has also been reported in some of the literature [58-60]. The complete results of the
XRD analysis of the ashes are presented in Tables A3 and A4.

In contrast to the other ash samples, the reduction of the amorphous content in ASH
is not notably detected, as shown in Figure 3. At 900 °C, the proportion of the amorphous
phases in ASH still reaches more than 90 wt.%. The addition of kaolin is proven to stabilise
the amorphous structure in ASH at high ashing temperatures. The formation of silica-based
crystalline structures, like cristobalite and tridymite, which are highly present in SH-800
and SH-900, can be reduced. Kaolinite (Al,Si;Os5(OH),) is the most dominant mineral
phase in kaolin [25]. During the thermochemical process, kaolinite releases water and
forms meta-kaolinite (Al;03.25i05), a highly amorphous mixture of alumina and silica.
The meta-kaolinite is supposed to bind potassium to form K-Al-silicates, like kalsilite and
leucite. As observed in Figure 3, kalsilite is present in ASH ashes in a small amount, which
is less than 3%. The potassium content in ASH ashes is much lower than the alumina
content. Thus, the absence of potassium might cause the amorphous meta-kaolinite to still
be present in ASH ashes.

The slagging tendency of the biomass ashes predicted with the thermodynamic equi-
librium calculation is presented in Figure 4. The calculation is based on the chemical
composition of the ash samples. As shown in Figure 4, the ashing temperature plays a
significant role in the slag formation of SH and RH, because the slag formation increases
with the increasing temperature. For instance, the share of slag in SH at 700 °C is around
10%, but it reaches more than 20% at 900 °C. The slag formation at higher temperatures
was also indicated by our previous simulation results [35]. This could be due to the melting
of the phases with a low melting point, such as K-silicates. On the other hand, the slag
formation in F is not detected in the monitored temperature range. The ashes with high
CaO content have a higher ash-melting temperature, as reported in [61]. The observation
of the slag formation in ASH reveals that the addition of kaolin can inhibit the slagging
tendency. At 900 °C, the proportion of slag in ASH remains less than 10%. As mentioned
in Section 3.3, the Al in kaolin binds potassium to form K-Al-silicates, such as kalsilite,
as presented in Figure 3. Kalsilite is known to have a higher melting temperature than
K-silicates. Therefore, the slag formation in ASH can be mitigated.

25

)
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o
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=)
L

vﬁ
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o
I

—m— Spelt husk

—e— Foliage

—A— Rice husk

—¥— Additivated spelt husk

T 7 T T T
700 750 800 850 900
Temperature (°C)

Figure 4. The formation of the solution SlagA with respect to temperature.

The mineral phase transformations calculated using FactSage during the ashing be-
tween 700 °C and 900 °C are presented in Figure 5. In general, the simulation using FactSage
can predict the presence of similar mineral groups but fails to determine the identical min-
eral phases detected through the XRD analysis. As shown in Figure 5, SiO,-phases are
calculated as the most dominant species in SH, RH, and ASH. Nevertheless, the simulation
fails to predict the formation of cristobalite, as illustrated in Figure 3. Instead, quartz is
formed and completely transformed to tridymite at around 860 °C. Thermodynamically,
cristobalite is formed at temperatures above 1400 °C [62]. However, the presence of alkali
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metals in biomass ash can significantly reduce the formation temperature of cristobalite.
Furthermore, at 700 °C, the proportion of quartz is significantly overestimated because the
metastable phases, such as amorphous silica, do not thermodynamically exist [63].
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Figure 5. Predicted solid phases of different biomass ashes based on the thermodynamic equilibrium
calculation: (a) spelt husk (SH), (b) foliage (F), (c) rice husk (RH), (d) additivated spelt husk (ASH).

The simulation can predict the existence of some similar but not identical mineral
phases. For instance, the calculation predicts the minor presence of potassium phosphate
(K5POy) in SH instead of calcium potassium diphosphate, as detected through XRD. More-
over, instead of kalsilite, a more stable K-Al-silicate in the form of KAISi3Og is predicted as
the second major phase in ASH. The simulation fails to predict silicates, like wollastonite
and gehlenite, in RH. Instead, the Ca-silicates are predicted to bind the potassium to form
K,Cay5i90,,. For sulphates, instead of gehlenite, the result shows the formation of K;SO4
in RH-700.

