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This research explores the influence of fly ash source, alkali concentration and temperature on the dissolution
kinetics of Al and Si. The characteristics of the reaction products and the solid residue were evaluated with ICP-
MS, SEM-EDS, and quantitative XRD. It was found that Al dissolution occurs faster with a higher yield compared
to Si for both ash types. The temperature and the NaOH concentration had a similar effect on the dissolution of
Al, while the dissolution of Si was influenced more by the NaOH concentration. The simultaneous dissolution of

aluminosilicates was achieved by keeping the temperature at 30 °C, where the precipitation of Al was prevented,
and the concentration of the dissolved Si was close to its maximum value. The Kabai Model was the most suitable
to explain the dissolution of Al for both ash sources, while the Si dissolution was described with 1-dimensional
diffusion, Jander and Ginstling-Brounsthein models.

1. Introduction

With an amount of 4.1 million tonnes annually, cement production is
one of the largest industries in the world [1]. However, for each metric
tonne of cement produced, approximately 750 kg of COs is released to
the atmosphere; therefore, the cement industry is responsible for 7% of
total anthropogenic CO; emissions globally [2]. According to the 2030
climate & energy framework adopted by the European Council in
October 2014, the target for 2030 is to reduce GHG emissions by 40%
(from 1990 levels), by increasing the share of renewable energy to at
least 32% [3].

For the reduction of COy emissions resulting from the construction
industry, a great number of studies have been conducted focusing on
cement replacement materials [4,5]. One group of these materials,
geopolymer composites, can be utilised in the construction industry as
alternative construction materials because of their good durability [6,7],
mechanical properties [8,9], microstructural characteristics [8], and
workability [9]. A geopolymer is an amorphous to semi-crystalline
three-dimensional material formed by the polymerisation of alumino-
silicate compounds under alkaline conditions (e.g., NaOH or KOH) and
ambient temperatures [10]. Previous research has established that the
geopolymerisation process involves three stages: (1) the dissolution and
hydrolysis of the amorphous Al and Si from the source material in an
alkaline solution; (2) the transportation of the dissolved ions into
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monomers (precipitation and gelation); and (3) the poly-condensation of
the precipitated nuclei for the formation of the 3-D network of poly
(sialate), poly (sialate-siloxo) or poly (sialate-disiloxo) structures [11].

The properties of the final geopolymer composite are strongly
affected by the concentration [6] and type of the alkaline source; the
properties and composition of the aluminosilicate source [8]; the par-
ticle size distribution of the raw materials [8]; the curing temperature
and curing time [6]; the solution to solid ratio [12]; and the ratio of Si to
Al and NaySiO3 to NaOH [13-15]. Therefore, it is possible to optimise
the geopolymerisation process and improve the properties of the final
geopolymer composite by enhancing the release rates of Al and Si in the
dissolution reaction. The reactions taking place at the abovementioned
stage (1) can be described as follows:

ALO; +3H,0 + 20H —2Al(OH), 1)
8i0, + H,0 +20H —[SiO(OH)]” 2
8i0, +20H™ —[Si0,(0H),]*” 3

The availability of aluminosilicates in raw materials has a substantial
influence on the final properties of the geopolymer composites. Several
materials with high contents of Al and Si have been investigated as
aluminosilicate sources, including fly ash [13,16], ground granulated
blast furnace slag (GGBFS) [15] and metakaolin [17]. Due to its
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Table 1
Experimental parameters used in the study for the investigation of biomass fly
ash dissolution in NaOH solutions.

Experiment ~ NaOH Sampling time, (h) Temperature,
concentration, (M) (O]
1 3 1.5, 3,6, 12, 24,72 60
6 1.5,3,6,12, 24,72 60
9 15,3, 6,12, 24,72 60
12 1,15,2,3,6,12,24,72 60
15 1.5,3,6,12,24,72 60
2 12 1,15,2,3,6,12, 24,72, 20
120, 168, 216
12 1,15,2,3,6,12,24,72, 30
120, 168, 216
12 1,15,2,3,6,12, 24,72, 40
120
Table 2
Rate equations applicable to dissolution reactions [24,25,27].
Name Type Equation Number
Exponential law A kt = Ina 1
Power law A kt = al/n 2
1D diffusion D kt = o? 3
2D diffusion for cylinder (Valensi) D kt=(1-ah(l-a)+a 4
3D diffusion for sphere (Jander) D Kkt — {1 —(-a) /3} 5
3D diffusion for sphere (Ginstling- D 2a 6
. kt=(1-=F)—
Brounsthein) 3
(1 a)Z,/S
First order D kt = —In(1 —q)
Second order D kt=(1-a)! 8
Modified first order (Kabai) A% alnk 4 alnt =Inin(1 /(1 — 9
a))
Contracting volume (Shrinking core) D kt=1-(1- a)l/S 10
Contraction area (Shrinking disc) kt=1—(1-a)'/? 11
Random nucleation 2D diffusion S kt = [—In(1 — a)]'/? 12
(Avrami-Erofejev)
Random nucleation 3D diffusion S kt = [—In(1 — a)]'/® 13
(Avrami-Erofejev)
Prout - Tompkins S kt =Infa /(1 — a)] 14

k: reaction rate constant (s1), t: time (s), «: reaction extent, a: constant of
average order, A: acceleratory, D: deceleratory, S: sigmoidal, V: variable.

favourable chemical composition, particle characteristics and low cost,
fly ash has been frequently applied as an aluminosilicate source. How-
ever, the determination of the reactive Si and Al in fly ash is of chal-
lenging scientific and technical interest. Despite its high aluminosilicate
content, the heterogeneous structure of fly ash limits the dissolution of
Al and Si into the alkaline media [16,19]. Between the two phases that
compose fly ash, the reactive part is present in the vitreous phase, while
the crystalline phase is comprised of quartz, which has a significantly
higher activation energy for silica hydrolysis compared to that in the
vitreous phase [18,19].

