
Citation: Kaminskas, R.; Eisinas, A.;

Barauskas, I.; Gaivenis, M.

Hydrothermally Treated Biomass Fly

Ash as an Additive for Portland

Cement. Sustainability 2024, 16, 2754.

https://doi.org/10.3390/su16072754

Academic Editor: Adam Smoliński
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Abstract: This study aimed to investigate the possibility of using biomass fly ash as a cement additive
after hydrothermal modification. The treatment of biomass fly ash involves additional milling and
curing under various hydrothermal conditions. Variation of the CaO/SiO2 ratio was achieved by
mixing different samples of biomass fly ash. Samples with a CaO/SiO2 ratio of 1 and 1.5 were
selected for synthesis, and cement samples with different amounts of the synthesized additive were
examined. The research employed the following methodologies: XRD, XRF, DSC-TG, ICP-OES, and
isothermal calorimetry. It was found that in all the biomass fly ash samples, calcium silicate hydrates
already formed after 2 h of hydrothermal synthesis at 200 ◦C. Analysis of the chemical composition
of the liquid medium after hydrothermal maintenance revealed an exceptionally low release of heavy
metals from the samples. The synthesised additive accelerated the initial hydration of Portland
cement. In total, 5% to 10% of the weight of cement can be replaced by hydrothermally treated
biomass fly ash without reducing the compressive strength class of Portland cement samples.

Keywords: biomass fly ash; calcium silicate hydrates; Portland cement; synthesis; hydration

1. Introduction

The primary issue facing the contemporary world is the phenomenon of global warm-
ing, which originates from substantial emissions of greenhouse gases released into the
atmosphere. An effective approach to addressing this issue involves increasing the adop-
tion of renewable energy sources such as wind and solar power. Among these sources,
biofuels stand out, which are experiencing a remarkable increase in utilization. Biofuel is an
organic substance of plant or animal origin that is traditionally used as an energy source [1].
During the biomass combustion process, fly ash—fine solid particles that accumulate in
exhaust gas and are collected using gas filtration devices, usually electrostatic filters or
cyclones—is produced [2]. As industries increasingly turn to biomass as a renewable energy
source, the by-product of this process, fly ash, presents a serious challenge. Biomass fly
ash can exhibit significant variability in its chemical and physical properties; moreover,
biomass fly ash often contains trace heavy metals and other unwanted elements. These
potentially hazardous elements can pose health and environmental risks [3]. Traditionally
considered a disposal issue due to its potential environmental risks, biomass fly ash waste
can be transformed into a valuable resource through sustainable practices.

The incorporation of biomass fly ash in cement production represents a sustainable and
environmentally friendly approach that has gained increasing attention in recent years [4].
However, the use of biomass fly ash in cementitious systems can also provide different
results. In past research, the compressive strength was below that of control samples [5,6] or
exceeded that of control samples [7]. On the contrary, poorer results were observed in sam-
ples containing higher proportions of wood ashes [4,8]. Furthermore, certain information
presented in the literature [9] indicates an extremely distinct chemical composition of wood
ash. However, regardless of geographic location or combustion method, the composition
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of biomass fly ash is dominated by calcium and silicon compounds [10,11]. Calcium and
silicon oxides are also the main components of cementitious systems, and when cement is
hydrated, the most important compounds of hydrated cement are formed: calcium silicate
hydrates (C-S-H).

Synthetic calcium silicate hydrate can also be used as an additive to Portland cement.
C-S-H particles are different from other supplementary cementitious materials, as they
are considered ideal materials for nucleating C-S-H products [12]. It should be noted that
achieving high purity for every C-S-H phase may not be feasible, often resulting in mixed
phases [13]. The post-synthesis grinding of the product may be necessary to develop an
efficient accelerator for cement hydration. This results in a reduction in both induction and
dormant periods [14,15]. Various studies have explored cement additions in the range of
0.04 wt.% to 10% wt.% [16,17]. C-S-H particles have demonstrated their role as direct sites
for secondary nucleation or the growth of additional hydration products, diverting the
product formation process from clinker particles [18].