The phase transformation of F between 700 °C and 900 °C is dominated by the
formation of calcium-bearing silicates, such as CaMgSi,O7, CaSiO3, and Ca;FepSizOsy,
with a total share of around 80%. The group of K-Ca-sulphates is also predicted, which
constitutes around 10 wt.% of the total solid mass. The discrepancy between the XRD
analysis and the simulation results of F is the failure of the simulation to predict the
formation of mayenite, which is one of the most dominant phases in F ashes, according to
the XRD results. The simulation predicts only a very small fraction of Ca-aluminate in the
form of NayCa3Alj4Osg. Furthermore, the thermochemical equilibrium calculation fails to
predict the formation of simple oxides, such as quartz and lime, as it neglects the kinetic
limitations of the process and thus favours the formation of silicates [64].
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3.4. Analysis of the Specific Surface Area

In order to analyse the structural characteristics of the ashes, the BET specific surface
area (SSA) of the ashes was measured using the gas sorption method. As shown in Figure 6,
increasing combustion temperatures result in ashes with lower BET SSA. For instance, the
BET of F-900 is 7.5 m? /g, while the BET SSA of F-700 reaches 17.6 m?/g. The decreasing
BET SSA of the biomass ashes may be caused by the slag formation process [35,36]. As
also shown in the FactSage results in Figure 4, the slag formation tends to increase at
higher temperatures, which is in agreement with our previous results [35]. BET SSA is
known to have an inverse relationship with the particle size [65,66]. As biomass slag is
usually associated with a higher particle size than ash (>3.15 mm) [24,67,68], the BET SSA
of biomass slag should be lower.

50
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Figure 6. BET SSA of the biomass ashes produced at different ashing temperatures. Abbreviations:
spelt husk (SH), foliage (F), rice husk (RH), additivated spelt husk (ASH).

The results of the BET SSA measurement show that RH ashes have a different trend
compared to other ashes. While the BET SSA of other ashes decreases with the increasing
ashing temperatures, the BET SSA of RH-800 is lower than RH-900. There are some factors
that could be the cause of the low BET SSA of RH-800, such as the amorphous content
and the particle size. Firstly, the amorphous content of RH ashes shows the same trend
as the BET SSA, as shown in Figure 3. At first sight, amorphous content could be directly
correlated with BET SSA. However, the results of ASH ashes show that this is not always
the case. Secondly, as mentioned earlier, particle size has a direct correlation with BET SSA.
RH-800 might have a slightly larger particle size than RH-900. However, as the particle size
measurement of ash particles is quite challenging and was not conducted in this study, the
actual cause of the low BET SSA value of RH-800 cannot be verified.

The addition of kaolin to the SH significantly improves the BET SSA. At 700 °C, the
BET SSA of the SH ash is less than 20 m?2/ g, while the BET SSA of the ASH ash is more
than 46 m?2/ g. However, the addition of kaolin does not prevent the reduction in the BET
SSA in ASH ashes. The BET SSA of ASH ashes significantly decreases to 17.2 m?/g and
5.4 m?/g at 800 °C and 900 °C, respectively. This may be due to the agglomeration of the
amorphous structures.

3.5. Evaluation of Pozzolanic Reactivity of the Ashes

The pozzolanic reactivity of the ashes was analysed using the isothermal calorimetry
and the bound water measurement. Figure 7 presents the cumulative heat release during
the 7-day curing process and the bound water measurement of the cementitious paste made
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from biomass ashes. Except for ASH, the heat release measurements were only carried out
for the biomass ashes produced at 700 °C. As illustrated in Figure 7, the SH ashes show a
comparable reactivity to the RH ashes. SH-700 even has a higher cumulative heat release
compared to RH-700. Among the non-additive samples, the highest pozzolanic reactivity
was recorded for SH-700 with a bound water of 7.3 g/100 g paste and a cumulative heat
release of 385 J/g SCM. The measurement of heat release was conducted to verify the
reactivity test according to the bound water measurement.
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Figure 7. Results of pozzolanic reactivity test: (a) Results of the cumulative heat release generated by
different cementitious pastes made from ashes compared to quartz (Q), coal bottom (BA) and fly ash
(FA), Portland cement (OPC), and metakaolin (MKA). (b) Results of the bound water measurement of
the cementitious paste compared to 3 siliceous fly ash (SFA) and 3 calcareous fly ash (CFA). Literature
data were gathered from [47]. Abbreviations: spelt husk (SH), foliage (F), rice husk (RH), additivated
spelt husk (ASH).