Several authors have examined the effects of different parameters on
the dissolution characteristics of fly ash. Cristelo et al. [16] studied the
influence of temperature and mechanical activation on the dissolution
reaction for a local Class F fly ash. Their results demonstrate that the
time required to solve the same amount of bulk mass from fly ash can be
reduced from 90 days to 1 day by increasing the temperature from 20 to
80 °C, indicating the significant effect of temperature on the reaction
kinetics. Additionally, the temperature increase had a considerable ef-
fect on the equilibrium concentrations. Finally, they observed that the
Avrami model could satisfactorily describe the dissolution kinetics. In a
comprehensive study by Kuenzel and Ranjbar [20], investigating the
effects of different parameters on the dissolution reaction of class F fly
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Table 3
EDS and XRF results of biomass-based fly ashes, values expressed in wt.%.

EDS XRF

Element  FAl FA2 Component FA1l FA2

Al 6.4 + 0.3 3.3+0.2 Al,03 17.69 + 11.08 +
0.15 0.15

Si 59+ 0.1 57+04 SiOy 24.41 + 27.72 +
0.47 0.47

Ca 31.1 + 27.3 + CaO 34.67 + 31.49 +

0.1 0.6 0.28 0.28

Fe 0.8 +0.1 1.8+ 0.2 Fe,03 1.66 + 0.21 4.55 + 0.21

S 29+0.1 6.6 + 0.1 SO3 4.30 £0.11 6.26 + 0.11

Mg 1.1 £ 0.2 1.3 MgO 291 £+ 0.22 3.45 £ 0.22

K 3.3+0.2 3.2+0.1 K0 3.00 £ 0.05 2.27 £ 0.05

Na 1.7 3.6 £0.1 Na,O 2.00 £ 0.07 2.77 £ 0.07

P 11 0.7 P,0s 2.29 £ 0.06 1.63 + 0.06

Mn 1.3 0.6 Mn304 1.13 £ 0.11 0.66 + 0.01

Ti 0.2 1.4 TiOy 0.25 £+ 0.02 1.94 + 0.02

Zn - 1.2 ZnO 0.28 £ 0.01 0.47 +£ 0.01

Cl 1.0 3.5+0.1 BaO 0.18 0.36

(0] 36.2 + 35.2 + CuO 0.01 0.23

0.2 0.3
C 6.9 + 0.3 4.5+ 0.2 Cry03 0.03 £ 0.01 0.09 + 0.01
LOIgso-c 5.0 4.8

ash, both temperature and time showed a stronger impact on the
dissolution of Al and Si than the concentration of the alkaline solution. It
was also demonstrated that at least 8 M of NaOH solution should be
utilised for the determination of the reactive fraction of fly ash. This
limitation was attributed to the heterogeneous structure of fly ash which
contains a partially reactive fraction in addition to the inert and reactive
phases, whose dissolution is significantly affected by the dissolution
conditions. In another study [21], the influence of the reaction time, and
the type and concentration of the alkaline solutions on the dissolution of
various aluminosilicate sources were examined including coal fly ash,
kaolin, metakaolin, pozzolana, slag, and zeolite. Dissolution percentage
of 20% for Al and Si was achieved for fly ash in 24 h in 10 M NaOH
solution. Furthermore, it was reported that the dissolution of Al and Si
may have followed a similar path as the Si/Al ratio was constant
throughout the dissolution. A recent study [19] focused on the deter-
mination of the potential reactivity of class F fly ash for geo-
polymerisation with a two-step sequential leaching process (NaOH and
HCI). It was discovered that the reactive Al and Si fraction is signifi-
cantly different from the total amounts of these elements present in fly
ash; therefore, it was suggested that the reactive Si/Al ratios should be
used instead of the total or glassy phases [19]. In a study investigating
the dissolution of aluminosilicates from two different types of biomass
ash, Chaunsali et al. [22] found that the dissolution degrees of Al and Si
in 2 M NaOH solution were measured as 20% and 45% for Silverton ash,
and as 15% and 35% for Bindless ash after 7 days. The differences in the
dissolved concentrations for different ash types were attributed to the
amorphous content. Another study [23] that examined the dissolution of
Si from a silicious biomass ash reported that up to 68% of the total Si was
dissolved in 1 M NaOH after 28 days. The dissolution degree of Si
declined to 30% in presence of additional Ca(OH), due to the formation
of C-S-H gel.

In contrast to coal fly ash, there is much less information about the
effects of reaction conditions on the dissolution of biomass-based fly ash.
Distinctly different chemical characteristics of biomass-based ashes
compared to coal-based fly ash [5] can affect the dissolution of alumi-
nosilicates significantly. Previously published studies have tended to
examine dissolution of pre-treated ashes [16,29] in mildly alkaline en-
vironments [22,23,29], while this paper attempts to show the dissolu-
tion behaviour of different biomass ashes without any pre-treatment in a
comparative perspective at a wide range of alkalinity, temperature, and
reaction time. The primary aim of this study is to systematically inves-
tigate the effects of ash source, dissolution time, concentration of the
alkaline solution, and temperature on the dissolution of different



M.E. Kiigiik et al.