In addition, calcium silicate hydrates have the ability to incorporate calcium or alu-
minium ions into their framework, along with indications of intercalation of sodium,
potassium, and other ions [19,20]. Therefore, there is a high probability that during the
hydrothermal treatment of biomass fly ash, the main components of which are calcium and
silicon oxides, C-S-H may be formed, and unwanted ash elements may be permanently
incorporated into their framework.

Therefore, this work evaluated the possibility of using fly ash formed during biomass
burning for the hydrothermal synthesis of calcium silicate hydrates, and investigated the
properties of this newly synthesized material as an additive for Portland cement.

2. Materials and Methods
2.1. Materials

In this work, biomass fly ash (BFA) was collected from industrial plants that use
biomass as an energy source. Monitoring of the change in the chemical composition of BFA
was carried out for 6 months in 8 different plants. The BFA was collected from a common
gas treatment system, where the gas is first cleaned in cyclones and then in e-filters and
everything goes into a common tank, separately from the cyclones and separately from the
e-filters. A total of 25 kg of each fly ash sample was collected. The mass of the selected
sample was reduced to 5 kg by the quartering method [21]. A selected amount upon
further quartering was reduced to a representative amount for analysis and hydrothermal
synthesis. As expected, the chemical composition of all samples varied within very wide
limits. Since this work adopted the hydrothermal synthesis of BFA, the CaO/SiO2 (C/S)
ratio was chosen as the main indicator for the selection of BFA samples for the research.
This ratio in the tested specimens varied from 0.61 to 8.57. However, a general regularity
was observed in that the ash collected in e-filters was distinguished by the highest C/S ratio
(7.39–8.57), and in the ash collected in common gas treatment system or in cyclones, this
ratio varied only in the range 0.67–1.56. This is because, in e-filters, the smallest particles
are collected and the amount of SiO2 is negligible. Three samples (abbreviated as S, A and
R) with the lowest, highest and average C/S ratio were selected for the investigation. The
chemical composition of these materials, determined by the XRF method, is presented in
Table 1.

X-ray analysis (Figure 1) revealed that quartz (SiO2), calcium carbonate (CaCO3),
portlandite (Ca(OH)2) and CaO can be identified in all fly ash curves. In addition to these
main compounds, the curve of sample S shows the diffraction maxima of arcanite (K2SO4),
while sample A shows that of akermanite (Ca2MgSi2O7), aluminum phosphate (AlPO4),
magnesium oxide and a negligible hump at an angle of 18–29◦, which is characteristic of
amorphous compounds.
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Table 1. Chemical composition wt.% of raw materials.

Sample S R A Portland Cement (OPC)

CaO 27.1 58.3 27.9 61.39
SiO2 26.5 6.8 41.6 19.52
K2O 9.91 4.52 4.87 1.06
SO3 7.55 1.9 3.22 2.5

MgO 2.77 4.59 3.59 3.93
Al2O3 2.64 2.85 4.23 5.03
P2O5 2.61 2.57 2.95 -
Fe2O3 1.57 1.28 3.30 3.05

Cl 1.09 1.01 0.386 -
Na2O 0.475 0.788 0.597 0.12
TiO2 0.359 1.64 0.353 -
ZnO 0.329 0.294 0.148 -
MnO 0.246 0.846 0.728 -
BaO 0.118 0.2 0.143 -
SrO 0.042 0.07 0.045 -

WO3 0.04 - - -
ZrO2 0.026 0.013 0.03 -
CuO 0.02 0.023 0.02 -
Rb2O 0.014 0.01 0.01 -
PbO 0.013 77 ppm 80 ppm -
Br 53 ppm 0.013 - -

CoO 33 ppm - - -
C/S ratio 1.02 8.57 0.67
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Figure 1. X-ray diffraction analysis of biomass fly ash. Indexes: Q—quartz; CaO—calcium oxide;
Mg—magnesium oxide; Al—aluminum phosphate (AlPO4); CH—portlandite; CC—calcite; CM—
akermanite (Ca2MgSi2O7); Ar—arcanite (K2SO4).

