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Article

Use of a Glaciogene Marine Clay (Ilulissat, Greenland) in a Pilot
Production of Red Bricks

Louise J. Belmonte, Lisbeth M. Ottosen and Gunvor M. Kirkelund *

Department of Environmental and Resource Engineering, Technical University of Denmark (DTU),
2800 Lyngby, Denmark; limo@dtu.dk (L.M.O.)
* Correspondence: gunki@dtu.dk

Abstract: Uplifted occurrences of fine-grained glaciogene marine sediments are found throughout
the northern hemisphere. These sediments could be used to produce local construction materials, to
rely less on imported construction materials from southern regions. In this study, a representative
occurrence from Ilulissat, West Greenland, was investigated as a potential resource for local brick
production. The study comprised three parts: (1) raw material characterization based on grain size
distribution, major element chemistry, including total carbon, sulfur, and chloride concentrations,
mineralogy, morphology, and Atterberg limits; (2) the production of test bricks at a Danish brickwork;
and (3) testing of the bricks based on total shrinkage, water absorption, hygroscopic adsorption, open
porosity, bulk density, compression strength, and mineralogy. The bricks produced proved to have
excellent compression strength, low open porosity, and low water absorption. The shrinkage could
be reduced by adding 10% chamotte to the marine sediment. Based on the investigated properties,
this indicates that this type of clay is highly suitable as a resource for bricks.

Keywords: Arctic; marine sediment; construction material; fired brick; brickwork; pilot

1. Introduction

The Arctic climate places high demands on the construction materials used, which
are, at the same time, mostly imported from southern regions, in the climatic conditions
in which they were intentionally developed. The high cost and logistical challenges of
importing construction materials to the Arctic make it relevant to explore locally sourced
materials. Large occurrences of fine-grained glaciogene marine sediments were deposited
after the last glaciation and some later uplifted above sea level due to isostatic movements.
Today, they can be found all over the formerly glaciated northern hemisphere regions,
such as Canada, northern Scandinavia, and Greenland [1–6]. The marine sediments are
dominated by a <60 μm fraction (clay and silt fractions) and contain only a minor amount
of the 60–2000 μm fraction (sand fraction).

Studies of Greenlandic, Norwegian, and North American marine sediments have
shown qualitatively similar mineralogy results often consisting of feldspars, quartz, amphi-
bole, mica/illite, chlorite, expandable clay minerals (e.g., smectite, vermiculite, and mixed
layer clays), and calcite, and their fine and colloid fractions contain a high percentage
of primary minerals, such as quartz, feldspars, and amphibole [1–5,7–9]. The chemical
composition of the studied samples of marine sediments from this region is shown in
Table 1, compared to marine sediments from other areas and Danish clay, both used for
brick production.
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Table 1. Major element composition of marine sediments and brick clays.

Glaciogene Marine Sediments

Chemical
Oxide
(wt%)

Greenland
(North Atlantic

Craton) [9]

Greenland
(Nagssugtoqidian

Orogen) [10–12]
Norway [5,8] Canada [2,3]

Marine
Sediments

Used for Clay
Bricks [13–16]

Typical Clay
for Danish Red

Bricks [17]

SiO2 53.99 57.5–64.2 45.8–53.6 46.8–62.6 47.13–63 55.46–76.97
TiO2 0.71 0.6–0.8 0.8–1.1 0.0–1.0 0.63–0.81

Al2O3 16.44 14.5–16.2 14.3–21.5 15.4–23.4 7.69–17.23 9.59–14.41
Fe2O3T 8.55 6.2–6.6 8.2–15.2 4.4–8.8 4.13–21.55 3.76–6.96

MnO 0.12 0.1 0.0–0.2 0.1 0.03–0.31
MgO 4.94 2.4–3.8 3.9–5.1 2.1–4.9 0.05–3.6 0.87–1.71
CaO 3.72 2.4–4.4 1.0–4.1 2.9–5.4 0.68–7.49 0.68–2.48

Na2O 3.84 3.3–4.5 1.2–2.4 1.3–4.1 0.61–1.9 0.48–1.19
K2O 3.5 2.7–2.9 4.7–6.0 2.4–3.7 1.36–2.13 2.49–3.0
P2O5 0.12 0.1–0.2 0.1–0.3 0.15–0.32 0.06–0.12
LOI 3.72 2.4–5.1 3.5–10.3 1.6–11.9 10–19.35

In West Greenland, quaternary glaciogene marine sediment deposits are observed
throughout the inhabited coastal regions and are, in most cases, easily accessible from
towns and settlements. In addition, the Greenlandic ice sheet is continuously transporting
sediments toward the coastal areas for deposition [18], which make sediments an abundant
resource in Greenland. The geology of West Greenland is dominated by Precambrian crys-
talline basement rocks (approximately 3.8–1.7 Ga) consisting of gneisses (associated with
the greenschist to granulite facies metamorphism) and some mafic, ultramafic, pegmatitic,
and granitic occurrences [19]. Larger occurrences of quaternary marine sediments have
also been mapped in these areas [20], and the chemical composition of the sediments will
vary to some extent based on their provenance area. The Greenlandic marine sediments in
Table 1 include samples from the Nagssugtoqidian orogen [21] (Ilulissat, Kangerlussuaq,
and Qasigiannguit) as well as the North Atlantic Craton (Ilulialik). The Greenlandic sedi-
ments generally fall within the same range of chemical composition as Canadian sediments.
However, in comparison to Norwegian sediments, Greenlandic sediments contain slightly
more SiO2 and Na2O and slightly less Fe2O3T (i.e., total Fe2O3), MgO, and K2O. This
reflects regional differences in sediment provenance.

Research has established that marine sediments are suitable as primary and secondary
resources in the production of clay ceramics [8–11]. The chemical composition of Green-
landic marine sediments is overall comparable to the chemical composition of marine
sediments [13–16] and Danish clay [17] that have previously been used for bricks (Table 1).
Today, bricks are neither commonly used nor produced in Greenland, where construction
materials, such as wood and concrete, are dominant [22], and the total import of materials
for building and construction is about 25% of the total import to the country [23]. Depend-
ing on the raw materials and production methods, bricks have several advantages that
make them an interesting building material in Arctic climate regions, such as Greenland.
They are durable and require almost no maintenance compared to, e.g., wood. Further-
more, they are fire-resistant and have good thermal and acoustic properties [24]. Previous
studies of small clay discs (d = 20 mm, h = 3 mm) produced using Greenlandic marine
sediment, combined with local particulate waste materials, such as waste incineration
ashes and mine tailings, have shown physical and chemical properties that would make
the marine sediment suitable for brick production [10,25]. Brick discs with Greenlandic
marine clay from the town of Sisimiut even showed less shrinkage during firing, as well
as lower porosity and water adsorption and a higher density than brick discs made from
commercially used Danish clay material [10,25]. Low shrinkage and high density indicate
that Greenlandic marine sediments will be stable during brick production and result in
strong bricks, whereas low porosity and water absorption can indicate a more durable
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brick. Therefore, there could be potential in producing bricks from Greenlandic clay ma-
terials, and these promising laboratory-scale results are to be verified by real-size bricks
produced in industrial settings. In this study, marine sediment from the town of Ilulissat,
West Greenland, was characterized and tested for use in industrial brick manufacturing.
Furthermore, the technical suitability of the produced bricks as a local building material
was evaluated by parameters such as compression strength and water absorption.

2. Materials and Methods

2.1. Materials and Sampling

The investigated raw material was a fine-grained glaciogene marine sediment (MS)
from the town of Ilulissat, West Greenland (sampling point red arrow (22 W 0495779
7678250) in Figure 1). Approximately 150 kg of MS was sampled from a depth interval
of 20–100 cm below surface. The material was roughly homogenized with a shovel and
distributed into 10 L plastic buckets, which were sealed and stored at room temperature
until use. Furthermore, two additional raw materials (CR and CH) were used to produce
the bricks. CR is a fine-grained residue produced from crushing granitic rocks for aggregate
production, which is produced at Betoncentralen, Nuuk, Greenland. CH—chamotte—is a
ceramic product with a high alumina and silicon content. CH is currently not produced
in Greenland, but can be manufactured by crushing and milling discarded bricks from a
future production.

Figure 1. Location of sample extraction (marked by the red arrow): Ilulissat, Greenland.

2.2. Characterization of Raw Material

The particle size distribution of MS, CR, and CH was determined by laser diffractom-
etry. The samples were pre-dispersed in approximately 20 mL 0.005 M Na4P2O7 using
ultrasonics, and then analyzed by wet dispersion in deionized water on a Malvern Master-
sizer 2000 laser diffractometer (Malvern Instruments, Malvern, UK). The Mie theory was
applied for calculating the particle size distribution using a real refractive index of 1.5 and
an imaginary refractive index of 0.1.

Majorbelement analyses were determined using the X-ray fluorescence (XRF) tech-
nique on pressed powder tablets prepared from crushed bulk material. The tablets were
analyzed on a PanAlytical MagiX PRO (PanAlytical, Almelo, The Netherlands) equipped
with a Rh-tube and a gas flow detector with a resolution (Mn-Kα) of 35 eV. Excitation
voltage and current were 60 kV and 53 mA, respectively. The loss on ignition (LOI) was
based on weight loss between 105 ◦C and 1000 ◦C and was measured after heating at
1000 ◦C for 2 h.
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The mineralogy was analyzed by X-ray diffraction (XRD) on a X’Pert PRO diffractome-
ter (PanAlytical, Almelo, The Netherlands), using Cu Kα radiation generated at 45 kV and
40 mA. In addition to bulk analyses, the <2 μm fraction of MS was separated by sedimenta-
tion and analyzed as orientated samples after treatments of air-drying, ethylene glycolation
(vapor) at room temperature for at least 48 h, and heating at 350 ◦C and 550 ◦C for a
minimum of 2 h. The mineral phases in the <2 μm fraction were identified according to [26].
The morphology of the materials (mounted on carbon tape) was investigated by scanning
electron microscopy (SEM) on an FEI Quanta 200. Furthermore, total carbon (TC), sulfur (S),
chloride (Cl−), and Atterberg limits were measured for MS. TC and S were measured using
the combustion infrared detection method on LECO CS-200 (LECO Nordic, Täby, Sweden).
The Cl− concentration of the pore water: 4 g of dried MS was dispersed in 50 mL of distilled
H2O for 24 h and filtrated through a 0.45 μm filter by use of vacuum pumping. Cl− (mg/L)
was analyzed by ion chromatography (IC). The Atterberg limits (liquid and plastic limits)
were determined in accordance with DS/CEN ISO/TS 17892-12 [27]. A 0.425 mm sieve
was used for the determination of the liquid limit. An additional determination of the
liquid limit was carried out using the Casagrande method [28].

2.3. Production of Fired Specimens

To evaluate the technical properties, a small-scale test production of fired specimens
was carried out at the Danish brickworks, Petersen Tegl. The raw materials were untreated
prior to production; however, larger particles (>5 mm) were removed by hand if encoun-
tered during mixing and molding. Three main compositions consisting of MS (in pure form
or with 10% substitutions of either CR or CH) were prepared (Table 2).

Table 2. Specifications for the test specimens.

Specimen
Name

MS (wt%) CR (wt%) CH (wt%)
No. of

Specimens
Coal Furnace

Electrical
Furnace

Firing
Temperature

(◦C)

1A 100 2 X 1045–1055
1B 100 3 X 1070–1080
2A 90 10 3 X 1045–1055
2B 90 10 2 X 1030–1040
3A 90 10 3 X 1045–1055
3B 90 10 3 X 1030–1040

The compositions were mixed thoroughly in an industrial mixer and water was added
to obtain a workable mass. The specimens were prepared by hand using the soft-mud
method [29] in a water lubricated wooden mold measuring 18.6 cm × 12 cm × 6 cm
(L × W × H). A wooden piston was used to aid the removal of the mold from the formed
specimens. After forming, the specimens were included in the normal production routine
at Petersen Tegl. They were dried at a maximum of 70 ◦C for 3–5 days. From each
composition, half of the specimens were fired in a fully automated coal-fired tunnel kiln
(reaching a maximum temperature of approximately 1045–1055 ◦C) and the other half were
fired in an electrical furnace (reaching a maximum temperature of either 1030–1040 ◦C
or 1070–1080 ◦C). In both furnaces, the heating and cooling rates were approximately
20 ◦C/hour, using a lowered rate of 4–10 ◦C/h in the interval of 520–620 ◦C. The specimens
were maintained (soaked) at the maximum temperature for approximately 4 h.

2.4. Characterization of Fired Specimens

The total shrinkage of the specimens after firing was calculated as a percentage of
the initial molded length before drying. Water absorption due to capillary action was
determined after DS/EN 772-11 [30] at a temperature of 20 ◦C (±2 ◦C). The samples were
placed in a large tray filled with distilled water to cover 5 mm of the total brick height. The
weight of the samples was measured on dry-wiped samples at certain time intervals until
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the weight was stable for 24 h. Thereafter, the initial rate of water absorption (IRA) and cap-
illary coefficient (k-value) were determined. For the remaining tests, the specimens were cut
(parallel to the width of the specimen) into smaller pieces of approximately 4 × 10 × 5 cm
(length × width × height). The open porosity and bulk density were determined according
to DS/EN 772-4 [31] using a desiccator. The samples were first placed under vacuum
(2 kPa) for 24 h, then under vacuum with added distilled water for 24 h, before the vacuum
was released and the bricks were submerged in water for 24 h. The samples were thereafter
weighed under water and immediately after being wiped dry. The compression strength
was measured on an Amsler 60 tonne hydraulic press on three pieces from each specimen,
which were dried at 105 ◦C for a minimum of three days. For comparison, two Danish red
bricks, WT131 (produced by Wienerberger, Helsinge, Denmark) and D46 (produced by
Petersen Tegl, Broager, Denmark), were included in the compression tests. The hygroscopic
adsorption properties were determined according to ISO 12571 [32] using the desiccator
method, where desiccators with different salts (LiCl, MgCl2, NaBr, NaCl, KCl, KNO3, and
K2SO4) were used to keep different percentages of constant relative humidities. For this
test, small samples of approximately 1 cm × 1 cm × 2 cm (L × W × H) and a weight of
3–11 g were cut from a piece from each specimen. Only one square prism from each sample
was placed in the individual desiccators. The adsorption curves were established at a
temperature of 20 ◦C (±2 ◦C). The bulk mineralogy of the fired specimens was investigated
by XRD using the same equipment and operating conditions as described in Section 2.2.

3. Results

3.1. Raw Materials

The particle size distributions are presented in Figure 2. The d50 values were ap-
proximately 0.02 mm, 0.6 mm, and 0.05 mm for MS, CR, and CH, respectively. MS was
dominated by the <60 μm fraction (clay and silt fractions).

Figure 2. The particle size distributions of MS, CR, and CH.

Raw material properties are presented in Figure 3 and Table 3. SiO2, Al2O3, and Fe2O3T
were the dominating oxides for all raw materials; however, CR had a high percentage of
MgO (9.8 wt%), which made MgO more dominant than Fe2O3 for this raw material. The
total amounts of alkali and alkaline earth elements (K2O, Na2O, MgO, and CaO) were
12 wt%, 18.9 wt%, and 4.3 wt% for MS, CR, and CH, respectively. Additional analyses of
TC, S, Cl−, and Atterberg limits measured for MS are also shown in Table 3.
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(a)

(b)

Figure 3. (a) The bulk mineralogical composition of MS, CR, and CH. A = amphibole, C = chlorite,
F = feldspar, M = mica, MO = metal oxide (most likely an Fecompound, e.g., hematite), Mu = Mullite,
Q = quartz, and T = talc. (b) The clay mineral composition of MS.

Table 3. Characteristics of raw materials. N.M. = not measured.

MS CR CH

M
aj

or
el

em
en

ts
(X

R
F)

SiO2 (wt%) 61.12 61.77 66.94
TiO2 (wt%) 0.59 0.39 1.28

Al2O3 (wt%) 14.52 10.63 19.22
Fe2O3T (wt%) 6.48 6.45 7.80

MnO (wt%) 0.08 0.11 0.06
MgO (wt%) 3.52 9.67 0.99
CaO (wt%) 2.36 3.64 0.33

Na2O (wt%) 3.31 3.11 0.43
K2O (wt%) 2.81 2.51 2.59
P2O5 (wt%) 0.12 0.04 0.06

LOI1000 ◦C (wt%) 5.09 1.68 0.30

TC (wt%) 1.41 ± 0.18 N.M. N.M.
S (wt%) 0.10 ± 0.08 N.M. N.M.

Cl− (mg/L) 3.29 ± 0.04 N.M. N.M.

A
tt

er
be

rg
lim

it
s

Water content (%) 23.5 ± 1.7 N.M. N.M.
Liquid Limit (%) 30.2 ± 0.2 N.M. N.M.
Plastic Limit (%) 20.5 N.M. N.M.
Plasticity Index 9.7 N.M. N.M.

Activity 0.23 N.M. N.M.
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3.2. Fired Brick Specimens

The total linear shrinkages, bulk (apparent) densities, and open porosities of the six
different compositions are presented in Table 4. Composition 2B had the lowest linear
shrinkage but also the highest open porosity and lowest bulk density; the opposite was
true for composition 1B. The initial rate of water absorption (IRA) and capillary coefficients
(k-values) are also presented in Table 4. They generally correlated well, with the IRA values
being about a factor-ten higher than the k-values. The compression strengths of the six
compositions and of the WT131 and D46 bricks are plotted in Figure 4, and the Greenlandic
bricks showed remarkable strength, up to eight-times higher than the values obtained for
the regular bricks. The adsorption curves are shown in Figure 5. The moisture content (U)
is defined according to ISO 12571 [32] as (m1 − m0)/(m0) · 100%, where m0 is the initial
dry mass and m1 is the mass of the same prism when equilibrium with the environment
is achieved. All samples adsorbed moisture at very high relative humidity levels and
only up to a few percent. As these determinations were based on the measurements of a
single square prism, only the general trend can be outlined from the investigations. For
compositions 2B and 3B, the adsorption initiated at a low relative humidity level, whereas
it was only apparent at >80% relative humidity for compositions 1A, 1B, 2A, and 3A.

Table 4. Properties of brick specimens.

Total
Shrinkage

%

Bulk
(Apparent)

Density
kg/m3

Open
Porosity

%

IRA
kg/(m2× min)

k-Value
kg/(m2× s½)

1A 13.8 ± 0.5 2350 4.9 0.170 ± 0.060 0.018 ± 0.005
1B 14.9 ± 0.4 2400 2.9 0.080 ± 0.050 0.008 ± 0.004
2A 11.0 ± 0.5 2260 16.8 0.300 ± 0.010 0.035 ± 0.003
2B 7.7 ± 0.8 1960 38.2 1.630 ± 0.060 0.183 ± 0.010
3A 13.8 ± 0.2 2360 9.3 0.080 ± 0.020 0.009 ± 0.003
3B 11.0 ± 0.4 2090 27.2 0.890 ± 0.180 0.094 ± 0.019

Figure 4. Compressive strength of bricks.
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Figure 5. The adsorption curves of the six tested compositions (Table 2) measured at 20 ± 2 ◦C.

The results from the bulk mineralogy analyses of all the fired compositions are shown
in Figure 6. All patterns had inherited features from MS (compared with Figure 3a). Most
of the fired specimens lacked phases, such as chlorite, mica, and amphibole, in comparison
to MS, but gained metal-oxide (hematite) and showed indications of the high-temperature
phase, cristobalite. Peak shifts were observed for some of the feldspar peaks and were likely
explained by high-temperature phase transitions, e.g., microcline to sanidine. The SEM
micrographs (Figure 7) show the morphology of the raw materials and fired specimens.