Ceramics International xxx (XXxX) XXX

8 — - 100
——FA1 - Differential volumetric PSD el

O B FA2 - Differential volumetric PSD / | 80 S
o 61 FA1 - Cumulative volumetric PSD // g
S — — FA2 - Cumulative volumetric PSD L 60 =
S 4 S
s S
= \ - 40 -5
= \ T
5 2 \ E
= L 20 E
() \\ o

0 g T T — — O

0.1 1 10 100 1000

Particle size (um)

Fig. 1. Particle size distributions of the biomass fly ashes.

biomass ashes from different origins. Additionally, the kinetics of the
dissolution reaction were investigated using different reaction rate
models. This study makes a major contribution to advancing an under-
standing on the suitability of biomass-based fly ashes as raw materials
for geopolymer composites.

2. Materials and methods
2.1. Materials and methods

The biomass-based ash samples were provided by local Finnish kraft
pulp mills using bark, wood residues, paper mill reject sludge, and
wastewater sludge. Biomass fly ash 1 (FA1) was collected from a bark
boiler unit of a pulp mill that uses bark, wood residues and paper mill
reject sludge as fuel in Southeast, Finland. Biomass fly ash 2 (FA2) was
supplied from a co-incineration plant of a paper mill located in South-
east Finland with bark, wood chips, recycled wood, natural gas, and
wastewater sludge as fuels. Sodium hydroxide solutions were prepared
by dissolving NaOH pellets with 99% purity in deionised water. The
solutions were allowed to cool down at room temperature prior to their
use in the dissolution experiments.

A laser diffraction particle size analyser with a Hydro EV dispersing
unit was utilised for the PSD measurements of the initial fly ash samples
with Fraunhofer calculation model (Malvern Mastersizer 3000, Malvern
Instruments, UK). The dissolution tests were performed in a shaker
(Heidolph, Unimax 1010, Germany), with a heating unit (Heidolph,
Inkubator 1000, Germany). Sample surface morphologies were investi-
gated with a scanning electron microscope (Hitachi SU 3500 scanning
electron microscope, Japan), and an energy-dispersive X-ray spectros-
copy (EDS) mapping was used to obtain the elemental compositions of
the samples (Thermo Scientific, Ultra dry SDD detectors, USA) by using
Pathfilder Software. The presented EDS results represent averages of
three measurements. A BET specific surface analyser was utilised for the
quantification of the specific surface areas of the ashes (Micromeritics
3Flex). The elemental compositions were obtained with a sequential X-
Ray fluorescence (XRF) spectrophotometer (Bruker AXS S4 Pioneer,
USA). The ash samples were crushed and prepared according to the glass

fusion technique. The concentrations were determined by comparing the
results of measurements with known standards. The Wroxi method,
developed by PanAlytical and validated by using international Certified
Reference Materials (CRM), was utilised in the XRF study. The mineral
compositions of the samples were investigated by X-ray diffraction
(XRD) analysis (Bruker D8 Advance X-ray diffractometer, Cu source —
Ka = 1.5406 A, 20 = 10-70° range with 0.02° steps, 0.7 step/sec.,
sample rotation of 15 rpm, divergence slit of 0.3°) after they were
ground in an agate mortar. A Rietveld analysis was performed to the
XRD data by using a TOPAS Software, and rutile was applied as the
internal standard for obtaining quantitative estimates of the sample
compositions. An inductively coupled plasma-mass spectrometry (ICP-
MS) was used for the determination of the metal concentrations in the
dry samples after their complete dissolution by using standardised 4-
acid digestion and peroxide smelt digestion methods.

2.2. Experimental

The ashes were dried in an electrical oven at 105 °C for 24 h for
moisture removal and they were then homogenised to obtain a more
uniform composition for the dissolution experiments. The dissolution
tests were conducted for solutions containing 4 g of solid and 40 g of
NaOH solution (liquid/solid ratio of 10) in a 60 mL reactor for certain
hours under continuous shaking. The influence of NaOH molarity,
temperature, and reaction time on the dissolution of aluminium and
silicon was investigated for two types of biomass fly ash from different
origins. The dissolution results presented in the study are averages of
two different dissolution experiments. The experimental design is
illustrated in Table 1, and the experimental procedure was identical for
both samples.

Concentrations of dissolved Al and Si in the NaOH solutions were
determined by an Agilent 7900 inductively coupled plasma mass spec-
trometer. The filtration of the clear supernatant was performed by using
a syringe filter (Phenex RC 0.45 pm) prior to the ICP-MS analysis. Since
the solutions were highly concentrated with respect to Al and Si, and
ICP-MS gives the most accurate results for the concentrations below 100
ppb [19], the samples were diluted 1000 times prior to the analysis.
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Fig. 2. Effect of NaOH concentration on Al (A) and Si (B) dissolution for FA1,
and on Al (C) and Si (D) for FA2 at 60 °C. a: dissolved mass of Al or Si/total
mass of Al or Si in dry solid.

Calibration solutions with the concentrations of 10 ppb, 25 ppb, 40 ppb,
50 ppb, 100 ppb, 200 ppb and 400 ppb were utilised to verify the ac-
curacy of the results. Following the filtration step, the solid residues
were washed with distilled water (wash ratio > 50) for the removal of
free NaOH, before the XRD and SEM/EDS analysis.