The DSC analysis curves (Figure 2a) show endothermic effects with maxima in the
temperature regions of ~100, 400, and 700 ◦C. These transformations are characteristic
of the following processes: about 100 ◦C—the evaporation of adsorbed water from ash,
400 ◦C—the decomposition of portlandite, 700 ◦C—the decomposition of CaCO3. The
decomposition temperatures of CaCO3 in the samples are not in agreement due to the
difference in the size of the crystals formed during combustion [22]. However, a peak
at 573 ◦C is also identified in the curve of samples A and S, which is the characteristic
recrystallization of quartz from alpha to beta modification, while the peaks at 870 ◦C seen
in the curve of samples S and R can be attributed to the dehydroxylation process of a
compound of apatite type [23]. This phase was not identified by X-ray diffraction analysis
because of its weak crystallinity. The TG analysis curves (Figure 2b) show that the total
mass loss of sample S is 16.27%, of sample R is 18.22%, and of sample A is 12.12%.
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Figure 2. STA analysis curves of biomass fly ash. DSK curves (a) and TGA curves (b).

In this investigation, ordinary Portland cement CEM I 42.5 N was used; the chemical
composition is given in Table 1.

2.2. Sample Preparations

Hydrothermal treatment of biomass fly ash. A C/S ratio of 1 and 1.5 was selected for
the synthesis of calcium silicate hydrates. For this purpose, the sample S was used as-
received, while samples A and R were mixed to achieve the C/S ratio of 1 and 1.5. Before
synthesis, all samples were ground in a vibratory disc mill for 2 min at 950 rpm until
powders were obtained, which were sieved through a 0.08 mm sieve. The components of
the mixtures were accurately weighed and placed in a sealed plastic container. To ensure
complete homogenization, three porcelain grinding bodies were added to the container.
The mixtures were homogenized using a “TURBULA TYPE T 2 F” device at a speed of
49 rpm for 15 min.

Each initial mixture was combined with distilled water to achieve a suspension with
a water-to-solids ratio (W/S) of 5. Synthesis occurred without stirring the suspension,
placed in 25 mL PTFE vessels within a “Parr Instruments” autoclave (Moline, IL, USA) at
a saturated steam temperature of 200 ◦C, with an isothermal treatment time of 2 to 24 h.
The saturation of the water vapor temperature was achieved in 2 h. The quantities were
adjusted to produce the required 2 g of materials for each synthesis. For the synthesis
of additives for Portland cement, the synthesis conditions (2 h, 200 ◦C, W/S = 5) were
reiterated in a 1 L autoclave, in which 80 g of material was synthesized. The synthesis was
repeated until the required amount of material was obtained.

After synthesis, the obtained product was removed from the PTFE vessels and dried
in a dryer at a temperature of 50 ◦C to a constant weight. The dried material was then
manually crushed in an agate mortar until all the material passed through a 0.063 mm sieve.
The resulting powder was used as an additive to Portland cement.

2.3. Testing Methods

Simultaneous thermal analysis (STA) was performed with a PT1000 (Linseis, Germany),
analyzer. The temperature range was 30–1000 ◦C in steps of 15 ◦C/min. The uncertainty in
measurements for the DSC was ±0.2 ◦C, and for TG, it was ±0.3%.

The X-ray diffraction (XRD) method was used to determine the mineral composition of the
samples. XRD data were collected with a Bruker D8 Advance diffractometer using a Bragg–
Brentano geometry with a detector step of 0.02◦ and a 2θ angle of 3–70◦. The reliability of
the method—99%.

The X-ray fluorescence (XRF) method was used to determine the chemical composition of the
samples. XRF data were collected on a Bruker S8 Tiger WD spectrometer equipped with an
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Rh tube with energy up to 60 keV. The samples were measured in a He atmosphere, and the
data were analysed using SPECTRAPlus V.2 QUANT EXPRESS software. The reliability of
the method—98%.

To determine the overall concentrations of elements in the solutions after hydrothermal
treatment, Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) Optima
8000 (PerkinElmer Instruments Co., Shelton, USA) was used. Argon was used as the ICP
torch gas (7.0 L/min) and purge gas (1.0 L/min). The parameters of the recirculating cooling
system (chiller) were as follows: cooling capacity at 20 ◦C: 2850 watts; temperature stability:
±0.5 ◦C; and pump rate: 4 gal/min at 55 psi max. The uncertainty in measurements was
±5 ppm.