Figure 6. X-ray diffractograms of the fired specimens: cristobalite (Cb), feldspar (F), mica (M), metal
oxide (MO), and quartz (Q).

8
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MS CR CH 

(a) 
1A 1B 2A 

2B 3A 3B 

(b) 

Figure 7. Micrographs of (a) raw materials (MS—marine sediment, CR—crushed rock, CH—chamotte)
and (b) fired specimens (Table 2). The magnification of all images (bar showing 50 μm) is the same,
except for CR (300 μm).

4. Discussion

4.1. Raw Material Characterization

The particle size distribution, mineralogy, major element distribution, carbon content,
and Atterberg limits showed that MS is very similar to other known marine clays from
Greenland, Canada, and Norway [2–5,7,8]. The results from the bulk mineralogy analyses
of MS, CR, and CH (Figure 3a) show the mica in MS to be dominantly trioctahedral (biotite-
type), based on a (060) reflection of around 1.54 Å and very weak peaks in the 1.50 Å
region [22]. For CR, the octahedral coordination was less clear, but appeared to be more
trioctahedral based on stronger reflections around 1.54 Å than around 1.50 Å. The high
MgO wt% observed for CR (Table 3) corresponds well with the abundant mica (biotite)
found from the XRD investigations. For CR, the presence of pyroxene was also indicated;
however, due to peak overlapping, this could not be clearly resolved. For CH, cristobalite
was observed, but is not displayed in the figure due to the low intensity of the peaks. The
result of the clay mineral analyses of MS is presented in Figure 3b. Expandable (smectitic)
clay was identified based on the glycolated peak around 16.3 Å. Mixed-layer clay was
identified based on the air-dried peak around 12 Å, which disappeared after glycolation
and chlorite was identified based on the presence and increase in the 14 Å peak and the
disappearance of the second-order (7 Å) reflection at 550 ◦C. The shift from 14.4 Å to
14 Å from air-dried to 550 ◦C could indicate the presence of vermiculite. Illite/biotite was
identified from the 10 Å peak (before heating). The 8.4 Å peak (Figure 3b) was assigned
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to amphibole, which together with quartz and feldspar peaks from the bulk analysis
(Figure 3a) confirmed the presence of primary minerals in the <2 μm fraction.

The low TC (Table 3) was consistent with the low content of organic carbon observed
for other marine clays in Greenland, Canada, and Norway (e.g., [1]). Furthermore, the low
TC also indicated a low content of CaCO3, which, combined with the relatively high amount
of Fe2O3T, contributed to the red coloration of the bricks after firing. The low chloride
concentration of MS indicates that, in spite of its marine origin, the original salt content in
the pore water has since been leached out. The morphology of the three raw materials as
studied by SEM revealed that CR and CH generally contained grains of euhedral textures,
whereas the grains in MS had a more subhedral texture. Furthermore, the surfaces of larger
grains in MS were generally covered by smaller grains with a flaky or powdery appearance,
which were likely to be weathering products, e.g., clay minerals. This observation was less
pronounced for CR and CH.

The relatively low plasticity index of MS (Table 3) presents a challenge when producing
bricks by the soft-mud method. The extrusion (stiff mud) or dry-pressing methods [29]
would therefore possibly be better for industrial production using this type of clay.

4.2. Influence of Production Settings

To observe the effect of the different temperatures on the technical properties of the
produced bricks, the pure MS compositions, 1A and 1B, were fired initially at 1045–1055 ◦C
and 1070–1080 ◦C, respectively. The higher firing temperature of 1B led to an increase in
total shrinkage, bulk density, and compression strength, and a decrease in water absorption
and open porosity. As no obvious benefits could justify the higher temperature and there-
fore energy consumption, it was decided to use lower firing temperatures of 1030–1055 ◦C
for compositions 2A, 2B, 3A, and 3B. Furthermore, the relatively high total shrinkage of
both 1A and 1B gave rise to the idea of introducing the two additives, CR and CH, both of
which had a coarser grain size distribution and a lower LOI than MS and therefore were
less likely to contribute to shrinkage.

Compared to small brick discs produced at the laboratory scale, which were formed
and pressed at 47 MPa, the open porosity (39.5%), density (1691 kg/m³), and water ab-
sorption (23.3%) [15] were significantly different from the bricks made at the brickwork in
this study, even when using the same marine sediment. Additionally, the firing curve in
the laboratory was faster and performed at a lower temperature (maximum 1000 ◦C for
1 h [10]). These findings emphasis the importance of developing laboratory production
methods that closely correlate with industrial production, both in terms of forming pressure
and firing curve, to enable direct comparisons of brick properties between laboratory and
pilot scales.

4.3. Shrinkage

As expected, the total shrinkage reduced for the CR-containing composition (2A) com-
pared to the pure MS composition (1A). However, despite a coarser grain size distribution
of CH compared to MS (Figure 2), there was no observable difference in total shrinkage
between compositions 3A and 1A. Lowering the firing temperature to 1030–1040 ◦C for
compositions 2B and 3B also reduced the total shrinkage. According to the Brick Industry
Association [29], the total size shrinkage after drying and firing can vary for different clays,
but will usually be around 4.5–8%. For the compositions tested here, only 2B falls within
the higher end of this range. However, although the total shrinkage is generally in the
range of 11–15% for the compositions in this study, it does not appear to be detrimental,
as only very few cracks were observed on the surfaces of the specimens after firing. Most
of these cracks were correlated to underlying larger rock fragments and could possibly
have been avoided by crushing or by particle size sorting of the material before production,
which is standard practice in industrial brick manufacturing.
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4.4. Initial Rate of Water Absorption and Hygroscopic Behavior

According to ASTM C216-14 [33], the initial rate of water absorption (IRA) for facing
bricks should be up to 1.5 kg/(m2·min). Bricks with higher IRA values require pre-wetting,
as they will otherwise prevent the complete hydration of the cement, due to the absorption
of water from mortar. Bricks with a low IRA should be covered on the construction
site in order to prevent wetting, as this might prevent or delay the formation of bonds
between the brick and the cement. The compositions 1A, 1B, 2A, and 3A, which were
fired at temperatures of 1045–1080 ◦C, all have low IRA values, whereas compositions
2B and 3B, which were fired at 1030–1040 ◦C, have IRA values closer to 1.5 (Table 4). All
compositions had very low hygroscopic adsorption (Figure 5). However, the adsorption
of water at lower relative moisture contents for compositions 2B and 3B compared to the
other compositions indicates that 2B and 3B have larger available inner surface areas where
water can adsorb. Furthermore, the combined studies on hygroscopic adsorption and
capillary uptake (Table 4) indicate that the higher firing temperatures of compositions 1A,
1B, 2A, and 3A reduced the amount of pores capable of capillary uptake compared to the
lower-temperature compositions 2B and 3B.

4.5. Degree of Sintering

Vieira and Monteiro [34] investigated a fine-grained granitic waste material for incor-
poration in ceramics, which had a d50 of approximately 10 μm. They concluded that the
fine particle size distribution favored sintering and reduced the porosity in the produced
ceramics. Furthermore, the material was shown to have a considerable fluxing potential at
temperatures around or slightly above 1000 ◦C due to a high amount of alkaline oxides
present in the form of biotite and Na,K-feldspar, which contributed to the formation of a
liquid phase. As both the grain size distribution and qualitative mineralogy of the material
characterized by Vieira and Monteiro [34] are comparable to MS, it is likely that similar
reactions would occur here. In addition, the very fine particle sizes observed on the surfaces
of the grains in MS (Figure 7) are also likely to enhance sintering. When comparing the
XRD results of the raw materials to the XRD results of the fired compositions, it is evident
that phases such as mica (biotite), amphibole, and chlorite disappeared after firing, which
could be explained by the breakdown/melting of these phases at or below the tempera-
tures investigated. Interestingly, composition 2B, which was fired at 1030–1040 ◦C, still
contains some mica (peak at approximately 8.9◦2Θ), which is not evident in composition
2A fired at 1045–1055 ◦C. This indicates that at least some of the mica encountered in CR is
stable at temperatures above the range of 1030–1040 ◦C, but will breakdown at or below
temperatures of 1045–1055 ◦C. The mica in MS appears to breakdown at temperatures
below the range of 1030–1040 ◦C as no mica peaks are apparent in composition 3B, which
was fired at this temperature.

The coarser particle size distribution of CR, which has a d50 of approximately 600 μm,
is less likely to enhance sintering and reduce porosity, which is consistent with the reduced
strength (Figure 4) and higher open porosity values found for composition 2A compared
to 1A (Table 4). In general, the strength, density, and shrinkage of most of the tested
compositions indicate a high degree of sintering.

5. Conclusions

The results demonstrate that the marine sediment from Ilulissat (MS) is suitable as
brick clay and that it is possible to produce high-quality bricks. The produced specimens
were fired at temperatures in the range of 1030–1080 ◦C. The highest temperatures did
not contribute to further enhancements of the technical properties, and the temperature
range of 1030–1055 ◦C was therefore sufficient for the marine sediment. The specimens
fired at 1045–1055 ◦C generally had very high compression strengths, low porosities, and
low water absorptions. The introduction of 10% of the crushing rock residue gave rise to a
reduction in strength, higher porosity, and water absorption. In addition, the specimens
fired at 1030–1040 ◦C had the lowest strength, highest porosity, and water absorption. On
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the contrary, the use of 10% chamotte with marine sediment did not impair the bricks’
properties. The bricks showed greater shrinkage compared to previous, small laboratory
samples, and show the importance of conducting large-scale tests under industrial forming
pressures and firing conditions.
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Abstract

The use of bentonite for recycling vegetable oils presents challenges, as even minor varia-
tions in the clay composition and structure can lead to significant differences in its ability to
retain various chemical groups. This study investigates the structure–activity relationship
of four bentonites—two hydrophilic and two hydrophobic (both in commercial and ground
forms)—to better understand these effects. Solid-state NMR spectroscopy revealed subtle
differences between hydrophobic and hydrophilic materials, as well as distinctions be-
tween ground and unground hydrophilic clays, through 29Si and 27Al experiments. These
structural variations directly influenced the bentonites’ capacity to retain specific chemical
groups, which in turn affected the pour point and volatile profile of the processed oils. A
simplex lattice design of experiments, combined with multivariate analysis, facilitated the
development of a predictive model to optimize process efficiency. Remarkably, this model
achieved an improvement in pour point of up to 14.5 ◦C (from −2 ◦C to −16.5 ◦C) for oils
treated with hydrophilic unground bentonite. This research underscores the critical role of
bentonite morphology in enhancing the efficiency of vegetable oil recycling.

Keywords: solid-state NMR; bentonite; vegetable oil; pour point; design of experiments

1. Introduction

Recycling waste cooking oils (WCOs) have emerged as an important topic in recent
years [1,2]. Within the available methods and technologies for WCO refining for non-
biodiesel applications, water treatment under controlled conditions has proven able to
provide a high-purity recycled vegetable oil [3,4]. Nevertheless, while the purity assessment
conducted through 1H NMR spectroscopy indicates a high level of triglyceride purity [5]
upon water processing, minor constituents remain detectable, as revealed by UV-VIS [6] or
SPME-GC [7] analyses. These impurities arise from several sources and are associated with
the lifecycle of the oil prior to recycling.

WCOs can be contaminated by metal traces, aldehydes, ketones, heterocycles and
other organic molecules originating from cooking tools, the Maillard process [8,9] and
food leaching [10]. These minor components can also be removed by treatment with
adsorbent materials such as natural clays or alternative powders [11]. Preliminary analysis
of the volatile fraction prior to and after bentonite treatment of WCO samples revealed
a complex mechanism underlying the action of bentonite. The results indicated that

Materials 2025, 18, 1059 https://doi.org/10.3390/ma18051059
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even slight variations in clay composition led to the preferential removal of different
chemical groups [12]. This structure–activity relationship can also be observed by UV-VIS
spectroscopy [6].

In this context, any knowledge regarding the mechanisms behind the absorption
capacity of clay can contribute to the development of specific protocols aimed at vegetable
oil recycling processes. Recently, a study has been conducted on the recycling of used
vegetable oils with hydrophilic or hydrophobic bentonites, revealing the pivotal role
of hydrophobicity in the removal of polar compounds from waste [13]. In that study,
the presence of a small amount of water was crucial in determining the effectiveness
of hydrophobic bentonites when used with recycled vegetables oils. Looking at recent
studies, the topic of bentonite processing of WCOs has been thoroughly addressed [14,15].
Nevertheless, recent sustainability estimations [5] have indicated that water processing is
more feasible than clay adsorption. In this context, two relevant aspects were not addressed:
the use of bentonite clays to treat already recycled used vegetable oils, and the reason for
the different performances within hydrophilic and hydrophobic bentonites sold with the
same CAS number and apparently with the same physical characteristics.

Thus, four bentonites were used to capture the volatiles present in a recycled mixture
of triglycerides, considering the variation in the pour point of the treated oil, which served
as an indicator to highlight different outcomes related to different bentonites. Using a
design of experiments (DOE) approach, the potential to prepare mixtures of different
bentonites to be exploited as hybrid media in vegetable oil recycling has been assessed.
A detailed characterization of the bentonites was carried out by solid-state magic angle
spinning (MAS) NMR (29Si and 27Al), providing valuable insights into the morphology of
the materials in relation to their properties, allowing us to relate the coordination mode of
Si and Al atoms with the physical properties of the material.

2. Materials and Methods

2.1. Chemicals

Hydrophilic S001 (MKCR3493) and hydrophobic S002 (MKCN7873) bentonites were
purchased from Merk Europe, Darmstadt, Germany (CAS number 1302-78-9).

2.2. Ball Milling

A total of 8 g of bentonite (S001 or S002) was ball-milled for 20 min in an SPEX 8000 M
MIXER/MILL (Metuchen, NJ, USA) shaker mill at 875 rpm. The as-obtained S001M1 and
S002M1 samples were then used for oil refinement.

2.3. Vegetable Oil Processing

For vegetable oil processing, 100 g of vegetable oil and 15 g of clay (15 wt%) were
placed in a beaker, and the mixture was stirred for 30 min and then filtered under vacuum.
The processed oil was then subjected to pour point analysis.

2.4. Pour Point Determination

The ASTM D97 method was adapted to our purposes and employed for pour point
determination [16]. Oil samples (20 g) were placed in a falcon and slowly cooled in an
ice/salt bath. The temperature of the oil was monitored by an internal thermometer every
minute, until visual confirmation of the change from liquid to solid.

2.5. Headspace Solid-Phase Microextraction (HS-SPME)

A 100 μm PDMS/DVB/CAR (Polydimethylsiloxane/Divinylbenzene/Carboxen)
coated fiber 50/30 Stableflex (Supelco, Sigma Aldrich, St. Louis, MO, USA) was pre-
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conditioned at 270 ◦C for 1 h. A total of 5 g of sample was added to a 20 mL SPME
vial (75.5 × 22.5 mm) equipped with a septum. The system was conditioned for 5 min at
60 ◦C. Thus, the fiber was exposed to the headspace for 30 min. Once the extraction was
completed, the fiber was desorbed for 2 min into the injector at a temperature of 250 ◦C in
a splitless injection mode.

2.6. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

GC-MS measurements were carried out using an Agilent 6890 GC (Palo Alto, CA,
USA), coupled with an Agilent 5973 MSD detector (Palo Alto, CA, USA). A ZB-Wax
30 m × 0.25 mm i.d., 0.25 μm film thickness column was used for the chromatographic
separation. The following temperature ramp was used: held at 40 ◦C for 4 min, increased
to 150 ◦C at a rate of 3.0 ◦C/min, held for 3 min and then increased to 220 ◦C at a rate of
10 ◦C/min. Finally, the temperature was held for 10 min. The constant flow of helium
(carrier gas) was at a rate of 1 mL/min. The data were analyzed using a MassHunter
Workstation B.06.00 SP1 (Agilent, Palo Alto, CA, USA). Identification of the analytes
(Section 3.3) was achieved by comparing them with co-injected standards and matching
their MS fragmentation patterns and retention indexes against built-in libraries, literature
data or commercial mass spectral libraries (NIST/EPA/NIH 2008; HP1607 from Agilent
Technologies, Palo Alto, CA, USA).

Retention Indexes

A hydrocarbon mixture of n-alkanes (C9–C22) was analyzed separately under the
same chromatographic conditions to calculate the retention indexes with the generalized
equation by Van del Dool and Kartz [17]:

Ix = 100[(tx − tn)/(tn+1 − tn) + n] (1)

where t is the retention time, x is the analyte, n is the number of carbons of alkane that elute
before the analyte and n + 1 is the number of carbons of alkane that elute after the analyte.

2.7. NMR Analysis

Solid-state NMR spectra were acquired with a Bruker NEO 500 spectrometer, equipped
with a MAS iprobe, operating at 500.13 MHz for 1H, 99.35 MHz for 29Si and 130.31 MHz
for 27Al. Solid samples were packed in a 4 mm zirconium oxide rotor. 29Si direct excitation
(DE-MAS) spectra were acquired with a recycle delay of 20 s, spinning speed of 10 kHz and
560 scans. 27Al spectra were obtained with recycle delay of 5 s, spinning speed of 12 kHz
and 256 scans. All the experiments were performed at 298 K. Deconvolutions were per-
formed with origin 2024 using a Lorentzian fitting model. The chemical shifts are reported
relative to tetramethylsilane (TMS) for 29Si using octakis-(trimethylsiloxy)silsesquioxane
(Q8M8) and for 27Al using Al(NO3)3·9H2O as a secondary standard, respectively [18].

2.8. Karl Fischer Titration

Water content was determined through Karl Fischer titration with a coulometric
MKV-710B titrator (Alkimia SRL, Milan, Italy).

2.9. FT-IR Spectroscopy

For the FT-IR measurements, a FT-IR Jasco 480 Plus spectrophotometer (Jasco Interna-
tional Co., Ltd., Tokyo, Japan) was employed. The powders were analyzed in the form of
tablets prepared by mixing the bentonite with anhydrous KBr and pressing them into disks
using a hydraulic press.
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2.10. Design of Experiments (DoE)

A simplex lattice design was used to study the effects of four components in four runs.
The design was run in a single block and the order of the experiments was randomized
to minimize the effects of lurking variables. Statgraphics 18 software was used for the
statistical multivariate analysis.

3. Results and Discussion

3.1. FT-IR Spectroscopy Analysis

Bentonite is a natural material containing different minerals which can influence its
properties [19]. According to the provider, the commercial bentonites herein considered
are composed of montmorillonite, Al2O3 × 4SiO2 × H2O (molecular weight: 180.1 g/mol),
with a particle size lower than 74 μm and a mean particle size of 5.45 μm [20]. Neverthe-
less, no additional data are available regarding the differences between the two products.
Previous SEM and TEM analyses on the same batches of bentonites revealed, respectively,
different interlayer distances and particle shapes, while powder X-ray analysis did not
highlight any relevant difference [5]. Nevertheless, the behavior of the two clays, prior to
and after grinding, was different, confirming the different properties of the apparently very
similar materials. After being subjected to a ball-milling process, significant differences,
in terms of microstructure, were observed, and interlayer distances were modified with
respect to the pristine materials, probably due to the partial release of trapped water upon
grinding [13]. To detect variations in the chemical groups, FT-IR analysis was conducted
on both bentonites (Figure 1).

Figure 1. FT-IR spectra of hydrophilic S001 (black line, lower spectrum) and hydrophobic S002 (red
line, upper spectrum) bentonites.