2.3. Modelling

The dissolution of biomass fly ash with NaOH solution is a hetero-
geneous solid-liquid reaction where the solid particles are surrounded
by liquid. Based on the shape of the reaction isotherms and the reaction
mechanism, various reaction rate models [24,25] have been developed
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to investigate heterogeneous solid-liquid reactions [16,26]. Table 2
presents fourteen rate models that have been studied in this paper. The
suitability of the kinetic models has been evaluated on the basis of co-
efficients of determination (R?).

Both Exponential law (1) and Power law (2) have acceleratory t - a
curves. 1 dimensional diffusion (1DD, 3), Valensi (4), Jander (5), and
Ginstling-Brounsthein (6) models describe a diffusion-controlled reac-
tion, where the rate determining step is the diffusion of either the
reactant(s), or the reaction product(s) to or from the boundary layer [24,
26]. First order (7) and second order (8) models have a deceleratory t - o
curve. First order rate model (7) is not capable of representing the early
stages of a reaction with an induction period. Both models (7 and 8) well
define reactions with a high initial reaction rate because a decreases as
the reaction proceeds [27]. The Kabai model [25] was derived from the
Nernst equation by describing the reaction rate constant k from an
experimentally derived expression K (a/! (t1 ~)). Kabai [25] then verified
his experimentally obtained expression by comparing the combined
fundamental rate expression with a mathematical equation. In the Kabai
model, the kinetic curve is determined by a, which depicts a constant of
an average order. For a > 1, the kinetic curve is sigmoidal and accel-
eratory in its first part, and it is deceleratory for a < 1. It describes a
surface-reaction controlled solid-liquid heterogeneous reaction [25,26].
Shrinking core (10) and shrinking disc models (11) are geometric
models with a deceleratory t - a curve. In shrinking core model (10), the
rate law is derived for spherical particles where the volume of the solid
decreases as the reaction proceeds. Shrinking disc model (11) considers
a cylindrical rod whose length remains the same, but its area decreases
during the reaction [27]. Avrami-Erofejev rate laws (12 and 13) have a
sigmoidal t - « curve, and they indicate a nucleation-controlled reaction
for a cylindrical (12) and cubical or spherical (13) reactive particles. 2D
diffusion model (12) gives a straight line in the t — [In (1—0()]1/ " graph,
while it is concave downward in case of 3D diffusion model [27].
Prout-Tompkins equation (14) has a sigmoidal t - a curve, and it is
applied to investigate the kinetics of reactions which can be terminated
once the product is formed [27].

3. Results and discussion
3.1. Characteristics of the biomass ashes

The chemical compositions of the biomass fly ash samples obtained
by EDS and XRF are shown in Table 3. The analysis results show high
concentrations of CaO, followed by SiO5 and Al;03, which have also
been reported in other studies [5,28]. The total amount of Al and Si in
dry solids were quantified with ICP-MS analysis, and Al and Si con-
centrations were measured as 98 600 and 123 000 mg/kg dry solid in
FA1, while they were measured as 57 800 and 127 000 mg/kg dry solid
in FA2. The comparison of the different analysis methods is not
straightforward as EDS and ICP give the results as actual element
compositions, whereas the concentrations are expressed as oxides in the
case of XRF. Furthermore, EDS and XRF are solid state analysis tech-
niques different from ICP, which is performed in liquid phase after
complete dissolution of samples.

The particle size distributions of the fly ashes are presented in Fig. 1.
D10, D50 and D90 values were measured as 11.3, 53.7, and 358 pm for
FA1; and 7.32, 30.7, and 116 pm for FA2. The BET specific surface areas
(SSA) of the fly ashes were quantified as 9.27 and 1.73 m?/g. The
significantly higher SSA of FA1 compared to that of FA2 may be due to
its large number of porous particles, which can also enhance the disso-
lution reaction by creating more active sites for mass transfer.
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Fig. 3. ICP results for dissolved Al and Si from FA1 as a function of a) temperature, b) NaOH concentration, and c) time. Unless otherwise specified, the dissolution
duration, NaOH concentration, and temperature were 3 h, 12 M, and 60 °C, respectively.
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Fig. 4. ICP results for dissolved Al and Si from FA2 as a function of a) temperature, b) NaOH concentration, and c) time. Unless otherwise specified, the dissolution
duration, NaOH concentration, and temperature were 6 h, 12 M, and 60 °C, respectively.

3.2. Influence of NaOH concentration

Fig. 2 presents the influence of NaOH concentration on the dissolu-
tion of Al and Si from the biomass ash samples at a constant temperature
of 60 °C. The dissolved fractions (%) were calculated as the ratio of the
total mass of the element in the solution to the total mass present in dry
solids, which were measured with the ICP-MS. For both types of biomass
fly ash, the maximum dissolved concentrations were obtained at a NaOH
concentration of 15 M (Fig. 2). The positive correlation between the
solubility of Al and Si, and the NaOH concentration finds support from

previous studies [16,17,21,23,29,31]. Nikoli¢ et al. [31] demonstrated
that when the NaOH concentration was increased from 5 M to 10 M, the
dissolved fraction of Al increased from 6% to 19%, and the dissolved
fraction of Si increased from 4% to 7% in 2 h. The dissolved fractions of
Al and Si increase over time until the maximum concentration points,
after which their concentrations start to decrease due to gelati-
on/precipitation. During the initial dissolution stage, the Si-O-Si,
Al-O-Al and Si-O-Al bonds are broken into silicate and aluminate
monomers due to the attack of OH™ which subsequently form the [SiO
(OH)3]’, [SiO2(OH),] 2', and [Al(OH)4] forms. The positive correlation
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Fig. 5. Effect of temperature on Al (A) and Si (B) dissolution for FA1, and on Al
(C) and Si (D) for FA2 at 12 M NaOH. a: dissolved mass of Al or Si/total mass of
Al or Si in dry solid.