The materials were milled with a FRITSCH PULVERISETTE 9 mill.
The properties of the cement paste were ascertained according to EN 196-3 [24].
An ordinary sand-free Portland cement (OPC) paste was prepared for instrumental

analysis. Subsequently, the samples were immersed in distillated water at 20 ± 1 ◦C for
durations of 2 and 28 days. After the respective periods, the samples were crushed and
rinsed with isopropanol. The resulting material was then dried at 45 ◦C for 12 h and stored
in hermetic bags.

Samples (prisms 40 × 40 × 160 mm) for compressive strength analysis were formed
according to EN 196-1 [25]. The cement/sand ratio in the samples was 1:3 and the wa-
ter/cement ratio was 0.5:1.

Calorimetric analysis was carried out by using a TAM Air III calorimeter. The mea-
surement deviation was <0.03 W/g. The obtained results were recalculated per gram of
Portland cement.

3. Results
3.1. Hydrothermal Treatment of Biomass Fly Ash

The hydrothermal treatment was applied to three samples, the abbreviations of which
are presented in Table 2. The isothermal holding time at 200 ◦C for all samples was chosen
at 2, 4, 8, and 24 h.

Table 2. Samples’ abbreviations.

Sample Abbreviations C/S Ratio

Fly ash collected from the common gas treatment system S1 1.02
Mix of fly ash collected from the common gas treatment

system and e-filters AR1 1.00

Mix of fly ash collected from the common gas treatment
system and e-filters AR1.5 1.50

It was determined that in all the biomass fly ash samples, after 2 h of hydrothermal
treatment, tobermorite (d-spacing: 1.130, 0.548, 0.308, 0.298, 0.282, 0.184) was obtained
(Figure 3). By prolonging the duration of synthesis to 4, 8, and 24 h, the intensities of the
tobermorite diffraction peaks increase only slightly (Figure 3, curves 4–24 h). Meanwhile,
the intensities of the diffraction maxima characteristic of quartz also slightly decreased.
It should be noted that only one other primary crystalline compound, calcium carbonate,
remained in the synthesis products under all experiment conditions. This finding shows
that the hydrothermal treatment of biomass fly ash results in a product consisting only of
quartz, calcite, and calcium silicate hydrates (tobermorite).
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Figure 3. X-ray diffraction analysis of hydrothermal treatment of different biomass fly ash: (a)—sample S1,
(b)—sample AR1, (c)—sample AR1.5. Indexes: Q—quartz; CC—calcite; T—tobermorite.

This affirmation was confirmed by the results of the simultaneous thermal analysis
(Figure 4, Table 3). Because the curves of the DSC analysis of all the samples are closely
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similar as in the case of the XRD analysis, only the graphs after 2 and 24 h of synthesis
are presented.
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Figure 4. DSC analysis curves of samples after 2 h (a) and 24 h (b) of hydrothermal treatment.

Table 3. Thermogravimetric analysis data on sample mass loss at 50 and 200 ◦C after different
durations of synthesis.

Sample

Duration of Synthesis, h

2 4 8 24

Mass Loss (%)