Looking at the spectra shown in Figure 1, it is possible to clearly see the different
IR profiles of S001 and S002 bentonites. It is known that hydrophobic bentonites are ob-
tained by chemical treatment of hydrophilic ones with the consequent removal of minor
components, resulting in a less complex mixture of chemical groups in the FT-IR spec-
trum [21]. Regarding the specific composition observed, both samples show typical bands
relative to the Si-O stretching (1149 cm−1), the bending of the adsorbed water (1635 cm−1)
and the stretching of the adsorbed water (3402 cm−1), as well as the OH-Al stretching
band (3618 cm−1). For the hydrophilic S001 bentonite, relevant bands associated with the
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-OH vibrations were detected at 3284 cm−1, and CO3 stretching of calcite was detected at
1387 cm−1. The band at 915 cm−1, visible in the hydrophobic S002 sample, can be attributed
to Al-Al-OH bending [21].

In addition to the characterization of the starting materials, both the bentonites were
monitored during the ball-milling procedure, specifically at 30, 60 and 120 min (Figure 2).

Figure 2. FT-IR spectra of hydrophilic (a) and hydrophobic (b) bentonite subjected to a ball-milling
process (0, 30, 60 and 120 min).

As already reported for similar samples subjected to the same milling treatment [13],
it is possible to notice, for both bentonites, some slight changes in the FT-IR spectra after
60 min of ball-milling (shifting of the stretching OH-Al band and consistent attenuation
of the adsorbed water bending band), followed by a further change, which apparently
results from the restoration of the original chemical structure at 120 min. For this reason,
the milled bentonites, which were further employed to treat the triglyceride mixture, were
ground for 60 min.

3.2. NMR Morphological Analysis

To overcome the difficulties that occurred with the powder X-ray diffraction charac-
terization and to add further information to the FT-IR spectroscopy data, thus providing
a satisfying description of the differences between the bentonites studied, multinuclear
solid-state NMR spectroscopy was performed. In fact, the limited selectivity of X-ray
diffraction, commonly used for the characterization of such minerals, due to the tiny
changes in scattering factor values can be overcome by looking at the solid-state NMR
profile of the main heteroatoms [22]. In fact, Si and Al exhibit different gyromagnetic ratios
γ (6.976 × 107 rad T−1 s−1 for 27Al, and −5.3188 × 107 rad T−1 s−1γ for 29Si), allowing us
to highlight even small differences in the chemical environment of the analyzed nuclei.

Thus, 29Si MAS NMR analysis was performed on hydrophilic and hydrophobic ben-
tonites as received and after grinding (Figure 3).

All spectra show a sharp peak at −93.4 ppm and a rather broad signal covering the
range of −105–115 ppm, indicating local disorder of the Si environment in the 3D structure.
According to the classic nomenclature and peak assignment proposed by Lippmaa et al. [23],
the 29Si SS NMR signals in Figure 3 are labeled as Q3 and Q4, respectively. Q3 refers to
“chain branching sites”, Si(OAl)(OSi)2OH in our case, whereas Q4 is associated with the
“three-dimensional cross-linked framework” of the fully condensed Si(OAl)(OSi)3 frame,
usually present in the tetrahedral layers of the clay [24]. After deconvolution of the spectral
region containing the Q3 and Q4 signals, the peak’s width, as well as the absolute area
ratios (Q4/Q3), were estimated and are reported in Table 1.
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Figure 3. 29Si MAS NMR spectra of (a) hydrophilic bentonite S001, (b) ball-milled hydrophilic
S001M1, (c) hydrophobic bentonite S002 and (d) ball-milled hydrophobic bentonite S002M1.

Table 1. 29Si SS NMR spectral data for samples of hydrophilic and hydrophobic bentonite (prior to
and after milling). LW indicates the NMR linewidth (Hz) measured at half-height. Q4/Q3 indicates
the peak integral ratio as obtained from peak deconvolution.

Spectrum Sample LW Q3 (Hz) LW Q4 (Hz) Q4/Q3 Ratio

A hydrophilic (S001) 491 345 0.137
B hydrophilic milled (S001M1) 489 354 0.150
C hydrophobic (S002) 834 476 0.190
D hydrophobic milled (S002M2) 841 531 0.186

Hydrophilic bentonite shows a sharper Q3 signal compared to the hydrophobic one
(491 Hz vs. 834 Hz) and a lower Q4/Q3 ratio (0.137 vs. 0.190). The higher Q4/Q3
ratio observed in the hydrophobic samples compared to their hydrophilic counterparts
can be related to their lower Brönsted acidity compared to the hydrophilic samples. The
rationale behind this is that Q3 contains the contribution of the Si-OH, which are responsible
for the acidity. The effect of the ball-milling procedure is evaluated by comparing the
suitable spectra in Figure 3a vs. Figure 3b for hydrophilic bentonites, and Figure 3c
vs. Figure 3d for hydrophobic bentonites. The data highlight that grinding does not
affect the chemical structure—as no chemical shift changes were observed—but rather it
increases, in a selective manner, the structural disorder of the materials, as pointed out by
the linewidth (LW) values. The variation, appreciable in Q4 especially, can be expressed
as DLW (Q4) = LW(Q4)milled − LW(Q4)not milled for both the hydrophilic and hydrophobic
materials. The experimental data lead to values of DLW (Q4)hydrophilic = 9 Hz and DLW

(Q4)hydrophobic = 55 Hz, providing evidence of more effective morphological changes in
hydrophobic samples upon mechanical stress.

To provide an exhaustive overview of the chemical structure of the clays, 27Al MAS
spectra were also acquired (Figure 4).
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Figure 4. 27Al MAS NMR spectra of hydrophilic bentonite S001, ball-milled hydrophilic bentonite
S001M1, hydrophobic bentonite S002 and ball-milled hydrophobic bentonite S002M1. Spinning
sidebands are marked with an *.

The experimental spectra show the presence of peaks in two regions, from 70 to 50 ppm
and from −25 to +25 ppm, corresponding, respectively, to Al in its tetrahedral (AlIV) and
octahedral (AlVIII) forms (Figure 4 and Table 2) [25]. It is known that the presence of Al
in tetrahedral frameworks increases the Brönsted acidity of the material [26]. Also, two
different peaks in the Al tetrahedral region can be observed, which correspond, respectively,
to Al sites in layered bentonite (peak at around 70 ppm) and to the Al characteristics of
fully condensed sites (55–59 ppm) [27]. The relative percentages of the areas of each peak
are reported, along with the corresponding chemical shifts, in Table 2.

Table 2. 27Al SS NMR spectral data for samples of hydrophilic and hydrophobic bentonite (prior to
and after milling).

Bentonite Octahedral
d

(ppm)
Al Sites

Fully Condensed
d

(ppm)

Al Sites
in Layered
Bentonite

d
(ppm)

S001 91.63% 0.25 0% - 8.36% 69.32
S001M1 91.61% 0.87 4.22% 55.70 4.15% 55.97

S002 74.50% 0.10 13.76% 58.45 11.70% 68.54
S002M1 74.50% 0.10 13.76% 58.45 11.70% 68.54

Looking at the data relative to the four bentonite samples analyzed, it is possible to
draw the following conclusions. Hydrophilic bentonite (commercial) just shows octahedral
Al sites (>91%) with about 8% tetrahedral Al layered sites. After ball-milling, about half of
the layered sites are converted into fully condensed ones. The chemical shift, in this case
for the fully compacted sites (about 56 ppm), is slightly anomalous as it should be close to
70 ppm. Thus, it cannot be excluded that this new peak corresponds to layered sites (not
fully condensed) arranged in a different way than the original ones. However, a clear effect,
concentrated on the tetrahedral Al sites, of the milling procedure is observed for hydrophilic
bentonite. On the other hand, hydrophobic bentonites show all three configurations, with
a distribution between octahedral, tetrahedral layered and tetrahedral fully condensed
figurations, which seems to not be affected by the ball-milling procedure. Independently of
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the milling procedure, it is possible to understand the different behavior of the two types
of bentonites (hydrophilic and hydrophobic) by considering their octahedral/tetrahedral
site ratios, which are, respectively, about 92/8 and 75/25. As reported by Vajglova and
coworkers [25], the presence of Al in the tetrahedral frameworks increases the Brönsted
acidity of the material; thus, the bentonite sold under the label hydrophobic differs from
the hydrophilic one as it has a consistent increased number of Bronsted acidic sites.

3.3. Design of Experiments (DoE)

Once the relevant structural differences between the considered bentonites were
highlighted by solid-state NMR spectroscopy, a simplex lattice design of experiments
(DoE) [26–29] was used to build a viable statistical model describing the effect of the
specific bentonite used on the pour point of the processed oil. According to the DoE, four
experiments were conducted, and for each one, the volatile content (VC) and pour point
(PP) were determined (Table 3).

Table 3. List of experiments conducted and relative details.

Experiment Bentonite Response 1 Response 2

1 S002M1 PP * VC **
2 S002 PP * VC **
3 S001M1 PP * VC **
4 S001 PP * VC **

* PP stands for pour point; ** VC stands for volatile content.

The volatile content was determined by SPME GC-MS analysis, which provided a
semiquantitative assessment of several chemicals in different relative amounts (Table 4).

Table 4. Semiquantitative volatile profiles for the triglyceride mixtures prior to bentonite treatment
(TQ), and oil samples treated, respectively, with bentonites S001 (hydrophilic), S001M1 (hydrophilic
milled), S002 (hydrophobic) and S002M1 (hydrophobic milled).

Compound
Retention

Times (RTs) *
TQ S001 S001M1 S002 S002M1

Pentanal 3.87 1.09 0.87 1.27 0.30 0.75
Hexanal 6.63 12.02 9.32 17.82 9.22 6.55

2-Hexenal, (E)- 10.68 0.43 0.33 0.51 0.06 0.26
Heptanal 9.69 1.21 0.85 1.80 0.04 0.58
Octanal 12.81 3.10 2.48 3.59 1.15 1.14

2-Heptenal, (Z)- 13.82 9.54 8.37 10.00 5.94 5.94
2-Octenal, (E)- 16.68 4.13 3.69 3.82 2.85 2.83

Nonanal 15.77 8.37 8.05 7.17 5.60 4.30
2-Nonenal, (E)- 19.36 1.08 1.25 0.93 1.33 1.24
2-Decenal, (Z)- 22.00 5.73 9.22 3.82 8.59 8.92

2,4-Decadienal, (E,E)- 25.74 3.23 7.92 2.90 8.69 10.14
2-Undecenal 24.44 3.23 5.42 2.05 6.41 6.97
2-Heptanone 9.61 1.36 0.53 2.00 0.12 0.33
2-Octanone 12.68 1.10 0.65 1.35 0.37 0.25

Total ketones 2.46 1.19 3.35 0.48 0.59
Acetic acid 17.83 4.00 7.31 6.34 9.67 10.59

Butanoic acid 22.34 2.12 1.41 2.09 2.61 1.94
Pentanoic acid 24.79 4.38 5.19 3.58 5.37 5.42
Hexanoic acid 27.12 15.25 11.35 11.30 15.45 16.01
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Table 4. Cont.

Compound
Retention

Times (RTs) *
TQ S001 S001M1 S002 S002M1

Heptanoic acid 30.06 1.07 0.98 0.55 1.71 2.15
Octanoic acid 32.21 0.60 0.95 0.28 1.61 1.70
Nonanoic acid 33.81 0.32 0.59 0.13 1.24 0.94

1-Pentanol 11.86 1.17 0.83 1.32 0.84 0.61
1-Hexanol 14.80 4.12 2.03 5.73 1.89 1.73

1-Octen-3-ol 17.40 3.17 2.06 2.88 0.96 0.91
1-Heptanol 17.52 1.28 0.85 1.58 0.60 0.72

2-Hepten-1-ol, (E)- 18.94 1.03 0.60 1.10 0.68 0.48
1-Octanol 20.06 3.27 4.92 1.17 5.72 6.28
Dodecane 10.02 0.99 0.67 0.65 0.19 0.14

* Retention times are expressed in minutes.

The general chemical compositions of the volatile fraction of the oil prior to and after
treatment with bentonite are in agreement with previously reported HS-SPME GC/MS
data relative to similar matrixes [7,30]. Looking at the main organic volatile compounds
(VOCs) detected and reported in Table 4, it is possible to explain the presence of many
organic compounds, such as aldehydes and acids, as resulting from food leaching [31],
the Maillard reaction, oxidation promoted by temperature and the hydrolysis of triglyc-
erides [32]. Furthermore, regarding the aldehyde profiles, the autoxidation of linoleic acid
has been reported as a source of dienals (2,4-heptadienal or 2,4-decadienal) and alkenals
(2-undecenal, 2-decenal and 2-octenal) [33].

To better compare the outcomes of the different treatments in terms of variations in
their volatile profiles, the detected compounds have been grouped into chemical families,
as shown in Table 5, which also integrates the PP values of each sample.

Table 5. Semiquantitative assessment of the main composition of samples TQ (prior to bentonite
treatment), S001 (hydrophilic bentonite), S001M1 (milled hydrophilic bentonite), S002 (hydrophobic
bentonite) and S002M1 (milled hydrophobic bentonite) and their PP values.

1 2 3 4 5

Volatiles

TQ S001 S001M1 S002 S002M1
Aldehydes 53.15 57.78 55.71 50.17 49.62

Ketones 2.46 1.19 3.35 0.48 0.59
Acids 27.73 27.77 24.26 37.64 38.76

Alcohols 14.04 11.30 13.79 10.68 10.74
Alkanes 0.99 0.67 0.65 0.19 0.14

Pour Point (PP, ◦C) −2 ◦C −16.5 −9.5 −10 −10

Looking at the data reported in Table 5, the most evident difference between the
starting oil, TQ, and the treated ones is related to the PP, which consistently improves from
−2 ◦C to about −10 ◦C for samples treated with bentonites S002, S002M1 and S001M1,
reaching −16.5 ◦C after processing with bentonite S001. The 6.5 ◦C drop in the treated
samples of hydrophobic bentonite (S002 series) compared to S001 is indicative of the specific
ability of the hydrophilic bentonite to remove some chemicals. It is known that water
molecules in waste vegetable oil samples are better removed by hydrophilic bentonites,
and increasing the specific surface area can enhance this phenomenon [12]. Nevertheless,
herein, we observe an inverse trend, as the non-milled hydrophilic bentonite is much more
efficient that the milled one (S001 vs. S001M1). The latter conclusion seems to contrast with
the published data [4]; regardless, it should be considered that when recycled vegetable
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oil is treated, a low tenor of water (0.4 wt% from Karl Fischer titration) is present than in
raw used vegetable oil. In such an environment, the action of the bentonite is related to
the trapping of organic molecules that have not been saturated by water, as happens in
waste cooking oils [5]. It is also known that the absorption process of porous materials
involves a combination of pore inclusion (determined by pore size) and the interactions
between polar/non-polar groups. Regarding the differences in morphology, the 29Si MAS
NMR spectra showed sharper Q3 signals in hydrophilic bentonites than hydrophobic ones,
meaning that hydropilic bentonites show less contribution of Si(OAl)(OSi)2OH phases
in their structures. Also, the enlargement of the peaks in the milled samples suggests a
decrease in crystallinity due to the ball-milling process. On the other hand, the 27Al MAS
spectra revealed that milled bentonites have a high-density packed structure (increasing
the AlIV peak). Thus, it seems that the combination between the reduced number of O-H
groups and the more tiny and regular structure are responsible for the better performances
of S001 than the other clays in removing organic contaminants.

Looking at Table 2, it is possible to gain some insights about the specific chemical
groups retained during the four processes. By comparing columns 1 and 2 (hydrophilic
bentonites) with 3 and 4 (hydrophobic bentonites), a reduction in the relative amounts of
ketones, acids, alcohols and alkanes is observed after processing with hydrophobic ben-
tonites. Considering that hydrophobic bentonites have fewer -OH groups, it is possible to
attribute this behavior to the physical retention of the low-molecular-weight contaminants.

Looking for differences between milled and non-milled hydrophilic bentonites, the
most relevant difference lies in the relative amounts of ketones and alcohols, which are
reduced in S001-treated samples (non-milled). It is possible to relate this outcome to the
reduction in AlIV signal intensity in S001-processed oils (27Al MAS spectra). Again, there is
an indication that the structural organization of the clay has a relevant impact on specific
chemical groups’ retention ability.

3.4. Optimization by Statistical Multivariate Analysis

In accordance with the simple lattice DoE [34], four experiments were conducted, and
the variation in the PP, depending on the composition of the bentonite employed, was
expressed in a surface plot [35], as reported in Figure 5.

Figure 5. Contours of the estimated response surface.

Looking at the plot in Figure 5, it is possible to observe the variation in the PP in the
oils treated with different bentonites. If a lower PP is desirable, hydrophilic non-milled
bentonite should be used. By looking at the red and dark-orange areas on the top of
the triangle, it is possible to estimate that even a mixture of hydrophilic non-milled and
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hydrophobic (milled or not) bentonites should guarantee a PP within the range of −15 and
−17 ◦C.

In the end, it was highlighted how even small differences in the structure of the
clay can result in a sensible variation in the ability of the material to effectively remove
undesired chemicals from recycled vegetable oils. This experimental evidence is open to a
wide range of customization possibilities if mixtures of different clays are considered.

4. Conclusions

In this study, we investigated the effectiveness of four bentonites—two commercial
types (hydrophilic and hydrophobic) and two modified via 60 min of ball-milling—in
processing a refined mixture of triglycerides from waste sources. The chemical structures
of these bentonite powders were thoroughly characterized using FT-IR and solid-state 29Si
and 27Al NMR spectroscopies.

The 29Si solid-state NMR results provided additional insights, particularly in the form
of an increased Q4/Q3 ratio, highlighting the structural variations between the hydrophilic
(S001) and hydrophobic (S002) bentonites. Furthermore, the 27Al solid-state NMR spectra
revealed significantly lower intensity in the AlIV signal in hydrophilic bentonite after
milling (when comparing S001 with the milled sample, S001M1). These findings fill a
critical gap left by prior studies using X-ray diffraction, SEM and TEM, which could not
capture consistent differences in the chemical structures of the materials.

Equipped with this comprehensive structural characterization, the bentonites were
employed as adsorbents in the treatment of recycled vegetable oil. Gas chromatography
of the volatile fractions showed a higher affinity of the hydrophobic bentonite S001 for
trapping ketones, along with a superior capacity to retain ketones and alcohols compared
to its milled counterpart, S001M1. Additionally, the pour point (PP) was used as a further
indicator of the bentonites’ ability to retain impurities during oil treatment. A simplex
lattice design of experiments, combined with multivariate analysis, was applied to develop
a predictive model capable of estimating the PP of treated vegetable oil based on the specific
bentonite employed.