The bound water of SH decreases significantly at higher ashing temperatures. For
instance, the bound water of SH-900 decreases to 2.5 g/100 g paste. This trend is also shown
in the RH ashes. The declining reactivity at high ashing temperatures is less pronounced
for ASH. This is again due to the stabilised amorphous phase even at high temperatures.
Kaolin can also prevent the formation of crystalline structures. In addition, as shown in
Figure 7, kaolinite-containing material like metakaolin possesses a very high pozzolanic
reactivity. Metakaolin releases about 600 J/g of SCM heat during the seven-day curing
process. This could be the reason why the reactivity of ASH is significantly higher than
that of SH. Although the addition of kaolin to the biomass pellets was only 1 wt.% of the
total mass of the pellets, the proportion of kaolin in ASH increases significantly due to
the devolatilization of organic matter during the ashing process. Based on the calculation
considering the AC of the SH and the LOI of the kaolin, the proportion of kaolin in the
produced ash is about 10 wt.%.

As shown in Figure 8, a close relationship can be observed between the amorphous
content and the reactivity of the ash. A highly amorphous structure seems to result in a
high reactivity of ash and vice versa. This is mainly because only the active or amorph
fraction participates in the pozzolanic reaction [69]. Thus, the amorphousness of SCMs is
an important factor in determining reactivity.

On the other hand, the relationship between the BET SSA and the reactivity of the ash
is more complicated. A higher specific surface area provides more sites for the hydration
reaction to happen simultaneously. Nevertheless, if the whole grains dissolve over time, the
total reaction measured will not be affected. Thus, the BET SSA of the biomass-based SCM
only affects the rate of reaction and has a limited effect on the total reactivity measured
after seven days.
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Figure 8. Correlation between the amorphous content and the bound water measurement of the
ashes. Abbreviations: spelt husk (SH), foliage (F), rice husk (RH), additivated spelt husk (ASH).

4. Conclusions and Future Perspectives

The following conclusions can be drawn from this study:

Spelt husk and foliage are promising biomasses due to their high AC, low content
of critical ash-forming elements, and high content of pozzolanic oxides. The other
studied biomasses appear less suitable due to their fuel ash composition. For instance,
hay and oat husk contain a high amount of potassium, while the phosphorus content
of digestate is very high.

The BET SSA, amorphous content, and reactivity of the ashes tend to decrease with
increasing ashing temperature. This is mainly due to the formation of crystalline
structures at higher temperatures.

The results of thermodynamic equilibrium calculation can qualitatively predict the
mineral phases present in the ash but fail to recognise identical species that are detected
through XRD analysis. The calculation is limited by the neglect of process kinetics and
the mass-heat transfer phenomena.

The addition of kaolin to biomass through, in this case, spelt husk, increases the
reactivity of the ash. Moreover, it can also reduce the effect of increasing ashing
temperature on the reactivity of the ash by stabilising the amorphous structure and
preventing the formation of crystalline-like structures.

In terms of bound water measurement, the additivated spelt husk ash shows a higher
reactivity compared to other coal fly ashes. The heat release measurement even
proves that the reactivity of the additivated spelt husk ash produced in the monitored
temperature range is comparable to that of Portland cement.

The findings of this study are important for evaluating the potential of spelt husk ash

as an SCM. The evaluation of the application of biomass ash as SCMs in real cement mixture
is currently underway. Further evaluation of this study will be based on the validation of
the characteristic and homogeneity of the produced ash with regards to its use as SCM in
real-scale combustion tests, including the influence of different combustion technologies
(fixed bed, fluidised bed, etc.) and the impact of combustion conditions. In addition, a
deeper investigation on the influence of the particle size of the ash and other additives on
the performance of ash as an SCM is also interesting.
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Appendix A
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Figure A1. XRD diffractogram of rice husk ash produced at 900 °C (top) and 800 °C (bottom).
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Table Al. Chemical composition of the kaolin from the supplier.

Parameter Unit Value
LOI wt.% db 11.8
AlL,O3 wt.% db 34.1
CaO wt.% db 0.1
Fe, O3 wt.% db 0.60
K,0 wt.% db 0.60
MgO wt.% db 0.1
Na,O wt.% db 0.00
SiO, wt.% db 52.1
TiO2 wt.% db 0.6

Table A2. Complete chemical element compositions of the analysed fuel.