between the solution alkalinity and the concentrations of dissolved Al
and Si may be explained by the strong influence of the solution pH on the
dissolution of aluminosilicates. It is considered [30] that the
rate-determining step during the Si dissolution is the breakage of neutral
or negatively charged surface siloxane bonds (>Si20) which subse-
quently are transformed into the silanol species by the attack of OH™ and
H0. In the case of highly alkaline systems, the water molecules attack
the surface siloxane groups next to the negatively charged silanol groups
(>Si0~ or Si0O"M™), eventually enhancing the Si dissolution with an
increasing pH.

Ceramics International xxx (XXxX) XXX

By keeping the dissolution temperature (60 °C) and the duration (3 h
for FA1, and 12 h for FA2) constant, the Si/Al ratios increase for both
samples (Fig. 3b and Fig. 4b), which demonstrates that the alkalinity has
a greater effect on the dissolution of Si compared to that of Al. Despite
this observation, the concentration of dissolved Al is always higher than
that of Si for all NaOH concentrations. These results reflect those of
Nikolic et al. [31] who also found that Al dissolution occurred at a
higher degree than that of Si in concentrated NaOH solutions. This may
be explained by weaker Al-O bonds compared to Si-O bonds [16], and a
lower electrical charge imbalance of Si during the dissolution reaction.
In highly alkaline solutions, however, the electrically neutral surface of
Si becomes more negatively charged due to the increased amount of
=SiOH" ionic groups which favours the breakage of Si-O-Si bonds [31].
It is well recognised that the soluble quantities of Al and Si play a crucial
role in the determination of the microstructure and mechanical prop-
erties of the final geopolymer composite [20,29]. The production of
geopolymer composites from the aluminosilicate precursors is depen-
dent on the availability of reactive Al and Si, which also determines the
characteristics of the geopolymer gel. In the absence of sufficient alka-
linity, the dissolution of Si is hampered by a comparatively rapid Al
release and a more crystalline zeolite structure is obtained; however,
proper dissolution of Al is necessary for the production of aluminosili-
cate gel [29,33].

The maximum dissolved concentrations in the current study were
measured approximately as 80% and 40% for Al and Si in 15 M NaOH at
60 °C, respectively. These results agree with the maximum concentra-
tions of 20% and 50% reported by Chaunsali et al. [22] for Al and Si
from Silverton ash, 16% and 42% for Al and Si from Bindless (biomass)
fly ash and a NaOH concentration of 2 M at ambient temperature.
Similarly, the highest dissolution percentages reported for Al and Si in
electric arc furnace steel slag were 34% and 25% in 10 M NaOH at 60 °C,
respectively [31]. Finally, a dissolution degree of 20% was achieved for
both Al and Si in 10 M NaOH at room temperature [21], and of 35% for
Si from silicious biomass fly ash in 1 M NaOH after 200 h [23].

3.3. Influence of temperature

The effect of temperature on the dissolution of biomass fly ashes was
investigated at 20, 30, 40 and 60 °C by using a NaOH concentration of
12 M. As presented in Fig. 5, an increase in the temperature accelerated
the dissolution of both Al and Si from the samples. With an increase in
temperature, both Al and Si dissolved faster; thus, the saturation points
were reached sooner, and the dissolved concentrations started to decline
earlier due to precipitation, which is in accordance with earlier findings
by Granizo et al. [17]. In addition to the effect of temperature on the
dissolution kinetics, Fig. 5. (A and C) shows that there was a slight rise in
the maximum dissolved Al concentrations with the temperature. The
maximum concentrations of Al were achieved at 60 °C for both FA1 and
FA2, which was followed by the concentrations obtained at 40, 30, and
20 °C, respectively. The maximum degree of the Al dissolution from FA1
was observed to increase from 35% to 58%, and from 32% to 69% from
FA2 when temperature increased from 20 to 60 °C. The maximum
concentrations of Si showed no variance with increasing temperature in
the case of FA1, whereas in the case of FA2 it increased from 21% to 30%
at 20 °C and at 60 °C, respectively. It can thus be suggested that 60 °C
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as a function of time, a: dissolved mass of Al or Si/total mass of Al or Si in
dry solid.

and higher temperatures may be required to increase the Si dissolution
from FA2. Such a trend was reported by Kuenzel and Ranjbar [20] who
studied the dissolution of fly ash in NaOH-activated geopolymers and
found that the dissolution of Si increased substantially when the tem-
perature is higher than 85 °C.