Overall, this study underscores the critical role of bentonite morphology and chemical
structure, as characterized by solid-state NMR techniques, in determining their efficiency
in trapping volatile organic compounds, which is related to the acidic characteristics of
the material. Solid-state NMR, in particular, proved invaluable in detecting subtle yet
significant differences in the structural features of bentonites, offering insights that could
guide the optimization of clays for industrial applications involving VOC adsorption.
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S001M1, (c) hydrophobic bentonite S002, (d) ball milled hydrophobic bentonite S002M1; Figure S6:
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S001M1, (c) hydrophobic bentonite S002, (d) ball milled hydrophobic bentonite S002M1. Spinning
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Abstract: Adsorptive, catalytic, and antibacterial properties of clinoptilolite-rich tuffs (ZT) are
presented here. ZT transformed into Fe-containing ZT (Fe-ZT) removes various organic and inorganic
anions from water. Fe-ZT, which contains selenium, is beneficial for growing Pleurotus ostreatus
mushrooms. The fungi convert inorganic Se from Fe-ZT into a more useful organically bonded form.
ZT and Fe-ZT as supplements retain nitrogen and potassium in sandy, silty loam and silty clay soils.
ZT shows an affinity toward toxic metal cations, which are essential for cleaning contaminated water.
The adsorption of atenolol, acetylsalicylic, and salicylic acid onto M-ZT (M–Cu2+, Mn2+, Ni2+, or
Zn2+) from water solutions suggests that both the natures of M and pharmaceuticals have a significant
impact on the adsorption mechanism and determine the adsorption capability of the ZT. ZT is an
excellent carrier for ultrafine (2–5 nm) nano oxide particles, which have been shown to have catalytic
activity in different chemical processes and photodegradation reactions of organic pollutants. ZT
can also be transformed into SO4-SnO2-ZT, which is catalytically active as a solid acid. M-ZT is an
effective carrier of valuable bacteria. Ag-ZT possesses beneficial bactericidal activity in disinfecting
water and soil remediation.

Keywords: natural zeolite; adsorption; catalysis; antimicrobial activity; nano oxides; biomass

1. Introduction

Zeolites are crystalline porous aluminosilicates with a three-dimensional lattice struc-
ture built from a network of corner-sharing tetrahedra, TO4 (T= Si, Al), which contain Si
and Al atoms in the center of tetrahedra. Only species with the proper size may diffuse
through the lattice owing to the crystal structure’s geometrically precise structured channels
and cages. As a result, zeolites can be employed as molecular sieves and in ion-exchange,
-adsorption, and -separation processes. Zeolites can also be converted into strong solid
acids and used as heterogeneous catalysts [1–3].

The most common type of natural zeolite is clinoptilolite. Eight- and ten-member
ring channels with diameters of up to 0.7 nm reveal an easily accessible open reticular
structure [4,5]. Two channels run parallel to the c-axis. The A channels comprise tightly
compressed ten-membered rings with an aperture of 0.31 × 0.75 nm, and the B channels
comprise eight-membered rings with an aperture of 0.36 × 0.46 nm. The C channels
have an aperture of 0.28 × 0.47 nm and are formed by eight-membered rings parallel
to the a-axis. Water molecules and exchangeable alkali and alkali earth cations occupy
crystallographically specific extra-framework sites. Clinoptilolite samples from different
regions have different ion-exchange abilities due to variances in the Si/Al molar ratio and
the types of extra-framework cations.
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Clinoptilolite-rich deposits are primarily found in regions that have experienced
hydrothermal processes and volcanic activity. Europe’s principal deposits of clinoptilolite-
rich tuffs are in Slovakia, Ukraine, Turkey, Italy, and Romania. Typically, the zeolite minerals
coexist in the specific rock. Certain minor and accessory minerals, including feldspar, the
mica group, chlorite, cristobalite, zircon, iron, sulfur, and clay minerals, are linked to zeolite
mineralization. The components of zeolite mineralization are regarded as undesirable
impurities [6].

In recent decades, the adsorption, catalytic, and antibacterial characteristics of
clinoptilolite-rich tuffs (ZT) from two deposits, Vranjska Banja and Slanci (Serbia), con-
taining up to 80 wt.% clinoptilolite, with quartz and feldspar as the primary mineral
impurities, have been extensively studied [7–38]. This review compares these results
with ZTs from other regions. It is important to note that the high degree of grain size,
porosity, cation-exchange capacity, clinoptilolite chemical composition, and experimental
conditions all affect the properties under study. As a result, comparisons are frequently
challenging to make and may produce conclusions that are not sufficiently trustworthy.

The clinoptilolite content of the ZT from deposits in Serbia is similar to that of the
clinoptilolite-rich tuff from Ukraine, including roughly 70 wt.% [6], the tuff from Slovakia
containing approximately 85 wt.% clinoptilolite [39], the tuff from Iran containing 82 wt.%,
and the tuff from Turkey containing 76 wt.%. Clinoptilolite from Serbia has a Cation-
Exchange Capacity (CEC) of 170–180 mmol M+/100 g, while clinoptilolite from Ukraine
has a CEC of 64 mmol M+/100 g [39], clinoptilolite from has a CEC of 130 mmol M+/100 g,
and clinoptilolite from Iran has a CEC of 126 mmol M+/100 g [16]. The variation in the
Si/Al molar ratio and the type of ion-exchangeable cations can be attributed to the variation
in CEC value.

2. Conversion of ZT

2.1. Conversion of ZT to Fe-Containing ZTs

Because Fe-oxyhydroxides, which are available commercially, are usually used to
remove toxic As from subterranean water, which is not cost-effective, upgrading ZT to
Fe-ZT or Fe3O4-ZT makes it an economically viable adsorbent [40–45]. A straightforward
two-step process has typically been employed. Treatment of ZT with a water solution
of Fe(NO3)3 in an acetate buffer (pH = 3.6) followed by adding NaOH until pH = 7 and
heating of the product at 80 ◦C to a constant mass gives Fe-ZT. EDS analysis of Fe-ZT
revealed that the content of exchangeable cations significantly decreased relative to ZT and
that the content of Fe was significantly higher than the decrease in the ZT-exchangeable
cations. This indicates that the conversion of ZT to Fe-ZT includes at least two processes:
(1) ion exchange and (2) precipitation of the Fe(III) species at the ZT surface. The conversion
of ZT to Fe3O4-ZT can be performed in a water solution of FeCl3·6H2O and FeSO4 in a
molar ratio of 2:1 under N2 [17,46–49].

The treatments led to an increase in Fe content from 0.21 (ZT) to 18.1 wt.% for Fe-ZT
in the clinoptilolite from deposits in Serbia [19], whereas, from Slovakia, the Fe content
was lower [50] increased from 1.03 (ZT) to 5.82 wt.% (Fe-ZT) under similar conditions. For
Fe3O4-ZT, the increase in Fe was 5.63 wt.%. It was proposed that Fe species precipitation
would occur at the ZT because the EDS analysis revealed that the Fe content is higher than
predicted based on the CEC value. TEM analyses verified it (Figure 1).

Accumulating the Fe-containing precipitates increases the specific surface area of ZT
from 28.6 to 140.3 m2 g−1 for Fe-ZT and 45.2 m2 g−1 for Fe3O4-ZT. Amorphous precipitate
in Fe-ZT significantly increases the specific surface area of ZT, whereas in Fe3O4-ZT, the
well’s crystalline magnetite nanoparticles in the range of 5–30 nm cover the surface of
ZT [17,19]. Similarly, Fe-ZT obtained from ZT from the deposit Donje Jesenje (Croatia) was
found to have a specific surface area around three times larger than that of parent ZT [40].
Furthermore, a marginally greater rise in specific surface area has been noted for Fe3O4-ZT,
synthesized from ZT originating from a deposit from Turkey [47].
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Figure 1. TEM images of (a) Fe-ZT: bright-field image of clinoptilolite sheets coated with a precipitate
rich in Fe(III). The amorphous nature of the Fe(III) precipitate is confirmed by its electron diffraction
pattern (EDP) in the upper right corner. (b) Nano oxide particles of magnetite: EDP is shown in the
lower left corner. The upper right corner shows characteristic magnetite octahedral morphology with
many crystals connected by the {111} spinel-twin law that forms through self-assembly. (c) Fe3O4-ZT:
the EDP of magnetite layers on clinoptilolite sheets is given in the upper right corner [19].

It seems likely that the increase in the specific surface of Fe-ZT can be attributed
to forming a second porous system at the ZT surface. The modification of ZT to Fe3O4–
ZT increased the specific surface area to a lower extent but had two additional effects
on ZT: (a) a partial dealumination (the Si/Al ratio increased from 5.0 to 6.1) and (b)
magnetic properties. Powder XRD analysis showed that the partial dealumination did
not significantly affect the crystallinity of ZT [17]. Most importantly, magnetite on the ZT
surface introduced magnetism to ZT. In magnetic fields lower than 1.5 T, pure magnetite
and Fe3O4-ZT exhibit comparable magnetic behavior with saturation magnetization values
of 49.57 and 8.93 emu g−1, respectively. The lower saturation magnetization value of
Fe3O4-ZT was ascribed to the precipitation of magnetite on the ZT surface. The important
notice is the fact that Fe3O4-ZT maintains its magnetic characteristics during the adsorption
process. This lets the spent adsorbent be magnetically separated from water media [17].

Recently, a report was published on the green synthesis of clinoptilolite Fe3O4-zeolite
nanocomposite using leaf extract from Laurus nobilis L. [51]. The composite displays
characteristics of superparamagnetic properties. A novel solid-phase microextraction
technique was created to extract and determine Rhodamine B utilizing high-performance
liquid chromatography and clinoptilolite zeolite-coated magnetic nanocomposite.

2.2. Formation of Ultrafine Nano Oxide Particles inside ZT

Many nano oxide particles are effective catalysts in various chemical processes. How-
ever, most often, they must be supported by a suitable material that offers exposed surface
area and mechanical strength because of their small size. With both of the desired qualities,
clinoptilolite might be a promising option. Thus, the treatment of ZT with MCl2 aqueous
solutions (M = Ni, Cu, Mn, Zn) gave M-containing products (Ni-ZT, Cu-ZT, Mn-ZT, and
Zn-ZT), which, after drying to a constant mass and calcination at 550 ◦C, produced nano
oxide particles at the clinoptilolite surface [9,12]. EDS analyses showed that Na+ ions are
replaced in the Na-ZT by Mn(II), Ni(II), Cu(II), and Zn(II). The degree of ion exchange is
different and depends on the chemical nature of the cations in aqueous solution: Ni(II)
has the least amount of ion exchange (8%); Mn(II) and Zn(II) replace roughly 21% of the
Na+ ions, while for Cu(II), the exchange degree is the highest at 38%. According to a
recent report, cations prefer four crystallographic positions in the clinoptilolite channels
depending on their chemical nature [52]. Mn2+ prefers the cation site inside channel B (the
site M2), Ni2+ is located primarily at two sites in the A channel (M1, M3: M1 is positioned in
the center, and M3 is at the entrance to channel C), and Zn2+ occupies all three different sites
inside three channels [53]. The differences in cation’s accessibility to the extra-framework
ion-exchange sites explain the differences observed during the calcination and dehydration
of M-ZT. According to SEAD, the dehydrated Mn-ZT has no extra oxide phase compared to
Ni-ZT, Cu-ZT, and Zn-ZT. As shown in Figure 2, NiO, ZnO, and Cu2O oxide nanoparticles
are randomly distributed in the clinoptilolite matrix. The last three solids contain crystal
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clusters that are populated with spherical nanocrystalline particles to varying degrees,
which are oxides of Ni(II), Zn(II), and Cu(I) [9].

 

Figure 2. TEM image of the calcined M-ZT: (a) high-magnification image (bottom right) shows
a uniform surface of an amorphous clinoptilolite grain without any visible oxide nanoparticles;
(b) Ni-ZT grains with NiO nanoparticles. A single NiO particle and SAED pattern recorded across
the NiO particles are shown below: (c) Zn-ZT grains with ZnO nanoparticles and (d) the surface of a
Cu-ZT grain with multiple Cu2O nanoparticles [9].

The average particle size of the NiO crystallites is approximately 5 nm in diameter,
and their sizes range from 2 to 7 nm. SEAD pattern revealed that they belong to the cubic
NiO structure (JCPDF # 78-0643). It is implied by the lack of preferential faceting of the
cubic NiO crystals that a rapid crystallization occurred during the calcination. Similarly,
the SAED identified a polycrystalline ZnO with a wurtzite structure in the calcined Zn-ZT
(JCPDS 00-003-0888). The Cu2O (cuprite) nanoparticles crystallized due to the calcination
of the Cu-ZT. In this case, the reduction of Cu(II) to Cu(I) occurred most probably due to
the higher lattice enthalpy of the Cu2O. The estimated average size of cuprite particles was
only 2 nm.

Nano-sized MnxOy-containing clinoptilolite has been synthesized using a hydrother-
mal method in a temperature range of 80–180 ◦C. Manganese found in three oxidation
states, Mn2+ (37.8%), Mn3+ (14.2%), and Mn4+ (48%), explained the high catalytic activity
of the composite [54].

The small pore size of the clinoptilolite lattice, the particular channel arrangement,
and the crystallographic sites occupied by particular cations all appear to impact the
crystallization of oxide phases during the calcination process. The steric restriction imposed
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by the clinoptilolite lattice enables the uniform distribution of the ultrafine nanoparticles,
and the clinoptilolite lattice itself becomes a very good carrier of nanoparticles.

2.3. Conversion of ZT into SnO2-ZT and SO4-SnO2-ZT

The main benefits of solid acids and super acids over ordinary mineral acids or Lewis
acids are that they do not need as many toxic or corrosive reagents, nor do they have
handling, post-reaction separation, recovery, recycling, or contamination issues. Some
metal oxides, such as titanium, zirconia, and SnO2, have become highly effective solid
acid catalysts because of their super-acidity, high activity, and selectivity. Sulfated SnO2
has recently been shown to have greater acid strength and catalytic activity than other
sulfated metal oxides [55,56]. With this in mind, the immobilization of SO4-SnO2 onto ZT
was studied to prevent possible sulfate leaching reported for SO4-SnO2 [18].

ZT was converted into SO4-SnO2-ZT using a three-step procedure: (1) conversion of
ZT to H-ZT by treating ZT with 1 mol dm−3 HCl at 100 ◦C and then with 0.2 mol dm−3

NH4OH at 65 ◦C; (2) preparation of the SnO2-containing ZT (SnO2-ZT) using an ethanolic
solution of SnCl2 (C0 = 2 g dm−3) and NH4OH solution followed by calcination at 400 ◦C;
and (3) sulfation of SnO2-ZT using (NH4)2SO4 followed by calcination at 400 ◦C to obtain
SO4-SnO2-ZT [18].

In the first step of the procedure, ZT was converted into its hydrogen form, H-ZT. The
treatment does not affect clinoptilolite’s crystallinity, but the lattice underwent a partial
dealumination, as evidenced by the increase in the Si/Al molar ratio from 4.9 to 7. The
content of Na drastically decreased, and K, Ca, and Mg were not found, which confirms
that ZT is essentially transformed into H-ZT. Subsequent transformation of H-ZT into SnO2-
ZT includes the treatment of H-ZT in a Sn(II) solution in an alkaline medium, resulting
in a minor reduction of crystallinity, which is not affected by further transformation of
SnO2-ZT into SO4-SnO2-ZT. The solid-state Al27 NMR evidences a partial dealumination
of ZT. Besides the peak characteristic for Al atoms located in tetrahedral positions of the
zeolite framework (AlO4 structural units) at 55 pm, maxima corresponding to octahedrally
coordinated extra-framework Al species (0 ppm), as well as to the extra-framework five-
coordinated Al (30 ppm), appear in the spectra. Moreover, the 29Si MAS NMR spectra
display peaks connected to various Si environments and are assigned to the Si atoms with
H atoms in their vicinity.

The presence of SnO2 in SnO2-ZT was verified by X-ray photoelectron spectroscopy
(XPS). According to the XPS depth profiles, the Sn concentration decreases from the top to
the bottom of the sample. There is a slight accumulation of Sn at the surface, which is more
noticeable in the samples with a higher Sn content (1.6–2.4 at.%). The unexpected result
was the observation of Sn within the clinoptilolite lattice, indicating that the Sn species are
present both inside the lattice and on the zeolite’s surface. It is proposed that holes are
formed in the lattice via a dealumination modification. Moreover, covalent Si–O–Sn bonds
are suggested at the Sn(IV) species in the holes.

The last modification step is the sulfation of SnO2-ZT to SO4-SnO2-ZT, including
treatment with (NH4)2SO4. This brings about a partial pore blockage of the clinoptilolite
lattice, evidenced by a 20% decrease in the specific surface area for the sample with the
highest Sn amount.

The purpose of this conversion of SnO2-ZT to SO4-SnO2-ZT was to give the ZT an
acidic quality that would be potent enough to catalyze the esterification of levulinic acid
and thus replace the highly corrosive H2SO4 that is typically used in this process. An
FTIR spectra analysis of adsorbed pyridine was used to investigate the acidity of SnO2-
ZT and SO4-SnO2-ZT. The SnO2-ZT spectra contain both Lewis and Brönsted acid sites.
There are significantly more Lewis acid sites than Brönsted sites due to the contribution of
coordinated unsaturated Sn ions from the Sn(IV) species inside the lattice. The role of Sn(IV)
in the creation of Lewis acid sites is supported by the fact that the number of Brönsted acid
sites does not change significantly with the Sn content while the number of Lewis acid sites
increases. Finally, the amounts of Brönsted and Lewis acid sites are significantly higher for
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sulfated samples, indicating that sulfate species increase the Brönsted acid strength of the
hydroxyl groups on the surface of SnO2 particles and function as Lewis acid sites.

3. Adsorption Studies

3.1. M(II) Adsorption (M–Mg, Mn, Ni, Cu, Zn, Pb) onto Na-ZT

Water and wastewater have been treated with ZTs, and this method continues to
show promise for environmental cleaning processes. Over the past few decades, the
application of ZTs has focused on eliminating ammonium and heavy metals due to ZT’s
pronounced ion-exchange capabilities [57–64]. Here, ZT’s affinity (from deposits in Serbia)
is presented for some metal cations. The experiments were conducted at 25–55 ◦C with
an initial M(II) concentration of 1.5–6.0 mmol M dm−3, using a batch method, and using
the (solution volume)/(solid weight) ratio 100 cm3: Na-ZT (ZT enriched with Na+ by ion-
exchange pretreatment) removes the studied cations from water media via an endothermic
ion-exchange reaction. Specifically, metal ions from an aqueous solution that come into
contact with the ZT replace sodium ions from the clinoptilolite lattice. It is not found that
intra-particle diffusion is the rate-limiting step in the ion-exchange process, even though
all of the metal ions under study have hydrated radii that are noticeably larger than the
clinoptilolite lattice aperture. It can be proposed that the coordination sphere of the cations
alters during the reaction. Table 1 gives the removal efficiency of the Na-ZT.

Table 1. Removal efficiency (%) of Na-ZT toward M(II) at the initial concentration of 1.5 mmol M(II)
dm−3 at 25 ◦C.

M(II) Mg Mn Ni Cu Zn Pb

Removal, % 60 47 15 84 50 100

For all studied cations, the removal efficiency rises with temperature. As a result, the
removal efficiency toward Cu(II) increased by roughly 14% when the temperature increased
from 25 to 45 ◦C. Moreover, the pseudo-second-order rate model gives the most accurate
description of adsorption kinetics for each of the cations. However, the rate of adsorption
increases with temperature only for Mn2+ and Ni2+; the increase is significant only for Mn2+.
This can be due to the influence of the hydrolysis of metal ions on the adsorption kinetics [10].
The outcomes of the detailed crystal-structure analyses of Pb-exchanged zeolites provide a
potential explanation. Research revealed that a change in the coordination sphere of Pb(II)
ions occurs concurrently with the ion exchange of Pb(II) in zeolite lattices [65]. The last
modification makes the current Pb(II) ion species smaller, facilitating a simple exchange
of Na+ for Pb2+ within the zeolite channels. Because of the increased hydrolysis at higher
temperatures, the formation of polynuclear metal species is likely. The large polynuclear
hydrolysis products are less able to fit through the zeolite pore system due to their larger
size, which explains the irregularities in the rate change by temperature. At 25 ◦C, the rate
increases in the series Mn2+ < Zn2+ < Pb2+ < Ni2+< Cu2+ ≈ Mg2+, whereas at 55 ◦C, the rate
of adsorption is the highest for Mn2+ [8,10,11,20–23].