S1 3.51 4.05 4.20 4.14
AR1 3.97 4.53 4.60 4.66

AR1.5 2.42 3.08 3.38 3.75

In all the DSC curves of the samples treated for 2 h under hydrothermal conditions
(Figure 4a), four endothermal effects are visible. Three effects describe the thermal changes
in materials identified by the XRD method. The endothermal effect with a maximum
at 132 ◦C is attributed to the removal of absorptive/structural water from the synthesis
products, which is also characteristic of the partial decomposition of tobermorite [26]; a
peak at 573 ◦C describes the recrystallization of quartz from alpha to beta modification;
and a peak at 730 ◦C is attributed to the decomposition of CaCO3. In addition to these
described peaks, another non-intense endothermic effect is visible in the temperature range
of 350–390 ◦C in the DSC curves of all samples. This peak is typical for the decomposition of
hydrogarnets with varying degrees of silicate substitution [27], which, due to its amorphous
form, was not identified by the XRD method.
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The main difference between the profiles of the DSC curves is the exothermic effect
at ~845 ◦C, which appears in the curve of sample AR1.5. This peak is indicative of the
transformation of semi-crystalline or amorphous calcium silicate hydrates with a lower
CaO/SiO2 ratio (C-S-H(I)) into wollastonite [28]. This shows that not only crystalline but
also amorphous calcium silicate hydrates can form in the synthesis products, which are
not identified by the XRD method. After 24 h of synthesis, the peak of recrystallization
of these amorphous compounds into wollastonite is already visible in the DSC curves of
all samples (Figure 4b). The earlier formation of amorphous calcium silicate hydrates in
sample AR 1.5 is apparently related to the nature of the starting materials. This sample
contains the largest amount of R-type fly ash, in whose XRD curve (Figure 1) amorphous
compounds were identified.

Since the target synthesis product was calcium silicate hydrates, Table 3 presents the
TG analysis data for the mass loss of all hydrothermally treated samples at temperatures
between 50 and 200 ◦C.

As can be seen from the provided data, calcium silicate hydrates already formed after
2 h of hydrothermal treatment. By extending the synthesis time to 24 h, the amount of
new calcium silicate hydrates formed increased slightly. The highest mass losses during
the decomposition of calcium silicate hydrates were recorded in the AR1 sample and the
lowest were recorded in the AR 1.5 sample.

On the other hand, 2 h of hydrothermal treatment at 200 ◦C was a sufficient amount
of time for the formation of calcium silicate hydrates. The slightly higher amount of these
compounds, formed by extending the duration of synthesis, does not compensate for the
energy costs required for synthesis.

In addition to the study of the composition of the synthesis products, a study of the
chemical composition of the liquid medium remaining after the filtering of the synthesis
products was carried out. The data of the ICP-OES analysis results after 2 h of hydrothermal
treatment are presented in Table 4.

Table 4. Concentration of components in liquid medium after 2 h of hydrothermal treatment.

Component AR1 AR1.5 S1

Concentration wt.%

SO3 0.8 0.9225 0.4125
K2O 1.626923 1.852885 4.278205

Na2O 0.3875 0.377391 0.303261
CaO 0.000374 0.001426 0.003126

Concentration ppm
MgO 0.55 0.55 3.516667
P2O5 0.99629 0.618387 0.77871
PbO 0 0.118502 0.075411
TiO2 0 0 0

Al2O3 18.23722 90.57222 0.661111
SrO 0.171364 0.200909 0.165455
CuO 1.6125 0.475 0.43125
ZnO 0.311538 0.423692 0.174462
BaO 0.15635 0.34062 0.413212
MnO 0 0 0
Fe2O3 0.485714 0.307143 0

Total leached from
ash, wt.% 2.8170 3.1636 4.9977

As can be seen from the data in Table 4, the most soluble components—SO3, K2O,
Na2O, and CaO—were mostly transferred to the liquid medium during hydrothermal
synthesis. The concentration of all other components, including heavy metals, in the liquid
medium was extremely low. The total amount of leached materials from ash during the
hydrothermal treatment was the highest in sample S1, which contained the most K2O.
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It should be noted that due to the small amount of components transferred to the
liquid medium, this medium can be reused for synthesis. After several stages of synthesis,
the liquid medium can be easily purified with anionic and cationic sorbents. Therefore, it
can be concluded that the hydrothermal biomass fly ash processing method is a sustainable
method that allows the prevention of environmental pollution.

3.2. The Influence of Synthesized Additive on Portland Cement Hydration and Hardening

The cement paste samples were formed by substituting 5–15 wt.% of ordinary Portland
cement with synthesized additives (S1, AR1, and AR1.5). Table 5 displays the mixing ratios
and principal properties of the cement paste samples.

Table 5. Normal consistency and setting time of Portland cement paste with additives.