The earlier stages of the dissolution of Al and Si are presented in
Fig. 6, which illustrates that the dissolved Si fractions increase propor-
tionally with the increase of temperature. By keeping the temperature at
30 °C, it was possible to optimise the conditions in such a way that, the
dissolved Si amount was very close to its maximum value, without the
precipitation of Al, which hinders the simultaneous dissolution of alu-
minosilicates at high temperatures (40 and 60 °C). The dissolution of Al
and Si is controlled by the chemical reaction at the surface of the par-
ticles, by diffusion through the product layer or through a liquid film,
and therefore, a change in temperature changes the diffusion coefficient
which subsequently facilitates or hampers the release of aluminosili-
cates [31]. As illustrated in Fig. 3a-b and Fig. 4a-b, the applied tem-
perature has a smaller influence on the dissolution of Al and Si compared
to NaOH concentration. This result is rather contradictory to that of
Kuenzel and Ranjbar [20], who observed that temperature (when higher
than 85 °C) had a greater effect on aluminosilicates dissolution than the
alkalinity of the solution. This difference may be attributed to the lower
dissolution temperature applied in the current study. It was previously
reported that the temperature increase accelerated the dissolution ki-
netics of aluminosilicates from co-fired ashes (coal and biomass ash
mixture), while a minor increase in the reaction extent was observed
when the temperature was increased from 43 to 63 °C [32].
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Table 4
Dissolution rate parameters for FA1 and FA2 in 12 M NaOH at 40 °C.

Sample FA1l FA2
Model Al Si Al Si
Equation R? kst R? kst R? k, s*1 R? k,, st
1 0.744 2:107° 0.766 4107° 0.911 71076 0.505 810°°
2 0.649 3.10° 0.723 2107° 0.522 1.107° 0.512 3.10°°
3 0.942 8107 0.993 2:107° 0.844 4.107° 0.972 21077
4 0.957 5.10°° 0.991 91077 0.872 2:107° 0.975 11077
5 0.971 1.10°° 0.989 21077 0.899 61077 0.978 21078
6 0.962 1107° 0.991 21077 0.881 51077 0.976 21078
7 0.870 2.107° 0.933 7107 0.726 1.107° 0.839 1.107°
8 0.908 3.10°° 0.889 910°° 0.819 2107° 0.872 1.10°°
9 0.971 2:107° 0.966 6107° 0.980 3.107° 0.878 61077
10 0.850 7-10°° 0.951 3.107° 0.704 3.107° 0.832 41077
11 0.841 110°° 0.949 410°° 0.693 5.10°° 0.829 51077
12 0.735 3.10°° 0.814 2:107° 0.560 1.107° 0.623 210°°
13 0.678 3.10° 0.737 2107° 0.543 2107° 0.524 3.10°°
14 0.807 4.107° 0.799 5.107° 0.939 1.107° 0.536 9.107°
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Fig. 8. Model fittings of FA1 for dissolution of Al (A) and Si (B), Kabai (Eq. 9), 1D-diffusion (Eq. (3)), Valensi (Eq. 4), and Ginstling— Brounsthein (Eq. 6).
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Fig. 10. Quantitative XRD results of A: FA1, and B: FA2 with respect to the dissolution time.

3.4. Influence of contact time

As shown in Fig. 7, the concentrations of Al and Si increase as the
reaction proceeds until a maximum point, and decrease rapidly, or
remain constant transiently, and start decreasing afterwards due to the
precipitation and gelation of Al- and Si-containing species. Additionally,
the possible formation of NayO3-Aly03-SiO2-Ho0 (N-A-S-H) limits the
further dissolution of the species as this gel covers the surface of the
particles and works as a barrier [16,19]. The maximum dissolved con-
centration for Al at these conditions (12 M NaOH at 40 °C) were ach-
ieved in 12 h and 24 h for FA1 and FA2, respectively. Si concentrations
in the solution at same conditions continued to increase until 12 h (FA1)
and 72 h (FA2), followed by a sharp or gradual decrease due to the
precipitation, which indicates that the dissolution behaviours of alu-
minosilicates change depending on the ash source.

The differences between the Al and Si dissolutions are also highlighted
in Fig. 7, suggesting that these species have slightly different dissolution
kinetics in concentrated NaOH solutions, [16,20,31]. The higher disso-
lution rate of Al in the early stages of the reaction may be explained by the
preferential dissolution of Al from fly ash into the NaOH solution [29].
Furthermore, it is known that high Al(OH), concentration in the reaction
medium has an inhibiting influence on the dissolution of Si as it is
responsible for the Al sorption onto the surface of the dissolving silanol
particles when paired with the present alkali ions [30].

As the dissolution proceeds, the relative increase in the Si concen-
tration is greater than that of Al, which can be seen as a continuous
increase of Si/Al values for all biomass ash samples (see Figs. 3 and 4
above). These results corroborate the findings of a great deal of previous
work on aluminosilicates dissolution in alkaline media [17,20,22,33].

According to the three-stage reaction mechanism suggested by Rees
[34], in a geopolymerisation process, a high proportion of the glassy
phase in the aluminosilicate source dissolves in stage 1 (dissolution
stage). This is followed by the induction stage where an Al-rich meta-
stable gel (Gel 1) is produced which forms a layer on the unreacted fly
ash fraction. As the Al-rich aluminosilicate gel forms, the quantity of the
detached Si increases which subsequently accelerates its dissolution.
The third stage is called “the silicon incorporation stage” and here Gel 1
is transformed into Gel 2 which has higher Si concentrations [34]. It can
therefore be assumed that the induction period takes place until 12 h
(FA1) and 24 h (FA2), due to the decrease in Al concentrations in the
solution.