3.2. Adsorption of Nitrate and Phosphate onto Fe-ZT

Both nitrogen and phosphorus are essential elements found in a variety of sectors,
including agriculture and various industries. But phosphate and nitrate ions are also
contaminants. The primary cause of eutrophication in lakes, reservoirs, and rivers is an
overabundance of these anions [66–68]. Globally, elevated concentrations of these ions
during the last ten years have sparked grave worries. As a result, effective techniques for
removing them from water are required to protect water supplies.

The negatively charged zeolite lattice reduces phosphate and nitrate adsorption effi-
ciency by clinoptilolite; therefore, zeolite surface modification, such as coating with cationic
surfactants [68–71], is applied to enable zeolite removal efficiency. Recent research, how-
ever, highlights the toxicity of cationic surfactants and advises using them with care [72,73].
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Considering this, modified zeolite forms that employ non-compromising materials for
modification are investigated. Fe-ZT was shown to be a suitable adsorbent for oxoanionic
species [40–45,74].

Solutions of KNO3 and KH2PO4 (1–6 mmol NO3
−/PO4

3– dm−3) were used for the
nitrate and phosphate adsorption by Fe-ZT [19,23]. The equilibrium adsorption data for
both anions agree with the Langmuir isotherm, giving the Langmuir constant (RL) values
in the range of 0–1, which is characteristic of favorable adsorption.

The adsorption mechanism is explained by electrostatic interactions between nega-
tively charged nitrate and phosphate anions and positively charged M–OH2

+ groups on
the metal-hydroxy-containing Fe-ZT. At lower pH, the M–OH2

+ groups arise due to the
reaction between the hydronium ions from the solution and the surface hydroxyl groups
present on Fe-ZT. However, nitrate ions may also be partially bound through ion exchange,
whereby they replace hydroxyl ions [24].

The highest affinity toward phosphate ions Fe-ZT was shown at pH = 6.5. Removal
efficiency increases with temperature, and the adsorption is described well by the Lang-
muir isotherm. Adsorption kinetics follows the Lagergren pseudo-second-order model.
However, the 31P NMR study showed that the adsorption mechanism of phosphate is
complex, including electrostatic interaction and more prominent covalent bonding be-
tween phosphate ion and Fe(III). The phosphate is predominantly bonded as a bidentate
ligand [19].

3.3. Adsorption of Ciprofloxacin onto Fe3O4-ZT

Adsorption of ciprofloxacin (CIP) was studied for the initial CIP concentrations in
the range of 0.04 to 0.2 mmol dm−3 [17]. The adsorption experiments were conducted
at pH ~5, where CIP is present as the CIP+ ion. Fe3O4-ZT was an excellent adsorbent
in the 15 to 30 ◦C temperature range. The adsorption is very fast, so more than 80% of
the maximum adsorption capacity is reached within the first 10 min. Adsorption kinetics
follows the Lagergren pseudo-second-order equation, and the Langmuir isotherm model
describes the equilibrium adsorption data. Because the adsorbed CIP could not be removed
by different treatments, including the acid-base treatment and ion exchange, it seems likely
that the adsorption mechanism involves very strong electrostatic interactions between the
negatively charged Fe3O4-ZT surface and the cationic form of CIP.

The presence of nano-magnetite particles on ZT brings magnetism to ZT, which
allows the easy separation of the saturated adsorbent by simple magnetic separation.
Moreover, it is worth noticing that the CIP-containing Fe3O4-ZT exhibits strong antibacterial
activity toward pathogens (E. coli and S. aureus), suggesting its possible application in water
disinfection [17].

The regeneration of the CIP-containing Fe3O4-ZT is successfully achieved by a plasma
treatment operating at atmospheric pressure with air as the working gas [24]. Non-thermal
plasma does not affect the zeolite crystal structure nor its textural properties, suggesting
that the treatment can be a convenient method for regenerating the mineral adsorbent.

Rouhani et al. [49] have also verified the adsorption efficiency of Fe3O4-ZT toward
antibiotics. Tetracycline was removed with 98.6% efficiency under optimal reaction condi-
tions, with pH = 7–8 yielding the maximum removal efficiency. The physical adsorption
mechanisms included tetracycline polar molecules’ van der Waals forces and hydrogen
bonds with Fe3O4-ZT functional groups.

3.4. Adsorption of Atenolol, Acetylsalicylic Acid, and Salicylic Acid onto M-ZT

ZT and M-ZT (M–Mn(II), Ni(II), Cu(II), Zn) were tested for their adsorption capacities
toward three pharmaceuticals that are known to be emerging water contaminants: atenolol
(ATL), a beta-blocker drug, acetylsalicylic acid (ASA), a non-steroidal anti-inflammatory
drug commonly used in organic synthesis, and salicylic acid (SA), widely used in organic
synthesis [26].
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The studies were carried out microcalorimetrically. The profiles of the heat flow signals
are completed after 30 min, showing that the adsorption reached equilibrium. Adsorption
isotherms differ for the same type of pharmaceutical, suggesting that the chemical nature
of M influences the adsorption process. Also, different shapes of adsorption isotherms and
different adsorption capacities are obtained for the different M-ZTs.

ATL adsorption capacities are found: Ni-ZT displays the highest adsorption capac-
ity with multilayer adsorption. The final surface concentrations of ATL are from 40 to
115 μmol g−1. Cu-ZT displayed the lowest adsorption abilities. A decrease in the differen-
tial heat (Qdiff) indicates that ATL molecules interact with heterogeneous solid surfaces:
a drop from 40 kJ mol−1 to 10 kJ mol−1 is evident for Cu- and Ni-ZT and from 35 to
10 kJ mol−1 for Zn- and Mn-ZT. Initial Qdiff values suggest that a fraction of ATL molecules
strongly interact with active sites, whereas most ATL molecules are physisorbed on M-ZTs.

In the case of SA, different adsorbed amounts and equilibrium concentrations were
found for ZT and M-ZTs. The isotherm shapes differ significantly: the isotherms for Ni-Z
and Mn-Z indicate multilayer adsorption, whereas the isotherms of SA on ZT, Cu-Z, and
Zn-Z show saturation. The final surface concentrations of SA (amounts adsorbed per gram
of solid adsorbent) are from 5 to 15 μmol g−1. The values obtained for the SA adsorption
show a strong interaction with M-ZT for at least a fraction of the salicylic acid molecules,
as they are significantly higher than those found for ATL. For the Ni-, Cu-, Zn-, and Mn-
ZT, the corresponding initial differential heat values for the SA adsorption are 110, 109,
105, and 55 kJ mol−1. The initial Qdiff for SA on ZT is significantly lower (21 kJ mol−1),
indicating that ZT has a considerably lower affinity toward SA than M-ZTs. The heat of
interaction could not be measured for ASA because of the ASA decomposition on the
adsorbent surface.

The heats of adsorption obtained by microcalorimetry studies confirm that the ad-
sorption of ATL and SA happens on energetically heterogeneous surfaces. This can be
explained by the fact that the studied pharmaceuticals possess electron-donor groups (SA
and ASA have O-donor groups (–OH and –OOH), and ATL has both –NH and –OH) and
can interact with M2+ cations (which are electron acceptors) in different ways depending
on the nature of M as well as on the steric requirements imposed by their crystallographic
positions in the zeolite lattice [26].

4. Use of ZT in Agriculture

4.1. Use of ZT and Fe-ZT as Soil Supplements

Natural zeolites have good adsorptive and ion-exchange qualities, making them
suitable for agricultural use. They have been viewed as a promising option for a soil
supplement that can enhance soil’s chemical and physical characteristics, including their
ability to retain water and acidity. This quality is especially crucial for sandy soils [75]. One
of the primary advantages of adding ZT to soils is its capacity to extend plant nutrient
retention, which prevents nutrient leaching and helps preserve water [76–78]. Furthermore,
ZT has successfully remediated heavy-metal-polluted soils [79–81].

ZT and Fe-ZT were tested as soil supplements for preserving plant nutrients (nitrogen
and potassium) in different soil types: sandy, silty loam, and silty clay soils [13]. This
was performed by leaching experiments performed in laboratory conditions using column
systems at room temperature (Figure 3).

KNO3 was used as a mineral fertilizer. Adding KNO3 corresponded to 10 mg N
(100 g soil)−1 and 28 mg K (100 g soil)−1, which amounts to 200 kg N and 550 kg K ha−1 soil.

Both ZT and Fe-ZT were active in soils, retaining the nutrients. Their retention
efficiency depends on the soil type. Nitrate ions readily leach out, irrespective of the soil
type. The high leaching was detected at the beginning of the experiment, and then the
leaching proceeded slowly. This is ascribed to the high solubility of nitrate. Silty clay and
sandy soils treated with chabazite (Italy) likewise exhibited a high nitrate leaching rate at
the start of the leaching experiments [82]. Adding ZT and Fe-ZT increases nitrate retention
in silty loam and clay soils. The retention effect is more pronounced for Fe-ZT (42% for
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Fe-ZT and 26% for ZT) in silty loam soil in contrast to silty clay, where Fe-ZT retains only
14% of N (ZT efficiency was 4%).

Figure 3. (a) Experimental setup used in the leaching experiments and (b) schematic presentation
of an individual column: (1) water tank; (2) peristaltic pump; (3) plexiglass column; (a) PVC balls;
(b) soil or soil/Fe-ZT mixture; (c) PVC balls; (d) PVC filter; (4) sample collector.

Their physico-chemical properties can explain the difference in retention activity in
different soil types. Silty clay soil is alkaline, and it seems likely that there is a competition
between the nitrate and hydroxyl ions for the adsorption sites on the zeolite, causing
leaching of the nitrate.

Adding both ZT and Fe-ZT improves the retention of potassium in the studied soils
in the following order: silty loam < silty clay << sandy soil. The highest retention was
evident for sandy soil, which is important since sandy soils are poor in clay content and
have limited ability to bind potassium. This effect is minor for the silty loam and clay soils
since both can retain potassium [13].

The results confirm the applicability of ZT and Fe-ZT as soil supplements for retaining
plant nutrients (nitrogen and potassium) in different soil types. On sandy soils, the addition
has the most noticeable effect. Similarly, research demonstrates that K+ leaching can be
considerably reduced even in sandy soil supplemented with municipal compost [83]. It
has also been reported that K-enriched ZT can be utilized to stop the loss of K+ from soil
when applied to sandy soil and sandy soil that has been supplemented with chemical
fertilizers [84].

4.2. Use of the Se-Containing Fe-ZT for the Growth of Pleurotus Ostreatus

To obtain SeO3-Fe-ZT and SeO4-Fe-ZT, Fe-ZT was treated with water solutions of
Na2SeO3 (4.5 mmol dm−3) and Na2SeO4 (3.0 mmol dm−3) at pH = 8 and pH = 3, respec-
tively [14]. The Se XANES spectra of SeO3-Fe-ZT confirmed the presence of selenite (37%)
and selenate (63%), which were found in SeO4-Fe-ZT. The Se K-edge EXAFS analysis pro-
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vides insight into the local structure around the Se atoms in both Se-containing products. In
the case of SeO3-Fe-ZT, it is suggested that the selenite adsorption involves the formation
of both Se–O–Fe and Se–O–Si bonds, while in the case of SeO4-Fe-ZT, adsorption primarily
occurs through the formation of Se–O–Fe bonds.

Both products containing selenium were utilized to cultivate P. ostreatus mycelia. The
Se content in mushrooms cultivated on the substrate with SeO3-Fe-ZT was about 211 μg g−1

and lower than in mushrooms grown on the substrate with SeO4-Fe-ZT (~254 μg g−1). The
presence of Se in mushrooms shows that P. ostreatus converts inorganic Se into an organically
bound form by adsorbing it. The amount of Se in the utilized substrate is determined
by its oxidation number. The cultivation of P. ostreatus onto a substrate mixed with the
Se-containing ZT is a promising method for obtaining Se-enriched dietary supplements
since the latter have been known to possess antioxidant activity [15].

4.3. Catalytic Use of ZT

One of the main concerns in the engineering of the atmospheric environment is the
removal of NOx. NOx gases are typically produced when fuels burn at high temperatures.
One of the methods for reducing NOx that has received the greatest attention is the selective
catalytic reduction of NOx (SCR-NOx). According to Moreno-Tost et al. [85], clinoptilolite
has demonstrated excellent performance as a catalyst for the selective catalytic reduction of
NOx by ammonia (NH3-SCR). The propane-SCR-NOx process has studied the catalytic
efficacy of clinoptilolite exchanged with transition metal ions (Zn2+, Fe2+, Cu2+, and Mn2+).
The Cu- and Mn-ZT performed the best conversion rate. The concentration of strong acidic
sites, redox centers, highly specific surface areas, and additional framework species were
found to be responsible for the conversion activity [86].

At ZT, wet impregnation and calcination at 500 ◦C were used to deposit oxides of
cobalt, manganese, and mixed cobalt-manganese oxides. Using the XPS technique, Mn3+

and Mn4+ ions were found. Co3O4 is produced in both bi-component Co-Mn-ZT and
Mn-ZT Mn-ZT, whereas MnO2 is produced at Mn-ZT. On the ZT surface, the active phases
were uniformly distributed and highly dispersed, leading to complete oxidation of the
n-hexane. The sample containing the highest concentration of Co3+ ions exhibited the
highest catalytic activity [87].

ZT was modified with hydrochloric acid, iron, copper, and cobalt salts to obtain
catalytic properties for converting dihydroxyacetone (DHA) based biomass. During the
conversion of DHA, lactic acid, formic acid, pyruvic acid, acetic acid, and levulinic acid
were obtained. The highest lactic acid yield (66.2%) was achieved with Co-ZT, formic
acid (93.6%) with Cu-H-ZT, and 87.4% acetic acid with Fe-ZT. The catalytic activity was
proposed for a partial dealumination of clinoptilolite lattice and reduction of the Fe and Cu
species [88].

A partial dealuminated ZT from deposit Kučin (Slovakia) was tested in the liquid
phase isomerization of α-pinene. The results indicate that the catalytic activity of ZT is an
entangled function of chemical composition, crystallinity, overall acidity, and substrate
access to the active sites [5].

ZT purchased from Sepifeed (Turkey) was catalytically active in the isomerization of
geraniol under mild conditions. Thumbergol, used in cancer treatment, was obtained at
47 mol.% [89].

The catalytic performance of NiO-ZT, Cu2O-ZT, and Zn-ZT was studied in the pyroly-
sis of hardwood lignin using a bench-scale fixed-bed reactor [12]. The catalysts were mixed
with lignin and then treated under an N2 atmosphere at 500 ◦C. GC and GC/MS were used
to analyze the resulting pyrolysis gas and liquid products.

Synergistic interaction between the ZT lattice and nano oxide particles explains the
bio-oil production with high phenol content. The type of nano oxide present in ZT impacts
the yield of phenols, with NiO-ZT exhibiting the highest value (approx. 54%). In the
presence of NiO-ZT, the yield of unwanted oxygenated compounds (esters, carbonyls, and
organic acids) decreases. Still, harmful polycyclic aromatic hydrocarbons (PAHs) do not
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rise significantly. This indicates that the clinoptilolite lattice’s microporous constrictions do
not favor the side-effect catalytic reactions that produce PAHs.

The results lead to the conclusion that the pyrolysis of hardwood lignin cannot be
related to the acidity of the catalysts. A significant number of Lewis acid sites were found
for ZnO-ZT, but the phenol content decreased compared to Na-ZT. In contrast, Cu2O-ZT
possesses many Lewis acid sites, increasing the bio-oil phenol content [12].

The results show that the clinoptilolite-based catalysts can have a significant role in
the catalytic pyrolysis of lignin to bio-oils.

TiO2-ZT was obtained using TiCl4 and partially dealuminated ZT at a high tempera-
ture. The oxide form of Ti-immobilized on dealuminated clinoptilolite was formed in the
anatase phase, with the zeolite structure remaining intact, according to powder XRD and
EDS analyses. This catalyst’s activity was tested in the esterification of 1-octanol with acetic
acid. It was suggested that firstly, acetic acid interacts with the surface hydroxyl groups of
the catalyst with intermolecular forces (H-bonding), and then the alcohol reacts with the
adsorbed acid molecule to form the alkyl acetate product with condensation [90].

Levulinic acid (LA) is one of the platform chemicals obtained from biomass, and its
esterification to levulinate esters is an industrially important process. The esterification is
an acid-catalyzed reaction for which strong, harmful sulfuric acid is used. Many efforts
have been made to substitute for sulfuric acid. The catalytic activity of SnO2-ZT and SO4-
SnO2-ZT was tested in the LA esterification with ethanol (EOL) and octanol (OOL) [17].

The obtained catalytic results show that both SnO2-ZT and SO4-SnO2-ZT are catalyt-
ically active in the LA esterification with both alcohols. SnO2-ZT exhibits high activity
(around 55%) in converting LA to octyl levulinate (OLE). The catalytic activity is not af-
fected by the Sn content. That can be due to hindered access of the long chain of octanol to
all acid sites, especially those inside the pores of the clinoptilolite lattice. Significantly lower
catalytic activity is achieved in converting LA to ethyl levulinate (ELE). The conversion
rate increases with the Sn content (up to 22%), indicating that the catalytic active sites on
the catalysts become more accessible to smaller ethanol molecules.

A total conversion of LA to both OLE and ELE was accomplished by SO4-SnO2-ZT,
which is explained by the acidity of the samples, i.e., the presence of high amounts of both
the Brönsted and Lewis acid sites (Figure 4). It is concluded that sulfate groups significantly
influence the esterification reaction, supported by reported data [91,92].

Figure 4. Schematic presentation of Lewis and Brönsted acid sites onto SO4-SnO2-ZT.

Reusability tests revealed that the process by which LA is converted to esters differs for
EOL and OOL. Because of the length of the chain, it appears that the esterification reaction
with OOL mostly happens at the catalyst’s exterior surface. On the other hand, because
EOL molecules can penetrate the catalyst’s pores more deeply, there is less diffusion out of
the intermediate products and ELE, which increases coke formation and reduces activity.
Additionally, reusability tests revealed that (a) the first partial leaching of sulfate groups
from the catalysts under test reduces the extent of the LA conversion and (b) the extent
of the LA conversion is stabilized following the second cycle, indicating that structural
characteristics of the clinoptilolite lattice prevent further leaching [18].

When all the data are considered, it seems that the clinoptilolite lattice can limit the ex-
tent of the sulfate leaching, providing reusable catalysts and preventing the aggregation of
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catalytically active SO4-SnO2 particles. This increases dispersion and improves accessibility
for the reactants.

Photocatalytic Activity

Heterogeneous photocatalysis has emerged as the most widely studied advanced
oxidation process (AOP). Suspensions of powdered TiO2 in the treated solution have been
used in most studies on photocatalytic degradation of organic pollutants [93]. However,
several characteristics make it difficult to fully utilize TiO2’s photo efficiency, including
poor adsorption, low surface area, the absorption of only a small portion of sunlight, rapid
recombination of electron–hole pairs, and difficulty separating from solution. Several
attempts have been made to circumvent this limitation to improve the efficiency of photo-
catalysts using suitable supports. Zeolites have been widely used among various supports
due to their unique structural properties.