Component (wt.%)
Abbreviation

Normal
Consistency

W/C (%)

Setting Time (min)

OPC S1 AR1 AR1.5 Initial Final

100 - - - OPC 0.28 84 136
90 10 - - 10S1 0.36 80 165
90 - 10 - 10AR1 0.34 85 170
90 - - 10 10AR1.5 0.32 120 175

As depicted in Table 5, the water requirement to achieve normal consistency in cement
pastes containing additives exceeds that of pure cement pastes. This phenomenon is
ascribed to the sorption properties of the synthesized additives, which prompt a heightened
water demand. All samples with additives exhibited slightly longer setting times (except
the initial setting time of sample 10S1) compared to the pure Portland cement paste. The
longer setting times in samples with additives could be related to the elevated sulphate
content (Table 1) in biomass fly ash.

For an estimate of the influence of synthesized additive on the early hydration process
of Portland cement, an isothermal calorimetry test was performed. The test was carried
out with a pure Portland cement sample and samples in which 10% by weight of Portland
cement was replaced by additives S1, AR1, and AR1.5. The test results are presented in
Figure 5.

The highest intensity of heat flow was identified in the Portland cement without
additives. Meanwhile, in samples with additives, the induction period came earlier than
in the OPC sample and was significantly shorter, especially in samples 10S1 and 10AR1
(Figure 5a). In these samples, the second peak of heat emission, related to the hydration
of calcium silicates, also appeared in a shorter time period from the start of hydration.
Meanwhile, the second peak of heat evolution in the AR1.5 sample was reached at the same
time as in the OPC sample. The shifting of heat flow curves with additives to the side of
shorter durations indicates the acceleration of C3S hydration in the early period. However,
this acceleration does not compensate the reduction in the degree of the C3S hydration
reaction, because in the samples with additives, less C3S reacts, and more heat of hydration
is released from the sample cement without additives (Figure 5b).

The XRD analysis curves of the samples hydrated for 2 and 28 days are presented
in Figure 6. In all samples, regular cement hydrates were formed, ettringite (PDF 41-
1451) and portlandite (Ca(OH)2) (PDF 84-1271). In addition, unhydrated calcium silicates
(C3S, C2S) (PDF 42-551) and calcite (CaCO3) (PDF 5-586) were detected in the samples.
Although the XRD curves of the samples after 2 days of hydration (Figure 6a) appear similar,
a disparity can be observed in the intensities of the portlandite peaks and unhydrated
calcium silicates. The samples containing additives exhibit higher intensities of portlandite
and lower intensities of unhydrated calcium silicates compared to the pure cement sample.
The same trend persists after 28 days of hydration (Figure 6b); however, the differences in
the peak intensities mentioned in these XRD curves are not so clear.
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Figure 5. The isothermal calorimetry analysis results of samples: (a) heat flow; (b) total heat.

The outcome of the simultaneous thermal analysis is presented in Figure 7 and Table 6.
After 2 days of hydration, as well as after 28 days of hydration, the profiles of the DSC curves
of all samples are very similar; only the intensities of the peaks are slightly different. Three
endothermic peaks are observed in the temperature range from 30 to 950 ◦C (Figure 7). The
peak at 50–220 ◦C is associated with the split of the main cement hydrates (C-S-H, ettringite,
calcium aluminate hydrate, hydrogarnets), the peak at ~450 ◦C identifies the decay of
portlandite, and the peak at 650–750 ◦C indicates the decomposition of calcite [29]. After
28 days of hydration, the character of the DSC curves remains the same (Figure 7b), except
for one notable difference. Another weak endothermic effect appears in the temperature
range of 350–390 ◦C in the DSC curves of all samples with additives. This effect can also
be observed in the DSC curves of samples after hydrothermal treatment (Figure 4a). As
mentioned above, this peak is typical of the decomposition of hydrogarnets, and this
fact shows that the investigated additives also promote the formation of hydrogarnets
in cement.
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In Table 6, the total mass loss of the samples at 50–220 ◦C is presented, excluding the
mass loss of the additive itself because part of the additive loses its mass at this temperature
due to the dehydration of C-S-H. After 2 days of hydration, the mass loss of the sample
without additive and the samples with 10% by weight of the additives S1 and AR1.5 was
the same at this temperature, while the mass loss of the sample with the AR1 additive
was higher. This indicates that, even with a lower amount of cement in the reaction, the
samples with all additives produced the same or a higher amount of main cement hydrates.
The same trend could be seen after 2 days of hydration in the amount of mass loss of the
samples during portlandite decomposition at 450 ◦C. The mass loss of the samples with
additives S1 and AR1.5 was greater than the pure cement sample, while the mass loss of
the sample with the AR1 additive was slightly smaller. In summary, it can be said that all
the additives promote the hydration of calcium silicates, but in the samples with additives
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S1 and AR1.5, more portlandite is formed, and in the AR1 sample, more calcium silicate
hydrates are formed.
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Table 6. Results of the thermogravimetric analysis after 2 and 28 days of hydration.