Parameter Unit SH OH H D F RH ASH
Cc* wt.% db 43.50 45.40 45.90 41.20 46.90 41.40 44.30
H* wt.% db 5.46 5.42 5.84 4.59 5.15 4.90 492
N * wt.% db 0.47 0.35 1.10 241 0.91 0.45 0.38
S* wt.% db 0.05 0.05 0.10 0.62 0.15 0.05 0.05
Cl* wt.% db 0.05 0.13 0.81 0.12 0.08 0.12 0.05
o* wt.% db 50.47 48.65 46.25 51.06 46.81 53.08 50.30

Fuel ash composition
AlLO3 * wt.% db 0.18 0.15 0.85 1.15 3.19 0.16 4.17
BaO wt.% db 0.01 0.01 0.03 0.02 0.04 n.d. 0.01
CaO* wt.% db 1.03 2.96 8.63 34.62 37.69 0.89 1.10
CdO wt.% db 0.00 0.00 n.d. 0.00 0.00 0.00 n.d.
Cr,03 wt.% db 0.01 0.01 0.01 0.02 0.03 0.01 0.01
CuO wt.% db 0.00 0.00 n.d. 0.05 0.01 0.00 0.00
Fe, O3 * wt.% db 0.09 0.14 0.44 2.83 4.45 0.08 0.41
K,O* wt.% db 6.86 14.95 45.30 8.17 4.38 4.63 5.41
MgO * wt.% db 1.11 1.95 3.88 6.96 5.90 0.49 1.13
MnO * wt.% db 0.03 0.06 0.18 0.36 0.22 0.17 0.04
Na,O * wt.% db 0.00 0.00 0.39 1.69 0.41 0.00 0.05
NiO wt.% db 0.00 0.01 n.d. 0.01 0.01 0.00 0.00
P,O5 * wt.% db 4.23 5.10 7.77 21.58 2.18 0.89 1.46
PbO wt.% db n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SiO, * wt.% db 84.98 72.37 27.21 13.43 37.03 91.86 84.68
TiO, wt.% db 0.00 0.00 0.08 0.09 0.25 0.00 0.14
ZnO wt.% db 0.01 0.03 0.05 0.33 0.08 0.01 0.01

* inputs to FactSage simulation.

Table A3. Complete mineral phases transformation in SH, RH, and ASH ashes detected using XRD.

SH RH ASH
Phase °C 700 800 900 700 800 900 700 800 900
Amorphous wt.% 93.8 48.8 33.6 96.5 54.3 62.2 93.5 93.7 92.5
Cristobalite SiO, wt.% n.d. 38.5 52.3 0.6 36.4 30.1 n.d. 0.1 2.8
Tridymite 5i0; wt.% nd. 9 9.8 n.d. 9.3 7.7 n.d. nd. n.d.
Quartz SiO, wt.% n.d. n.d. n.d. 0.3 n.d. n.d. 0.5 0.6 0.5
Langbeinite MgyKy(SO4)3 Wt % n.d. n.d. n.d. 0.9 n.d. n.d. 1.1 0.9 0.3
Gehlenite Cap AI[AISIO;] wt.% n.d. n.d. n.d. 1.4 n.d. n.d. 0.8 0.7 0.8
Wollastonite CaSiO3 wt. % n.d. n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d.
Kalsilite KAISiO4 wt.% 1.3 n.d. n.d. n.d. n.d. n.d. 1.8 2.7 2.3
Calcium Potassium CaKOP, wt% 49 37 43 nd. nd  nd 23 13 0.9

Diphosphate
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Table A4. Complete mineral phases transformation in F ashes detected using XRD.

F

Phase °C 700 800 900
Amorphous wt.% 56.1 45.1 45
Quartz SiO, wt.% 10.7 3.2 1.8
Aphthitalite (K,Na)3Na(SOy4); wt.% n.d. 1.6 1.6
Wollastonite CaSiO3 wt.% n.d. 6.4 9.4
Gehlenite CapAl wt.% n.d. 3.8 32
Bredigite CayMgSisOq6 wt.% n.d. 42 5
Mayenite Cap07A1,03 wt.% 6.9 8.9 114
Larnite Ca;SiOy wt.% 7.5 10.3 9.6
Lime CaO wt.% 2.6 5.7 0.7
Calcite CaCO3 wt.% 1.8 0.6 0.5
Anhydrite CaSOy4 wt.% 0.3 1.7 24
Anorthoclase (Na,K)AlSizOg wt.% 27 n.d. n.d.
Barite BaSOy4 wt.% 0.7 0.8 0.7
Fluorite CaF, wt.% 1.8 0.3 0.5
Magnesite MgCO3 wt.% 1.7 5 4.6
Merwinite CazMg[SiOq4], wt. % 7.2 24 34
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