ZT belongs to the Semnan region (Iran) was used to prepare NiO-containing ze-
olite [94]. NiO-ZT has an essential role in the photodegradation of aqueous cefalexin
(degradation efficiency was 73.5%), while pure NiO and zeolite did not have significant
photodegradation efficiency [94]. Moreover, photocatalytic degradation of a 4-nitrophenol
aqueous solution was investigated using ZnO-nano-ZT under UV irradiation. The photocat-
alyst was prepared by ion-exchanging nano-ZT in a zinc nitrate aqueous solution for 24 h,
followed by calcination at 450 ◦C for 12 h. The results indicated that the photodegradation
rate was affected by the initial 4-nitrophenol concentration, the pH, and the amount of
catalyst [95].

CuO-ZT prepared via wet impregnation of parent zeolite with CuSO4 aqueous so-
lution and calcination was reported as an efficient photocatalyst in the degradation of
p-aminophenol under sunlight irradiation. As for ZnO-ZT, it was concluded that the ZT
host was important in the photodegradation process, so pure CuO and natural zeolite did
not have significant photodegradation efficiency [96].

NiS-ZT can effectively degrade furfural exposed to UV light. Selecting the optimal
parameters to accelerate the rate of degradation is crucial. Since it is outside the zeolite
framework and does not exhibit a significant degradation efficiency, the zeolite lattice plays
a crucial role in the degradation process, indicating that the active centers within the zeolite
structure are NiS. One significant benefit of photodegradation is that very little photocata-
lyst (330 mg dm−3) is used, which conserves photocatalyst, conserves photons because of
the decreased scattering, and ultimately reduces environmental contamination [97].

ZT is suitable for photocatalytically active metal oxide particles such as SnO2, TiO2,
ZnO, NiO, and CuO [98–102]. An enrichment in their catalytic activity was attributed to a
synergistic effect between the particles of metal oxides and lattice of ZT. ZT prevents the
aggregation of metal oxide particles by fixing them onto ion-exchange sites and enables
electron–hole recombination.

Photocatalytic efficacy of SnO2-ZT and ZT was evaluated in the degradation of methy-
lene blue (MB), a representative cationic dye. Besides ZT, several zeolitic tuffs from de-
posits in different regions (Turkey, Iran, Romania, and Slovakia) were tested for compar-
ison [14,16]. Using a batch reactor system, photocatalytic tests were carried out at room
temperature and atmospheric pressure and under visible light irradiation.

SnO2-ZT is photocatalytically active, increasing both the adsorption capacity and
photocatalytic performance, which can be attributed to a high surface area and a partial
increase in the negative potential of the surface. The degradation of MB is affected by the Sn
content. Increasing the Sn content above an optimal amount decreases its photocatalytic ac-
tivity under visible light illumination. This is attributed to the SnO2 aggregation, a decrease
in the effective surface area, and the collision of SnO2 particles with free MB molecules.

It can be proposed how ZT functions in photocatalytic systems as present in this study.
The synergistic effect of the clinoptilolite lattice and SnO2 particles is responsible for the
photolytic activity. Because of ZT’s adsorption affinity for cationic organic dyes, more
molecules are drawn to the catalyst surface, where the produced hydroxyl radicals create
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many active sites for the adsorption of intermediates. Additionally, the lattice inhibits
their aggregation by anchoring the SnO2 particles to specific crystallographic sites while
simultaneously permitting electron–hole recombination.

ZT also exhibits exceptional photocatalytic activity in the MB degradation process. pH
impacts the overall degradation of MB, peaking at pH = 6 (70% for C0 = 10 mg MB dm−3,
0.2 g ZT dm−3, for 300 min). The photodegradation follows the kinetic model of Langmuir–
Hinshelwood. The Fe species, typically found as impurities in zeolitic tuffs, have a com-
bined effect on the initial adsorption and degradation of MB upon exposure to visible light,
which is responsible for the entire degradation of the dye. Zeolitic tuffs from other regions
give similar results. The activity rises with the tuffs’ Fe content. Additionally, pure ZT from
a deposit in Ukraine showed photocatalytic activity in the rhodamine B degradation due to
iron impurities in tuff [103].

4.4. Interactions of Bacteria and ZT

Bacteria’s interaction with zeolite depends on its chemical characteristics (native or
modified ZT). The characteristics determine the type of zeolite-bacterium interactions,
which can then influence the target species of bacteria (e.g., useful or pathogenic bacte-
ria). As a model, the useful bacterium Acinetobacter junii, which is used in tertiary-stage
wastewater treatment, is chosen. Besides the widely tested Escherichia coli and Staphylo-
coccus aureus, an emerging hospital pathogen, Acinetobacter baumannii, is also chosen as a
model pathogenic bacterium.

In a water column, bacteria have a native tendency to attach to the solid surface,
where they continue to grow in the form of biofilm. The bacterial population in the biofilm,
opposite to the planktonic population, will be protected from different environmental
biotic and abiotic stresses [27]. The inorganic surface should be inert, nontoxic, of porous
structure, relatively cheap, easily available, and environmentally friendly and provide
a rough, irregular surface for bacterial colonization [104]. ZT meets all the mentioned
characteristics to serve as a carrier of immobilized bacteria.

To elucidate the crucial factors determining the extent of bacterial immobilization
onto different ZTs of the same particle size, ZTs of the particle size ~0.125 mm originating
from Croatia, Turkey, and Serbia were examined [27]. After 24 h of contact, immobilized
A. junii was in the order of a few billion bacteria per gram of dry ZT. The extent of bacterial
immobilization could not be correlated with the main ZT features, such as the clinoptilolite
content, cation-exchange capacity, or zeta potential. The extent of bacterial immobilization
on a single ZT cannot be predicted by mineralogical and chemical analysis of ZT. The
results conclude that each ZT is a candidate to be used as a carrier of bacteria, with the only
limitation that ZT must not have a high concentration of toxic heavy metals.

In contact with bacteria suspended in water with ZT, the attachment of bacteria on the
surface of the ZT will appear within one hour. The intensive immobilization of ZT (billions
of bacteria per gram of ZT) is achieved after 12 h of contact, and prolonged contact until
24 h will ensure stable bacterial biofilm [27].

The rate of bacterial immobilization depends more on the features of the material
and, to a lesser extent, on the features of the bacterium. The structure of the bacterial
cell wall, widely classified as Gram-positive or Gram-negative, will not determine the
immobilization. For the attachment to solid surfaces, bacteria use the structures on the cell
surface that are pili or capsules. A hydrophilic (having pili at the surface) and hydrophobic
(having capsule on the surface) isolate of A. baumannii was used to elucidate the effect of
the hydrophobicity level of the bacterial surface on the intensity of immobilization onto
the hydrophilic surface of ZT [28]. Both A. baumannii, with hydrophilic or hydrophobic
cell surfaces, were immobilized onto ZT (5.2 and 6.9 log CFU (Colony Forming Units)/g,
respectively) in the form of biofilm within 24 h of contact.

The nutrient availability for heterotrophic bacteria influences bacterial survival and
multiplication in water. The immobilization of A. baumannii onto ZT in nutrient-poor and
nutrient-rich water was followed for 72 h [28]. Planktonic cells of A. baumannii present in
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water became quickly attached to the surface of ZT particles, regardless of the nutrient
concentration in water. Immobilized cells excrete the extracellular polymers and form
stable biofilm on the particles within 24 h (Figure 5). No further incorporation of planktonic
cells occurs in the formed biofilm.

 

Figure 5. Cells of A. baumannii immobilized onto the ZT particles covered with extracellular polymer.

In nutrient-poor water, the shortage of nutrients prevents the multiplication of bacteria
previously incorporated in the biofilm; consequently, the biofilm stays conserved. In
nutrient-rich water, the availability of nutrients enables the multiplication of bacteria inside
the initially formed biofilm, which increases the number of bacteria and further matures
the biofilm. According to the behavior of bacteria in nutrient-poor and nutrient-rich water
media, the mode of A. baumannii immobilization onto ZT is proposed, whereby this mode
can be applied to the other bacterial species (Figure 6).

Figure 6. Mode of bacterial immobilization onto ZT. (1) Planktonic cells are quickly attached to the
surface of ZT particles; (2) immobilized cells excrete the extracellular polymers and form biofilm; (3) in
the nutrient-poor water, biofilm stays conserved, while in the nutrient-rich water, the number of bacteria
in biofilm increases.
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Another parameter that influences the extent of bacterial immobilization is the particle
size of ZT. The extent of bacterial immobilization increases with the decrease in particle
size of ZT [30]. Under the same conditions, immobilized A. junii decreased from 9.7 to
8.5 CFU/g when aparticle size < 0.125 mm or 0.5–1.0 mm was used, respectively.

4.4.1. Possible Applications of Bacterial Immobilization onto ZT

As bacteria can be easily immobilized onto ZT particles, ZT can be used as a carrier
of beneficial bacteria. Bioparticles consisting of phosphate-accumulating bacteria A. junii
immobilized onto ZT incorporate very well into activated sludge biomass [31]. The bioaug-
mentation of activated sludge with 5 g dm−3 of bioparticles significantly improved the
phosphorus removal from fresh municipal wastewater. Better phosphorus removal is a
function of increased biomass of phosphate-accumulating bacteria A. junii.

Bacteria immobilized onto ZT particles are protected from the grazing of ciliates and
rotifers in the activated sludge and protected from being washed away by large amounts
of wastewater [27]. Applying ZT in the tertiary stage of wastewater treatment can be
used as a low-cost, efficient, and energy-saving technique to improve phosphorus removal
from wastewater.

4.4.2. Interactions of Bacteria and M–ZT

The ZT containing heavy metals or bactericidal organic substances was studied to
eliminate unwanted pathogenic bacteria [30]. The antibacterial effect of such modified ZT
depends on the type and concentration of the modified ZT used, the chemical composition
of the water medium, the concentration and species of bacteria, and contact time with
bacteria. The modified ZTs act bactericidally by the direct contact of particles with bacteria
or via the leaching of biologically toxic ions.

The antibacterial activity of Cu-ZT, Zn-ZT, or Ni-ZT at the concentration of 1 wt.%
was tested against Gram-negative bacterium E. coli and Gram-positive bacterium S. aureus
at the initial bacterial concentration of 7 log CFU/mL in different water media after short
(1 h) and long-term (24 h) exposure [32]. The Ni-ZT showed weak antibacterial activity as
compared to Cu-ZT and Zn-ZT. Antibacterial activities of the modified ZTs in a nutrient-
rich medium were significantly lower than those in the nutrient-depleted media. The
increased antibacterial activity of modified ZTs was evident by prolonging the contact time
with bacteria. There was no remarkable difference in the antibacterial activity against Gram-
negative and Gram-positive bacteria. The antibacterial activity of modified ZTs depends
more on the features of the material and, to a lesser extent, on those of the bacterium.

The antibacterial activity of the Cu2O, ZnO, or NiO nanoparticles supported on ZT was
investigated in the secondary effluent wastewater [33]. The Cu2O- and ZnO-containing ZT
are more effective than the NiO-containing ZT, comparable to Cu-ZT, and Zn-ZT compared
to Ni-ZT. After 24 h of contact, the Cu2O and ZnO-containing ZT reduced the numbers
of E. coli and S. aureus by four to six orders of magnitude. In the real wastewater, the
bactericidal effect (meaning 100% reduction) against native E. coli was obtained after 1 h
of contact. An increase in the NiO-ZT concentration from 1 to 5 wt.% did not enhance the
antibacterial activity against E. coli. This fact suggests that the antibacterial activity of nano
oxide particles supported on ZT depends on the chemical nature of the toxic metal and that
an increase in the ZT content could not increase the antibacterial activity.

The Ag-ZT, Cu-ZT, and benzalkonium-containing ZT (BC-ZT) showed bactericidal
activity against clinical isolates of A. baumannii in a physiological solution, depending on
the type and concentration of ZTs used and the contact time [34]. Differences between
the bacterial isolates only slightly influenced the bactericidal activity. Minimum bacteri-
cidal concentrations (MBC) after 24 h of contact varied from 31 to 250 mg dm−3, 125 to
250 mg dm−3, and 250 to 500 mg dm−3 for Ag-ZT, Cu-ZT, and BC-ZT, respectively.

Ag-ZT showed a superior bactericidal effect compared to Cu-ZT or Zn-ZT against
isolates of E. coli [35]. Ag-ZT showed a bactericidal effect within 1 h of contact in a nutrient-
rich medium, while Cu-ZT or Zn-ZT were bactericidal only in nutrient-poor water media.
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Except in water media, Ag-ZT and Cu-ZT were tested for the elimination of A. baumannii
from artificially contaminated natural soils [36]. Adding 1wt.% of Cu-ZT shortened the survival
of A. baumannii from seven to three days in slightly acidic terra rossa and from four months to
14 days in slightly alkaline red palaeosol.

Adding 0.1 wt.% of Ag-ZT to slightly acidic or alkaline soil completely removed the
A. baumannii within 1 h of contact, with a negligible impact on native soil bacteria.

Salycilate-containing BC-ZT at a concentration of 0.5 wt.% [37] immediately killed all
E. coli and S. aureus in a nutrient-rich medium. The bactericidal effect was ascribed to the
benzalkonium cations, while the salicylate anions had a negligible effect on the bacteria.
It was shown that the arrangement of the BC layers onto ZT is crucial in the antibacterial
activity of BC-ZT [3]. BC-ZT with the BC bilayer or patchy BC bilayer coverage shows a
bactericidal effect. In the case of monolayer coverage, an antibacterial effect is expected,
while in partial monolayer coverage, bacteria are unaffected.

Forming a biofilm on abiotic surfaces is one important virulence factor of A. baumannii.
Novel composites with anti-biofouling activity were developed to prevent biofilm formation
on the tubes for medical applications [38]. Ag-ZT was added to a polyvinyl chloride matrix,
followed by coating with D-Tyrosine. Composites containing 1 wt.% of Ag-ZT showed a
bactericidal effect against the clinical isolate of A. baumannii in the phosphate-buffered saline
within 24 h of contact.

4.4.3. Other Possible Applications of M-ZT

The antibacterial activity of metal-containing ZT can be used to disinfect water con-
taining low concentrations of nutrients, such as drinking water or secondary effluent
wastewater. An M-ZT with low leaching of metal cations, such as Cu- or Cu2O-containing
ZT [32,33], is recommended for disinfection. The bactericidal activity of ZT with Cu(II),
Ag(I), or BC can be applied in the disinfection of water or wet surfaces [34] but also in the
remediation of soils contaminated with human pathogens [36].

ZTs can be used in medicine except for environmental applications. The BC-ZT and
salicylate-containing BC-ZT [37] can be an alternative drug with simultaneous antibacterial
and anti-inflammatory effects. Composite material containing the Ag-ZT is promising
in preventing the biofilm formation of A. baumannii on tubes used for medical applica-
tions [38].

5. Conclusions

This review summarizes the results of extensive studies on tuffs rich in clinoptilolite
from the deposits in Serbia and other countries. Because clinoptilolite is present there
in high content, the tuffs can be recommended in wastewater treatments to adsorb and
remove a wide range of inorganic (such as heavy metal cations, oxyanions, nitrates, and
phosphates) and organic (such as organic micropollutants) pollutants from water.

Clinoptilolite’s thermal and chemical stability makes it useful for creating ultrafine,
catalytically active oxides or as a carrier of catalytically active species. Its catalytic activity
has been confirmed in several catalytic processes.

Additionally, clinoptilolite is a beneficial addition to the soil since it improves the soil’s
nutritional qualities and can supply certain elements that it lacks, like selenium.

In conclusion, clinoptilolite is a potential antibacterial agent and a carrier of beneficial
bacteria for the biotechnological treatment of activated sludge and wastewater.

This suggests that natural clinoptilolite has considerable potential for use as an en-
vironmentally friendly material in various applications, including synthetic zeolites that
have long been regarded as superior.
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SO4/SnO2-containing clinoptilolite in the esterification of levulinic acid. Microporous Mesoporous Mater. 2019, 279, 10–18. [CrossRef]
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25. Kalebić, B.; Skoro, N.; Kovac, J.; Rajic, N. Regeneration of the ciprofloxacin-loaded clinoptilolite by non-thermal atmospheric
plasma. Appl. Surf. Sci. 2022, 593, 153379. [CrossRef]
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88. Sobuś, N.; Król, M.; Piotrowski, M.; Michorczyk, B.; Czekaj, I.; Kornaus, K.; Trenczek-Zając, A.; Komarek, S. Conversion of
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8 SIJ Acroni d.o.o., Cesta Borisa Kidriča 44, 4270 Jesenice, Slovenia; mojca.loncnar@acroni.si
9 University of Ljubljana, Faculty of Natural Sciences and Engineering, Department of Geology, Aškerčeva
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Abstract: The increase in industrial waste generation presents a global problem that is a consequence
of the needs of modern society. To achieve the goals of the EU Green Deal and to promote the
concept of circular economy (CE), the valorization of industrial residues as secondary raw materials
offers a pathway to economic, environmental, energetic, and social sustainability. In this respect,
Al-containing industrial residues from alumina processing (red mud), thermal power plants (fly
ash and bottom ash), and metallurgy (slag), as well as other industries, present a valuable mineral
resource which can be considered as secondary raw materials (SRMs) with the potential to be used in
construction, supporting the concept of circular economy. This paper focuses on the characterization
of 19 secondary raw materials from the East South-East Europe (ESEE) region regarding their physical,
chemical, mineralogical, and radiological characteristics. The goal is to provide a foundation for
future innovations based on secondary raw materials, in alignment with the EU Green Deal and the
principles of circular economy. The results showed that fly ash has the potential to be the best material
among those analyzed to be used in the cement industry, mainly due to its favorable radiological
and mineralogical properties. However, it is important to control the amount of free lime in the
mixture, ensuring it remains below 10%. After evaluating secondary mineral raw materials for metal
recovery, the results indicate that these materials are not viable sources for base metals or other
technology-critical metals, such as REEs.

Keywords: Green Deal; Al-containing industrial residues; circular economy; fly ash; slag; red mud

1. Introduction

The EU Green Deal (EU GD) is a new growth strategy aimed at transforming the
EU into a fair and prospective society. It focuses on creating a modern and competitive
economy with the goal of completely reducing greenhouse gas emissions by 2050 in the
whole European Union [1]. The mobilization of industries for a clean and circular economy
is essential for achieving the new EU strategy. The circular economy action plan (ECAP)
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supports the transition from a linear model to a circular model, where waste becomes a
valuable resource [2]. In addition, it recommends making use of mineral resources in more
efficient way, i.e., to recycle and recover raw materials from any waste streams [3]. The
concept of circular economy supports the utilization of secondary raw materials (SRMs), as
these materials provide economic, energetic, and environmental benefits. Nonetheless, SRM
still contains many valuable components and possesses characteristic physico-chemical
properties for producing value-added products that, in recent years, have gained significant
interest. In this regard, slag from the steel industry, red mud from alumina production, and
fly ash and bottom ash from thermal power plants and the paper industry, among other
wastes/by-products, present potential for valorizing as SRMs in cement plants [4] and in
the production of bricks [5], glass–ceramics [6], adsorbents [7], zeolites [8], etc.

In 2021, the world iron slag production was estimated to be between 340 million and
410 million tons, and the steel slag production was estimated to be between 190 million
and 280 million tons [9]. The most recent European statistics for 2020 indicate that 20.8 Mt
of blast furnace slag (BFS) and 12.4 Mt of slag from steel production were produced in
Europe [10]. The recycling of these slags provides a number of environmental benefits,
including the preservation of natural resources, the recovery of valuable metals, and a
reduction in the volume of solid waste. BFS is mainly used as a cement and concrete
additive (approx. 85% of total BFS utilization); meanwhile, the utilization of steel slag is
more diverse. It is estimated that 57% of the total steel slag is used in road construction,
25% for metallurgical use and internal storage, 5% as fertilizer, 4% for cement and concrete
additives, and 2% for hydraulic engineering, while the rest is used for other purposes.