Sample

Mass Loss (%)

Temperature Range (◦C)

50–220 ~450 570–750

After 2 Days of Hydration

OPC 7.04 2.01 2.40
10S1 7.40/7.05 * 2.19 2.41

10AR1 7.74/7.35 * 1.88 2.73
10AR1.5 7.28/7.04 * 2.47 3.41

After 28 days of hydration

OPC 8.90 2.80 2.85
10S1 9.41/9.06 * 2.55 3.63

10AR1 9.01/8.62 * 2.76 3.82
10AR1.5 8.9/8.76 * 2.87 3.36

* without mass loss of additive itself.

After 28 days of hydration, this trend is no longer observed. The highest mass losses at
temperatures of 50–220 ◦C were determined in the sample without additives and in sample
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10S1; however, the highest mass losses at ~450 ◦C remained in sample 10AR1.5. Therefore,
it can be said that during the initial hydration period (up to 2 days), the investigated
additives promote the hydration of Portland cement, but as the duration of hydration
increases to 28 days, this influence becomes less noticeable.

Figure 8 summarizes the data of the compressive strength of the Portland cement
samples for different durations of hydration and different additives.
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Figure 8. Compressive strength of Portland cement samples with different additive after 2 and
28 days of hydration.

Following 2 days of hydration, the compressive strength of the samples incorporated
with 5 wt.% of various additives was similar to that of pure cement (24.60 MPa), ranging
from 24.55 to 24.60 MPa. However, with increasing additive content up to 15 wt.%, the
compressive strength of all samples with additives decreased compared to that of the pure
cement sample, regardless of the specific additive used. However, it should be noted that
the compressive strengths of all samples after 2 days of hardening meet the requirements
of the EN 197-1:2011 standard [30] and are greater than 10 MPa. After 28 days of curing, all
samples with 5 wt.% of different additives showed slightly higher compressive strengths
(44.2–44.8 MPa) than the Portland cement sample (44.1 MPa) and met the requirements of
the mentioned standard for cement 42.5 N. The requirements of this standard are also met
by the compressive strength of sample with 10 wt.% of AR1.5 additive (42.9 MPa). The
compressive strengths of all other samples with additives decreased in direct proportion to
the amount of additive added and were lower than 42.5 MPa.

In summary of the findings of this section, it can be concluded that knowing the
volume of cement production, substituting 5% to 10% of the weight of cement with biomass
fly ash after hydrothermal treatment allows the sustainable utilization of a significant
portion of this waste.

4. Conclusions

1. The biomass fly ash collected in the e-filters was distinguished by the highest CaO/SiO2
ratio (7.39–8.57), and in the ash collected in a common gas treatment system or in
cyclones, this ratio varied only in the range of 0.67–1.56.

2. Calcium silicate hydrates had already formed after 2 h of hydrothermal treatment
at 200 ◦C, when the initial CaO/SiO2 ratio of 1 and 1.5 was chosen. In the synthesis
products, tobermorite and amorphous calcium silicate hydrates dominated. Together
with these compounds, quartz, calcite, and hydrogarnets were identified.

3. All synthesized additives accelerated the hydration of calcium silicates in the early
period of hydration of Portland cement.
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4. 5% to 10% of the weight of cement can be replaced by hydrothermally treated biomass
fly ash without reducing the compressive strength class of Portland cement samples.
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