As Fig. 7 shows, there is a significant difference between the disso-
lution kinetics of the aluminosilicates from FA1 and FA2. Reaction ki-
netics in this case depend on multiple variables such as pH of the alkali
solution, type, and concentration of the alkali solution, contact time,
temperature, composition, and the specific surface area of the solids.
Other possible reasons for the different dissolution kinetics may be the
processes the ashes went through after their collection, and the number
of semi-amorphous cenospheres whose dissolution behaviour is
different than that of the amorphous fraction [8]. As presented in Sec-
tion 3.1, the specific surface area of FA2 is considerably smaller than
that of FAl, which may have hindered the dissolution reaction.
Furthermore, a strong relationship between the reactive aluminium
content of the ash and the dissolution kinetics has been reported in the
study of Fernandez-Jiménez et al. [33], who found that the dissolution
of Si is retarded in the absence of reactive Al. Therefore, the slower
dissolution kinetics of FA2 might be attributed to its lower content of Al,
as shown by the results of ICP-MS, EDS and XRF analyses.
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Fig. 11. XRD patterns of A: FAl, and B: FA2 with respect to the dissolution
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imandrite, K: kyanite, L: lime, N: sodium aluminium silicate hydrate (N-A-S-H),
P: portlandite, Q: quartz, R: rutile (standard).

3.5. Kinetic modelling

The kinetic modelling results for the dissolution of the biomass ashes
are presented in Table 4, Fig. 8, and Fig. 9. The reaction rate of a non-
catalytic heterogeneous solid-liquid system may be determined by
diffusion through the layer of the reaction product, by diffusion through
a liquid film surrounding the particles, or by a chemical reaction
occurring at the particle surface [35]. In the case of the Al dissolution,
the best fit was achieved with a Kabai model for FA1 and FA2, having
coefficients of determination (R?) of 0.97 and 0.98, respectively. The
Kabai model describes the surface reaction as the rate-controlling step in
the dissolution processes. The constants of average order were found to
be 0.52 and 0.25 for FAl and FA2, respectively, suggesting a
deceleratory-shaped t-a curve. In addition to the Kabai model, the
Valensi (R? = 0.96), Jander (R? = 0.97), and Ginstling-Brounsthein (R?
= 0.96) models are suitable to describe the Al dissolution from FA1. The
deceleratory nature of the Al dissolution can be seen in Fig. 7.

The best fit for the Si dissolution was achieved with 1-dimensional
diffusion, Jander, Valensi and Ginstling-Brounsthein equations for FA1l
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and FA2. All four models have been frequently applied to investigate
solid-liquid reaction systems [24,26,27], and propose a
diffusion-controlled reaction where the reaction rate of the product is
inversely correlated with the thickness of the layer occurring at the
surface of the solid particles. Additionally, the Kabai, the shrinking disc
model (SDM), and the shrinking core model (SCM) fit the experimental
data of the Si dissolution from FA1l very well. Despite its frequent
application in kinetics of the cementitious materials [36,37], the deri-
vation of the Jander equation involves the neglection of the particle
surface curvature. Therefore, the Jander equation is suitable in reactions
with a reaction extent lower than 0.3.

3.6. Characterisation of the biomass fly ash dissolution residues

3.6.1. XRD

The dissolution process was observed to have a slight influence on
crystalline minerals present in the samples. Quantitative XRD results
and X-Ray diffraction patterns of the biomass fly ash residues are shown
in Fig. 10 and Fig. 11, respectively. The diffractograms are illustrated as
a function of the dissolution time for the samples (before dissolution and
after 3 h, 24 h and 72 h dissolution time). As explained previously
(Section 2.1), rutile was utilised as the internal standard for the quan-
titative XRD analysis; therefore, its peaks will not be discussed. The
relationship between the amorphous contents of biomass ashes and their
dissolution behaviour was examined previously by Chaunsali et al. [22],
and it was reported that the dissolved concentrations of Al and Si in-
crease in addition to their faster dissolution kinetics from ashes with
greater amorphous content. Nevertheless, in this study, the difference in
the amorphous contents of the ashes falls in the statistical error range
which limits to propose such a correlation.

According to Fig. 10A, the main crystalline phases in FA1 are quartz
(SiOy), calcite (CaCO3), kyanite (Al,SiOs), anhydride (CaSO4), gehlenite
(CagAl;SiO7), graphite, portlandite (Ca(OH)3), qingheiite (NayFeMgAl
(POy4)3), pigeonite (Ca,Mg,Fe) (Mg,Fe)SioOg, sarcolite (NasCajoAlg.
Si12046(Si04,P0O4) (OH,H50)4(C0O3,Cl)), albite (NaAlSi3Og), and lime
(Ca0). Fig. 10A shows a diffractogram of the samples where some of
these minerals can be recognised. One important finding was the sub-
stantial decrease and disappearance of the peaks of anhydride, lime,
calcite and portlandite with increasing dissolution time. This may be due
to their reaction with the hydroxides of the alkaline media and pro-
ducing portlandite (3 h) which subsequently formed sodium aluminium
silicate hydroxide hydrate (N-A-S-H) (72 h) by reacting with the alkali
source and the aluminosilicates under the highly alkaline medium, as
described by Alonso and Palomo [38]. In addition to the N-A-S-H, an
ardealite (Cap(HPO4) (SO4)H20) peak is formed after 3 h of dissolution.
According to Fig. 11A, the decrease in the amounts of kyanite and
gingheiite is proportional to the dissolution time. Nevertheless, the
concentrations of gehlenite and pigeonite increase in the early stages of
the dissolution and start decreasing after 24 h. The concentrations of
quartz, albite and graphite in the solid residue do not change signifi-
cantly over time, it can thus be inferred that these phases do not react to
a greater extent during the dissolution and remain relatively intact. The
expected semi-amorphous halo around 20-30° (20) was observed to be
very weak and slightly visible (72 h); therefore, it cannot be used for a
precise quantification of the reactive phase in geopolymer precursors.