Red mud as a residue from the Bayer process (alumina production from bauxite ore)
is estimated at 120–150 Mt of global annual production, and its accumulation is estimated
at around 4 billion tones [11]. Red mud has been used for metal recovery, adsorption,
soil amendment, in catalysis, and in oxidation reactions, as well as in the production of
construction and building materials, but only in small portions [12].

According to the ECOBA (European Coal Combustion Product Association 2016), 15%
and 9% of the total produced (40 million tons) coal combustion products (CCP) belong to
fly ash and bottom ash, respectively. Fly ash has been widespread, used in cement and
concrete production [13], bricks and blocks [14], glass–ceramics [15], etc. Bottom ash could
be used as a supplementary material in cement or as aggregate in concrete [16]. Both fly
ash and bottom ash can be used for innovative products such as aerogels, geopolymers,
rare earth elements, zeolite, etc., supporting the green transition in construction [17].

Cement plants, as an energy-intensive industry, have invested serious efforts to achieve
the goals defined in the EU GD and ECAP. Among many approaches towards decarboniza-
tion, utilizing secondary raw materials (SRMs) presents one of the ways to decrease the CO2
footprint [18]. SRM can be incorporated in cement production as a raw meal of clinker (in
the first stage of cement production) or as supplementary cementitious material (at the later
stage of production, acting as a hydraulic or mineral additive) [19]. The incorporation of
secondary raw materials in belite–sulfoaluminate cement (BCSA) was recently investigated.
Namely, the recent investigations showed that bottom ash [20] and fly ash from thermal
power plants [21], as well as steel slag [4], could be successfully embedded in BCSA. There
is still potential to explore the use of characterized secondary raw materials for BCSA
production and other applications. For example, studies have shown that alumina-rich
wastes can be effectively utilized in geopolymers, with alkali-activated slag and fly ash
geopolymers emerging as innovative, environmentally friendly alternatives to conventional
OPC, especially as fire-resistant alkali-activated cementitious materials [22,23].

The potential utilization of SRM relies on its chemical and mineralogical composition,
particularly the amount of amorphous phase contained within, its granulometry, and the
content of natural radionuclides which defines these SRMs as NORMs (Natural Occurring
Radioactive Materials). The Council Directive 2013/59/EUROATOM, 2013 [24], Article 75,
defines the norms for SRM to be assessed from a radiological point of view as they will be
used in standard building practice.
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Most of the secondary raw materials presented in this study were collected and
analyzed within the RIS-ALiCE project. Many of them are also available in the RIS-ALiCE
registry [25]. This project aimed to collect data on Al-containing residues from the East
South-East Europe (ESEE) region and to evaluate their potential use in the production of
low-CO2 mineral binders based on BCSA. This paper presents the results of the secondary
raw materials characterized by their physical, chemical, mineralogical, and radiological
aspects. The results present the basis for innovative solutions for utilizing secondary
raw materials from the ESEE region, in line with the EU Green Deal and the circular
economy model.

2. Materials and Methods

2.1. Materials

Approximately 50 kg of bulk composite sample was collected at each sampling site
in the period between October 2019 and October 2020. Bulk samples were composed
of a minimum of 10 subsamples of equal size sampled from randomly selected points of
stockpiles or sedimentation ponds to achieve representatives of each sample. Distribution of
the subsamples considered the shape and type of the residue deposit, possible gravitational
segregation of the material, and size of the particles deposited.

Prior to further analyses, all collected samples (Figure 1) were air-dried at 20 ◦C to a
constant mass, with humidity measurements taken both before and after drying. The only
exception was the slag mineral residue (SL2) obtained from the processing of the mixture
of EAF S slag and ladle slag. Due to its nature (wet sample), it was immediately dried after
sampling at 105 ◦C to prevent phase transformation. For the reduction of the bulk sample
(air dried), a coning and quartering protocol was used. The coning and quartering method
was chosen to systematically reduce samples while preserving their representativeness.
The process of mixing and quartering was repeated until the required size of the laboratory
sample was obtained. Each homogenized sample was of such size that all the individual
analyses could be carried out twice.

Figure 1. Samples of collected secondary raw materials.

Table 1 contains basic data on 19 samples, which represent red mud from alumina
production (1 sample), different slags from the steel industry (5 samples), fly and bottom
ashes from thermal power plants (8 samples), fly and bottom ash from paper mills (2 sam-
ples), and other industrial residues (3 samples). Additionally, in the frame of the project,
two fly ashes and bottom ash from the thermal power plant REK Bitola, Republic of North
Macedonia [26], five fly ash samples from the thermal power plant Nikola Tesla, Serbia [27],
and red mud from Alumina Zvornik, Bosnia and Hercegovina [28] were characterized, as
well as query and mine waste [29]. The collected samples are shown in Figure 1.
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Table 1. Coding of the samples.

Sample ID Date of Sampling Origin Type of Sample Company/Location Country

RM October 2019 Alumina
production Red mud Dobro Selo, Mostar Bosnia and

Hercegovina

SL1 October 2019

Steel industry

EAF C steel slag SIJ Acroni, Jesenice Slovenia

SL2 February 2020
Slag mineral residue

(mixture of EAF S slag
and ladle slag)

SIJ Acroni, Jesenice Slovenia

SL3 October 2020 EAF C steel slag SIJ Metal, Ravne Slovenia

SL4 October 2020 Ladle slag SIJ Metal, Ravne Slovenia

SL5 October 2019 Blast furnace slag Arcelor Mittal,
Zenica

Bosnia and
Hercegovina

FA1 November 2019

Thermal power
plants

fly ash Šoštanj power
plant, Šoštanj

Slovenia

FA2 October 2019 Fly ash Power plant
Kakanj, Kakanj

Bosnia and
Hercegovina

FA3 October 2019 Fly ash Power plant
Stanari, Stanari

Bosnia and
Hercegovina

FA4 June 2020 Fly ash TITAN Usje,
Skopje North Macedonia

FA5 September 2020 Fly ash
Anonymous

Hungary

FA6 September 2020 Fly ash Hungary

BA1 November 2019 Bottom ash Šoštanj power
plant, Šoštanj

Slovenia

BA2 September 2020 Bottom ash Anonymous Hungary

PFA September 2020
Paper mills

Fly ash Vipap Videm,
Krško Slovenia

PBA September 2020 Bottom ash Vipap Videm,
Krško Slovenia

QS1 September 2020

Mining company
for the production
and processing of
silica sands and

the production of
auxiliary casting

material

By-product of quartz
sand washing Termit, Moravče Slovenia

WJ1 September 2020 Steel industry Waste water jet sand SIJ Acroni, Jesenice Slovenia

CW1 September 2020 Brick factory Crushed brick rejects Goriške opekarne,
Renče Slovenia

2.2. Methods

The characterization of collected samples includes determination of the physical
characteristics (moisture content, granulometry, BET specific surface area, particle den-
sity, and bulk density), chemical composition (main oxides and LOI at 950 ◦C, trace/rare
earth elements (REEs)/heavy elements), total organic content (TOC), mineralogical com-
position (including amorphous and crystalline non-quantifiable phases (ACns)), and
radiological characteristics.
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2.3. Physical Characterization

Moisture content was determined on the as-received samples. Samples (~50–100
g) were dried at 105 ◦C to a constant mass. The moisture content (mc) was determined
according to the difference between the wet mass and mass after drying by Equation (1):

% mcwb = [(mw − md)/md] × 100 (1)

where

mcwb is the moisture content of the sample;
mw is the mass of the wet sample;
md is the mass of the dry sample.

The particle density of samples (~20 g) was determined with the pycnometer method
(helium pycnometer Quantachrome Ultrapyc 1200e, Anton Paar GmbH, Graz, AT) in
accordance with the standard EN 1097-7, 2008 [30]. The bulk density of samples was
measured according to standard JUSB.C8.023, 1982 [31]. The samples QS1 and CW1 were
not analyzed due to the nature of the material (the samples were previously ground and
therefore unsuitable for analysis). The specific surface area (SSA) was determined by the
BET method according to the standard ISO 9277, 2010 [32] with Micromeritics ASAP-2020
(Norcross, GA, USA) using nitrogen adsorption at 77 K. The SSA was not determined for
QS1 and CW1 due to the nature of the material (samples were previously ground and
therefore unsuitable for analysis).

For all relevant samples, sieve analysis compliant with ISO 3310-2, 2013 [33] was
performed using a HAVER EML digital plus device (test sieve shaker) and laboratory test
sieves from ELE international (16 mm, 8 mm, 4 mm, 2 mm, 1 mm, 0.25 mm, 0.125 mm,
0.063 mm, and <0.063 mm). For the sieve analysis, we used 2.5 kg of individual representa-
tive samples. Some samples (FA1, FA2, FA3, QS1, and CW1) were not suitable for sieve
analysis due to their nature (the samples in larger pieces were pre-ground, or all particles
were smaller than 0.063 mm).

Particle size distribution (PSD), by laser granulometry, was determined for all samples.
A Helos BR laser, by the manufacturer Sympatec (Clausthal-Zellerfeld, DE), was used for
all samples except for SL3, SL4, PFA, PBA, QS1, WJ1, and CW1, for which a Microtrac
SYNC Model 5001, Microtrac Retsch GmbH, Haan, DE was used. In total, ~100 g of dried
samples was sieved through a 0.25 mm sieve prior to analysis. For the samples SL3, SL4,
PFA, PBA, QS1, WJ1, and CW1, a 1 mm sieve was used. For PSD analysis, ~1 g of sample
was loaded into the test cell and analyzed using a wet configuration in isopropanol. The
sample QS1 had very fine particles, and therefore its PSD was determined using a wet
configuration in demineralized water. SL5 was not suitable for laser granulometry due to
its nature (the sample was in larger pieces that we had to pre-grind). Measurements were
performed in parallel.

2.4. Chemical and Mineralogical Characterization

The main chemical oxides (SiO2, Al2O3, Fe2O3, CaO, SO3, MgO, Na2O, and K2O), Cl−,
and loss of ignition at 950 ◦C (LOI) of samples were determined by wet chemistry according
to EN 196-2 [34], while P2O5 and TiO2 were determined by X-ray fluorescence spectroscopy
(XRF). For the XRF of most samples, WDXRF, Thermo Scientific ARL PERFORM’X, Thermo
Fisher Scientific, Waltham, MA, USA; fused beads; and the UniQuant program were used,
while for the samples SL3, SL4, PFA, PBA, QS1, WJ1, and CW1 S8, Tiger by BRUKER
(Billerica, MA, USA), fused beads, and the “clinker” program were used. To prepare the
fused beads, we used ~1 g of the previously ignited (950 ◦C) test sample. The samples were
sieved and ground through a 90 μm sieve. The obtained sample was mixed with lithium
tetraborate, which served as the flux, in a 1:10 ratio and afterwards, fused at 1100 ◦C to
create beads.

Trace elements, rare earth elements (REEs), and heavy metals were determined by
the ICP-ES/MS method (multi acid digestion, where the residue has been dissolved in
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HCl). Based on the Hungarian standard MSZ 525-17, 2013 [35], 0.5 g sample, 1.16 g lithium
metaborate, and 0.05 g ammonium nitrate were fused in a platinum crucible at 1000 ◦C
for 60 min. A total of 44 ml of 5% hydrochloric acid and 30 ml of distilled water were
used to dissolve the glass bed, and the solution was filled up to 100.0 mL with distilled
water and analyzed with ICP OES (Perkin Elmer Avio200, Waltham, MA, USA). The
plasma conditions were as follows: 1500 W; 12 L/min plasma gas; 0.2 L/min aux gas; and
0.65 L/min nebulizer gas. The sample flow was 1 ml/min. A MiraMist nebulizer and
baffled cyclonic spray chamber were used. Lutetium was used as an internal standard at
a 1 mg/L level. For samples where precipitation occurred at the dissolution step, more
hydrochloric acid was added to the solution. In some cases, the fusion was repeated with a
0.3 g sample to avoid the formation of the precipitate.

For determination of the total mercury content (in solids and liquids), the solid sample
of 100 mg without pre-treatment or pre-concentration was used. The system used was a
LECO 254 Advanced Mercury Analyser, AMA—Atomic Absorption Spectrometer, available
from Leco, UK.

The presence of organic matter, expressed by the total organic content (TOC), was ana-
lyzed in all samples (~200 mg) by an Analizator CW-800M “Multiphase” (Lahr, DE), ELTRA
using the dry incineration method, and the detection of products with an IR detector.

The mineralogical composition of the samples was determined using an X-ray diffrac-
tometer (PANalytical Empyrean, Malvern Panalytical, Malvern, UK) equipped with CuKα

radiation and a PIXcel 1D detector (Malvern panalytical, Malvern, UK,). Samples (~10 g)
were ground in an agate mortar to a particle size below 0.063 mm. The ground powders
were manually back-loaded into circular sample holders (27 mm in diameter), and data
for each sample were collected from 4◦ to 70◦ (2θ) using a step size of 0.026◦ (2θ) and a
scan time of 197s. Samples were measured at 45 kV and 40 mA and rotated during data
collection with a revolution time of 2 s. The amount of crystalline phase and ACn were
estimated by Rietveld refinement using the external standard method (alumina powder,
Al2O3; NIST SRM 676a) and the PANalyticalX’Pert High Score Plus diffraction software,
version 4.9 (Malvern Panalytical, Malvern, UK), using the structures for the phases from
the ICDD PDF 4+2016 RDB powder diffraction files.

2.5. Radiological Characterization

The activity of radionuclides in the samples was determined by the gamma spectrom-
etry method. Measurements were performed on HPGe detectors (Canberra, Sturbridge,
MA, USA), with relative efficiencies of 20%, 18%, and 50% according to the IAEA TRS
295 method [36]. Efficiency calibration was performed using a certified radioactive standard
(1035-SE-40845-17 [37]) and secondary reference materials produced from a radioactive
solution (1035-SE-40844-17 [38]) from the Czech Metrology Institute, which contained 210Pb,
241Am, 57Co, 60Co, 137Cs, 139Ce, 85Sr, 109Cd, 88I, and 51Cr, and can be traced back to the
International Bureau of Weights and Measures—BIPM (Bureau International des Poids et
Mesures). The radioactive materials used were of a similar density and packing geometry
as the samples.

After preparation, the samples (125 mL and 250 mL) were sealed with beeswax in the
measurement geometry and left for at least one month before measurement, in order to
establish a radioactive equilibrium between radon and its progeny. The measurements
lasted 60,000 s, and the spectra were analyzed with the GENIE 2000 software package.

It is recommended (EC, Radiation protection 112) that the radiological hazard con-
trols associated with exposure to 226Ra, 232Th, and 40K be based on an effective dose of
1 mSv/year.

The annual effective dose rate (E) was calculated by Equation (2) [39], using a con-
version coefficient of 0.7 Sv/Gy to convert the absorbed dose in the air into the effective
dose in the human body. D is the absorbed dose in the air and (p·t) is the annual exposure
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time, where p is the percentage of years during which humans are exposed to radiation
(occupancy factor) and t is 8.760 h (number of hours in the year).

E (mSv/y) = D
(

nGy
h

)
·p·t(h/y)·0.7

(
Sv
Gy

)
·10−6 (2)

For estimating the outdoor effective dose rate (Eout, E20%), the outdoor occupancy
factor pout is 0.2, while for estimating the indoor effective dose rate (Eind, E80%), the calcu-
lation takes into account that people spend about 80% of time indoors (indoor occupancy
factor pind is 0.8) [39].

The absorbed dose in the air, D (nGy/h), is estimated based on Equation (3) [39]
where qi is the specific dose rate for isotope “i” in (nGy/h)/(Bq/kg), and Ai is the activity
concentration of isotope “i” in Bq/kg:

D = q226Ra ·A226Ra + q232Th ·A232Th + q40K ·A40K (3)

The value of qi is usually calculated by simulating different cases. For the external
terrestrial gamma radiation absorbed dose rate (Dterr) in the air at a height of 1 m above
ground level, the qi for 226Ra, 232Th, and 40K are 0.462, 0.604, and 0.0417, respectively [39].

An Activity Concentration Index (ACI) is the most common screening method for
assessing the dose caused by building materials. It is associated with gamma radiation
exposure inside buildings that exceeds typical outdoor exposure, and is calculated using
Equation (4) [40]. For superficial and other materials with restricted use, the dose criterion
of 1 mSv is already satisfied at ACI < 6, but for materials used in bulk amounts, the value
of ACI should be less than 1 [40].

ACI =
A226Ra

300
+

A232Th

200
+

q40K

3000
(4)

The hazard indices are a screening method for the dose caused by the use of certain
materials. The external hazard index (Hext) reflects the external radiation hazard due to the
emitted gamma radiation and it is calculated according to Equation (5) [41].

Hext =
A226Ra

370
+

A232Th

259
+

q40K

4180
(5)

The value of this index should be less than 1 in order to keep the radiation hazard
insignificant [41], and the value of Hext equal to 1 ensures Eterr,80% is less than 1 mSv.

In addition to external radiation, radon and its short-lived products are also hazardous
to respiratory organs, and that is quantified by the internal hazard index, Hint, as in
Equation (6) [41]. The value of Hint should be less than 1 for material used indoors. Due to
Hint being stricter than Hext, an Hint equal to 1 ensures an Eterr,80% less than 1 mSv.

Hint =
A226Ra

185
+

A232Th

259
+

q40K

4180
(6)

The equivalent activity of radium (Raeq) [41] is equal to 370·Hext, so the criterion
Raeq < 370 Bq/kg is equivalent to the criterion Hext < 1. Also, the alpha index (Iα) < 1
requires that A(226Ra) < 200 Bq/kg (Iα = A(226Ra)/200) (Nordic 2000), which is a weaker
criterion than A(226Ra) < 185 Bq/kg, which requires Hint < 1. Due to the above, these
parameters were not considered separately.

Although all the abovementioned parameters ensure the condition Eterr,80%, for some
cases they are too strictly defined (for example, if no one spends 80% of the hours in a year
with the observed material). Therefore, these are only screening parameters, and for cases
where their values are >1, it is necessary to estimate the dose for the situation in which the
observed material is used.
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To calculate the qi for estimating the absorbed dose of a building material, a standard
model room [42] (a room of 20 m2 and 3 m in height, with concrete of 20 cm thickness as the
construction material) is the most frequently used, in a case where all structures including
the floor, walls, and ceiling (Dall); the floor and walls (Dfw); and only the floor (Df) were
built with it, as well as a case where the material is used as the superficial material for all
walls (Dsup) [42]. To estimate the annual effective dose rate for a standard room, p = 0.8.
The value of qi for approximated cases is used from Markkanen [42].

It should be noted that the dose reference value of 1 mSv/y refers to the excess gamma
dose received outdoors, but the estimated absorbed dose in air based on Equation (3)
(absorbed dose in air) is not an excess exposure to building materials, because concrete
structures protect against gamma radiation from the undisturbed Earth’s crust. Using the
average value of the absorbed dose in the air for the background, the excess dose rate
in the room is therefore (D Dback) nGy/h. Therefore, the annual excess effective dose to
the occupant is as follows: Eexc = (D Dback) nGy/h 7000 h 0.7 Sv/Gy. An average outdoor
background in Europe is 50 nGy/h [40]. To assess the potential health impact on the public
due to exposure to the tested samples, the annual effective dose (E) of the total external
absorbed gamma dose in air at a height of 1 m above ground level for outdoor and indoor
cases and for four different standard rooms was calculated. Based on the results obtained
for the observed materials, the activity concentration index (ACI), the external hazard index
(Hext), and the internal hazard index (Hint) were calculated.