As shown in Fig. 10B, the crystalline phases in FA2 are quartz, an-
hydride, kyanite, gehlenite, calcite, gingheiite, anorthite (Ca(Al,SizOg)),
albite, and lime. The solid residue obtained from the dissolution of FA2
showed no trace of semi-amorphous phase due to the absence of the
semi-amorphous hump expected around 20-30° (26). The disappear-
ance of the peaks representing anhydride (20 = 26°), calcite (20 = 29°),
and lime (20 = 37°) can be observed in Fig. 11B. This could have
resulted from the reaction of these compounds with the hydroxides that
produced, for example, ardealite (72 h). However, after a dissolution
time of 3 h, no ardealite peak was formed, despite the disappearance of
the three peaks representing lime, calcite, and anhydride. This may
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Fig. 12. SEM images of the biomass ash samples with respect to the dissolution time. Captions: a: before dissolution, b: 3 h dissolution, c: 24 h dissolution, and d: 72
h dissolution; FA2, e: before dissolution, f: 3 h dissolution, g: 24 h dissolution, h: 72 h dissolution.

indicate that the complete dissolution of lime, calcite and anhydride was
achieved in 3 h. Different from FA1, no peak was observed representing
the N-A-S-H compound at 20 = 14°. In addition to quartz and albite, no
significant change was observed in gehlenite, kyanite and anorthite
contents (see Fig. 10B above) independent of the dissolution time, which
suggests that these phases are poorly soluble or insoluble in the applied
reaction conditions.

3.6.2. SEM-EDS

The SEM images of the samples (before and after dissolution) are
presented in Fig. 12. The spherical particles of biomass fly ash are called
cenospheres which contain high concentrations of aluminosilicates.
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However, these cenospheres are partially reactive, and they dissolve
partly in the highly alkaline solutions. The dissolution could be
enhanced by increasing the temperature, the NaOH concentration, or
the dissolution time [20]. Fig. 12 illustrates the dissolution of ceno-
spheres in two ways: first, with a prolonged reaction, the amount of
cenospheres starts to decrease which was observed after 24 h and 72 h
for FA1 and FA2. It can thus be suggested that the partially reactive
cenospheres in biomass fly ashes start to dissolve after the given reaction
times. Second, a layer covering the surface of the solid residues can be
observed (Fig. 12C, D, G, and H). This layer may have formed as a result
of the aluminosilicates precipitation since it is more visible after 24 h,
which corresponds to the decrease of concentrations of Al and Si (see
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Fig. 13. EDS results of FA1 (A) and FA2 (B) showing the fractions of Al, Si and Ca.

Fig. 7 above). Data presented in the supplementary file (Fig. S1 — S8, EDS
mappings) further confirms this suggestion where the Al and Si content
could be seen locally agglomerated before the dissolution, whereas they
are scattered on the entire surface of the materials after the dissolution
(24 h onwards).

The EDS results of Al, Si and Ca in the dissolution residues are shown
in Fig. 13. The increasing contents of Al and Si could be attributed to the
dissolution of the larger Ca amount present in the ashes compared to
that of Al and Si. These results further suggest that the dissolution of Ca
occurred at a significantly higher yield compared to that of Al and Si,
whose fractions seem to decrease as the reaction proceeds. This finding
is also consistent with the XRD data, where the peaks of calcite, lime,
and anhydride decrease and disappear with increasing dissolution times.

4. Conclusions

This work focused on defining the kinetics of Al and Si dissolutions
from two different biomass-based fly ashes in NaOH solutions, using the
NaOH concentration and temperature as the main variables. The find-
ings of this study provide a new understanding of the release rates of
aluminosilicates near equilibrium conditions from biomass-based fly
ashes in alkaline solutions, which have a major impact on the properties
of the geopolymerisation products. Based on the ICP-MS, XRF, quanti-
tative XRD, and SEM-EDS analyses, the results of the study show that the
dissolution kinetics of Al is faster compared to Si. The results also sug-
gest that the dissolution yield of aluminium is significantly higher than
that of silica, independent of the reaction conditions. Furthermore, it
was shown that the NaOH concentration has a strong influence on the
dissolution of Si, and that increasing the reaction temperature (<60 °C)
not only accelerates the dissolution but also the reprecipitation. For the
determination of the Si dissolution, it is suggested that a NaOH solution
is applied with a minimum concentration of 9 M. The significantly
different dissolution behaviour of aluminosilicates in FA1 and FA2 is
likely to be related to the different specific surface areas of the biomass
ashes, their different chemical compositions, and to their possibly
different amorphous contents. In the comparison of the fourteen kinetic
models, the dissolution of Al in NaOH solutions can be described very
well with the Kabai model for both FA1 and FA2, whereas the 1-dimen-
sional diffusion, Valensi, Jander, and Ginstling-Brounsthein models
were found to be the most suitable to explain the dissolution kinetics of
Si. The Rietveld analysis of the X-ray diffraction data demonstrated that
quartz and albite are inert minerals in the ashes, while lime, anhydride
and calcite are more readily soluble. Finally, although preliminary, this
study suggests that these ashes may be utilised for the production of
geopolymer composites. However, further research is required to
investigate the viability of the precursors, since the characteristics of the
composites cannot be predicted only by the dissolution behaviours.
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