3. Results and Discussion

3.1. The Results of Physical Characterization

The physical characteristics of the secondary raw materials are crucial parameters
that determine their preparation processes before industrial use, including the need for
drying, grinding, etc., which are heavily connected to energy consumption. The results of
the measurements of the physical characteristics (moisture content, particle density, bulk
density, and specific surface area) of the collected secondary raw materials are presented in
Table 2.

The moisture content varies between 0 and 20.8 wt.%, and it is heavily influenced by
the type of material. Generally, the red mud, slags, and fly ashes and bottom ashes from
paper industry and thermal power plants were found to contain relatively small amounts
of moisture (between 0 and 2.83 wt.%, except SL2). The samples WJ1 and CW1 have slightly
higher moisture content, up to 8 wt.%. In the case of sample SL2, the increased moisture
content was mainly because a wet process was used to extract metal prior to disposal. The
by-product of quartz sand production (sand washing residues, QS1), contained the highest
measured moisture (20.8 wt.%) in this study, which is probably heavily influenced by the
treatment and storage processes at the producer of this secondary raw material.

The particle density (solid phase only, pores are excluded) of the sampled materials
varies between 1.91 and 4.14 g/cm3, while the bulk density (including pores) varies between
478 and 2206 kg/m3. The highest particle density was determined for waste water jet sand
(WJ1), while the lowest was for fly ash from the thermal power plant (FA3). The density of
the supplementary cementitious materials (SCMs) is important information as it allows
a more accurate calculation of the proportions of concrete mixtures by volume instead
of by mass [43]. Comparing the average particle density of the collected secondary raw
materials with those of soils, which is 2.65 g/cm3 [44], it can be concluded that the density
of the materials from this study is in a similar size range to that of soils. Particle density
comparison between the sampled materials and rocks revealed that the particle densities of
slags and fly and bottom ashes from the paper industry are comparable to those of igneous
rocks, the particle density of bottom ash from the thermal power plant is comparable
to that of limestone, and the particle densities of red mud and fly ash from the thermal
power plant are comparable to those of shales or sandstones [45]. Particle density plays a
crucial role in optimizing concrete mixtures, particularly in terms of strength development
and hydration, as it influences the packing density and performance of supplementary
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cementitious materials (SCMs) like fly ash, slag, and silica fume. It helps determine
the volume and distribution of particles within the mix, enabling the fine-tuning of the
particle size distribution (PSD) to improve its workability and hydration efficiency. High-
density particles can effectively fill voids, enhancing concrete strength by minimizing
excess pore spaces, while denser materials like slag and certain fly ashes reduce water
demand, contributing to long-term durability [46–48].

Table 2. Moisture content, particle density, bulk density, and BET specific surface area (SSA) of
investigated samples. n.a.—not analyzed.

Type of Sample Sample ID
Moisture
Content

[%]

Particle
Density
[g/cm3]

Bulk
Density
[kg/m3]

BET SSA
[m2/g]

Red mud (RM) RM 0.21 3.58 1100 13.05

Slag (S)

SL1 0.3 2.66 1810 1.56
SL2 17.5 3.25 1281 3.51
SL3 2.83 3.39 1835 2.98
SL4 0.00 3.04 1138 0.61
SL5 0.08 2.62 1032 0.58

Fly ash—
paper industry (FAPI) PFA 0.17 3.05 728 51.98

Fly ash—
thermal power plant (FATP)

FA1 0.01 2.34 1035 2.41
FA2 0.05 2.47 1100 0.97
FA3 1.89 2.40 478 6.11
FA4 0.03 1.91 612 7.26
FA5 0.00 2.62 1278 1.80
FA6 0.00 2.58 620 14.33

Bottom ash—
paper industry (BAPI) PBA 0.15 2.76 529 5.23

Bottom ash—
thermal power plant (BATP)

BA1 0.12 2.52 698 10.37
BA2 0.003 2.64 1261 0.28

Other (O)
QS1 20.8 2.66 n.a. n.a.
WJ1 5.65 4.14 2206 0.76
CW1 8.14 2.76 n.a. n.a.

The bulk density of soils varies between 1500 and 1700 kg/m3 [44], so it can be
concluded that sampled materials (except WJI) are less dense than average soils for most of
the materials. Only some slags and water jet sand (WJ1) have a higher bulk density than
soils. The higher density of water jet sand (WJ1) in comparison to soil is due to the presence
of garnets. The EAF slag, formed largely by a content of oxides of iron, has high density
and low porosity [49]. The bulk density of supplementary cementitious materials (SCMs) is
critical for optimizing concrete mix design as it influences packing density, reduces voids,
and improves both the strength and durability of the material. High-density SCMs enhance
workability and lower water demand, creating a cohesive mix while also supporting
sustainability by enabling greater clinker replacement and reducing CO2 emissions during
production. Proper understanding and control of SCM bulk density ensure precise mix
proportioning, minimizing unreacted materials and maximizing performance [50–52].

The specific surface areas (SSAs) of the collected samples vary much more than the
other measured physical properties. The largest SSA was measured for fly ash from the
paper industry (PFA) and exceeds the average SSA values of red mud 4-fold, the average
SSA of fly ash from the thermal power plant 7-fold, the average SSA of bottom ash 10-fold,
the average SSA of slag 28-fold, and the average waste water jet sand (WJ1) SSA 68-fold.
Significant variations of SSA were also observed within individual types of secondary
raw material samples. It looks like specific conditions during the process of generation
of secondary raw materials play a crucial role in the value of the SSA parameter, which
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cannot be generalized but shall be measured individually. The specific surface area (SSA)
of cement plays a critical role in determining the water demand during cement hydration.
As the SSA increases (such as with finer cement particles), the surface area available for
reaction with water also increases, which, in turn, raises the water demand for a given
mass of cement. This is because more water is required to wet the finer particles and
facilitate the hydration process. Studies show that the water demand for cement rises
significantly with finer grinding, which increases SSA. This effect is closely linked to the
particle size distribution (PSD), as finer particles tend to compact more densely, enhancing
hydration but requiring more water [53]. Additionally, the inclusion of supplementary
cementitious materials (SCMs), such as fly ash or slag, often changes the particle size and
SSA of the binder system, affecting both the packing density and water demand. For
example, increased use of SCMs typically leads to a higher SSA, which requires more water
for the mixture to achieve the desired fluidity [54]. In practical terms, controlling the SSA
through particle size optimization can help manage water demand while balancing the
fluidity and strength of cement-based mixtures [53]. Finer particles, which have a larger
surface area, generally exhibit higher reactivity. This is due to the increased surface contact
between the cement particles and water, enhancing the hydration process. Studies on
various types of cement have shown that the SSA correlates with compressive strength,
with finer cement (higher SSA) often leading to stronger concrete due to better hydration
and chemical activity [55].

The granulometric composition of samples determined by sieve analysis is presented
in Figure 2.

RM contained particles in size between 1 and <0.063 mm, while most of them were
less than 0.25 and 0.125 mm. In the slag, the smallest particles (<0.125 mm) were in SL2
(mineral product) and SL4 (ladle slag), where 70.2 wt.% were less than 0.063 mm. The
largest particles were in SL3 (EAF C slag), where most of them passed the 8, 4, 2, and 1 mm
sieves. SL1 (EAF C slag) and SL5 (blast furnace slag) have the most particles between 1 and
0.5 mm. In PFA (fly ash from the paper industry), 79.0 wt.% of the particles were less than
0.063 mm. In FA6 and FA5 (fly ashes from thermal power plant), the particles were a bit
larger—most of them were less than 0.25 and 0.063 mm. In PBA (bottom ash from the paper
industry), the most particles passed sieves between 1 and 0.063 mm. In BA1 (bottom ash
from the thermal power plant), the most particles passed sieves between 2 and 0.25 mm,
while in BA2, 68.1 wt.% were less than 0.5 mm. In sample WJ1 (waste water jet sand), most
of the particles passed sieves of 0.125 and 0.063 mm.

The results of the PSD (Figure 3) showed that most of the samples of secondary raw
materials have a unimodal distribution, while the samples of RM, FA1, FA2, and FA6 have
a bimodal distribution. According to the characteristic values D10, D50, and D90 (Figure 4),
the largest mean diameter, D50, occurs in the sample of WJ1 (138.3 μm), while the smallest
is for the red mud. In general, the samples contain a higher number of larger particles
(30–200 μm) as the curves are moved to the right side. However, the red mud, RM, contains
a high number of smaller particles (0.7–10 μm). The reactivity of cement is often enhanced
by optimizing its PSD. Finer particles with higher surface areas react more readily with
water, increasing the rate of hydration. This is particularly evident when using finely
ground supplementary cementitious materials (SCMs) such as slag, silica fume, or fly ash,
which can improve reactivity by filling voids between larger particles and increasing the
contact area for hydration reactions [54,56]. Optimizing the packing density through careful
control of the PSD helps reduce voids within the cement matrix, which not only improves
the material’s strength but also minimizes its porosity. Studies show that well-distributed
particle sizes contribute to a denser, more uniform packing of the cement particles. This
reduces the amount of unreacted water and enhances the chemical reactivity of the cement,
leading to stronger and more durable concrete [56].
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Figure 2. Sieve analysis for Al-containing industrial residues: (a) red mud, (b) steel slags, (c) ashes
from the paper industry, (d) waste water jet sand, and (e) ashes from thermal power plants.

3.2. Chemical Characterization

Table 3 presents the results of the chemical composition of the collected secondary
raw materials. Loss of ignition is considered to be low for the majority of samples, except
for the red mud (RM), fly ash, and bottom ash (PFA and PBA) from the paper industry
and fly ash (FA6) from the thermal power plant. The most important parameter for the
valorization of these materials for the production of Al-rich types of cement is the content
of Al2O3. The most abundant materials with Al2O3 are the fly ashes (FA1, FA2, FA3, and
FA4) from thermal power plants, with Al2O3 contents around 23 wt.%, with only two
exceptions where Al2O3 levels were low, around 5 wt.% (FA5 and FA6). A similar situation
also occurs with the bottom ash (BA1) sample from the thermal power plant, which has a
relatively high Al2O3 content, while the BA2 sample contains it in much lower levels. It can
be speculated that the increased Al2O3 levels in the fly ashes are due to the clay admixtures
in coal or waste paper. Red mud has a 16.8 wt.% of Al2O3 in this study. Waste water jet
sand (WJI) and waterjet abrasive from the steel industry, and crushed brick rejects (CW1)
from the brick factory have between 16 and 21 wt.% of Al2O3. Other materials have lower
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Al2O3 levels, around 10 wt.%, which means they were depleted even compared with the
average Al2O3 content in the Earth’s upper crust.

Figure 3. PSDs of (a) red mud from alumina production, (b) slags from still production, (c) fly and
bottom ashes from the paper industry, (d) fly ashes from thermal power plants, (e) bottom ashes from
thermal power plants, and (f) waste water jet sand.

In comparison to Ordinary Portland cement (OPC), the most used binder in the world,
for the production of the low-CO2 non-Portland binders (belite–CSA (BCSA) binders), an
approx. three times higher Al2O3 content is needed. In particular, the use of alumina-rich
wastes can lower the manufacturing costs of BCSA cement mainly depending on the use of
the “expensive” bauxite [57].

Considering the content of SiO2 in the samples, data show that all samples are depleted
in this component compared to the average Earth’s upper crust. However, all kinds of ashes
collected in this study have higher SiO2 levels compared to the red mud and slag samples
(except SL5). The Fe2O3 levels vary a lot in samples from this study—from 46.68 wt.% to
less than percent. The highest Fe2O3 content is in the red mud sample RM, followed by
WJ1 and SL1, while the other samples contain less than a 10 wt.% of Fe2O3. However, a
significant portion of ash samples were still enriched with Fe2O3 compared to the Earth’s
upper crust.
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Figure 4. PSDs (D10, D50, and D90) of (a) red mud from alumina production, (b) slags from still
production, (c) fly and bottom ashes from the paper industry, (d) fly ashes from thermal power plants,
(e) bottom ashes from thermal power plants, and (f) waste water jet sand.

The majority of samples have elevated CaO levels compared to the Earth’s crust.
Considering the CaO levels in samples from this study, all slags, ashes from the paper
industry, and fly ashes from thermal power plants (FA6 and FA2) can be regarded as
CaO-rich materials, with a CaO content between 20 and 47 wt.%, while red mud and the
rest of the ashes from the coal power plant can be regarded as materials with a lower
CaO content. The studied ashes FA4, FA5, and BA2 are classified as siliceous fly ash, with
less than 10% calcium oxide (CaO), whereas the calcareous ash samples (PFA, FA1, FA2,
FA3, FA6, PBA, and BA1) contain more than 10% CaO [58]. According to EN 450-1 [59],
the sum of SiO2, Al2O3, and Fe2O3 must not be less than 70%, a requirement met by
all the siliceous fly ashes (FA1, FA3, FA4, and FA5) and the calcareous fly ash FA2. The
sulfate contents of all the studied ashes were below the specified limit (<3%), as were
the total alkali contents (Na2Oeq < 5%), phosphate contents (<5%), and MgO contents
(<4%). The category C LOI (<5%) criterion was met by all the fly ashes except for the
calcareous fly ash FA6, which also exceeded the broader limit of category C LOI < 9%.
Similar conclusions can also be made for the MgO content in the waste materials from this
study, with the exception that the MgO levels in many samples are lower than those from
the Earth’s upper crust. According to the EN 197-1 standard [58], the content of MgO in
cement shall not exceed more than 5 wt.%. All the investigated slags are characterized
by a higher MgO content (in the range from 5.29 wt.% for SL5 to 11.32 wt.% for SL2), as
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well as WJ1. Magnesium oxide (MgO) in cementitious materials serves as an expansive
agent, helping to control shrinkage, reduce cracking, and enhance durability by improving
the microstructure and reducing porosity [60,61]. However, excessive MgO can cause
overexpansion, cracking, and long-term reductions in compressive strength, with these
effects influenced by the curing conditions and dosage levels [61,62]. The P2O5, K2O, SO3,
and Na2O levels are generally very low, but this is not so significant for the cement industry.
Alkalis (Na2O and K2O) play a significant role in the alkali–silica reaction (ASR), with the
maximum alkali content in concrete often limited to ≤3.0 kg/m3 of Na2Oeq (calculated
as Na2Oeq = Na2O + 0.658 K2O) in cement and the aggregates for exposure conditions
susceptible to ASR. Some national annexes or complementary standards suggest limiting
cement alkalis to ≤0.60% Na2Oeq by mass when reactive aggregates are present [63]. Also,
EN 450-1 [59] limits the alkali content of Class F fly ash used in concrete to 1.5% Na2O3eq
to control the risk of ASR, although its effectiveness also depends on factors such as ash
reactivity and the type of aggregates used. In this respect, only the RM shows a higher
content in comparison to the other SRMs. The highest TiO2 levels were measured in the red
mud, while the other samples have TiO2 levels within the range of those in the Earth’s upper
crust. Titanium dioxide (TiO2) enhances cementitious materials by offering photocatalytic
properties, which enable self-cleaning, air-purifying, and antimicrobial features, making
it valuable in eco-friendly construction. It also influences hydration by accelerating gel
formation at early stages and improves microstructure, though excessive amounts may
slow down the hydration process by reducing the availability of water to cement particles,
potentially affecting the final setting time and overall durability. Additionally, a high
TiO2 content may increase the risk of material degradation in environments with high UV
exposure [64].

Table 3. Chemical composition of samples.

Type of Sample
Sample

ID
LOI

950 ◦C
Al2O3 SiO2 Fe2O3 CaO MgO P2O5 K2O SO3 Na2O TiO2

RM RM 14.05 16.21 3.28 46.68 12.91 0.45 0.10 0.32 0.06 2.56 3.46

S

SL1 0.48 8.88 9.82 30.96 32.68 10.04 0.34 0.01 0.24 0.06 0.36
SL2 5.12 9.70 16.84 10.33 39.12 11.32 0.12 0.03 0.35 0.13 0.68
SL3 5.77 11.38 15.91 20.82 21.61 10.15 0.13 0.15 0.23 0.26 0.21
SL4 0.00 19.51 17.16 1.03 52.82 7.89 0.01 0.01 0.16 0.09 0.11
SL5 0.00 8.68 40.75 1.12 39.75 5.29 0.03 0.74 0.22 0.26 0.26

FAPI PFA 13.86 9.55 22.29 8.86 35.86 5.3 0.29 0.84 1.99 0.46 0.96

FATP

FA1 0.57 23.23 44.60 9.86 13.38 2.68 0.45 1.8 1.46 0.92 0.83
FA2 0.26 21.34 43.76 7.49 20.01 2.3 0.32 1.42 1.69 0.36 0.65
FA3 3.33 23.74 48.49 7.42 11.52 3.12 0.06 3.2 1.39 0.11 1.21
FA4 1.48 23.07 53.30 8.23 4.89 2.14 0.20 2.69 0.39 1.11 0.89
FA5 1.89 5.78 72.30 2.20 8.91 1.56 0.61 3.76 0.38 0.82 0.56
FA6 12.32 5.69 38.34 1.64 26.37 3.65 1.95 7.93 2.11 0.64 0.35

BAPI PBA 15.41 8.42 13.89 0.49 58.89 1.94 0.28 0.31 0.33 0.30 0.29

BATP
BA1 2.93 22.14 41.44 10.38 16.01 2.86 0.49 1.40 0.63 0.70 0.86
BA2 0.59 1.84 79.74 0.55 9.61 1.39 0.74 3.44 0.14 0.14 0.09

O
QS1 2.56 6.30 86.61 1.12 1.51 0.36 0.02 0.88 0.09 0.09 0.24
WJ1 0.00 21.03 35.12 35.09 2.58 5.84 0.04 0.01 0.05 0.04 1.99
CW1 1.49 15.96 63.29 7.52 5.17 1.79 0.11 2.09 0.23 0.87 0.84

3.3. Trace Elements, REEs/Heavy Elements of Samples

The results of minor, trace, and rare earth elements (REEs) for the investigated samples
are presented in Table 4.
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3.4. Comparison of Different Industrial Residues Based on Minor and Trace Elements

Steel industry slags (Ss) stand alone among all the analyzed industrial residues since
they contain high average levels of Cr and Mn (14,600 and 16,300 mg/kg, respectively). Cr
and Mn are alloying elements that enhance the quality of steel. Minor amounts of alloying
elements (Cr, Mn, etc.) can be incorporated in the slag, which originates from recycled
scrap or from secondary metallurgy. In comparison to the Earth’s upper crust are steel
slags enriched with Cr and Mn [65] (Figure 5). Both these elements are incorporated in
EAF C slags and mixtures that contain EAF S slag (Table 4—samples SL1, SL2, and SL3).
The detected levels are comparable to the other EAF slags [66,67]. High concentrations of
Mn were also detected in blast furnace slag (Table 4—sample SL5). Chemical speciation
and mineralogical phases that contain these elements play crucial roles in the evaluation
of the reactivity and availability of elements. Mineralogical analyses of the collected
samples showed that chromite and Mg–chromite are the main carriers of Cr, while Mn is
probably incorporated in a solid solution of (Fe, Mg, and Mn)O. Additionally, in the case
of the magnesium chromite partial replacement of Cr3+ by Al3+, Mg2+ by Mn2+ can also
occur [67]. Besides Cr and Mn, slags also show considerable enrichments with Nb, Ni, V,
Cu, Sb, and Zn.

Figure 5. Average levels of selected minor and trace elements in the analyzed industrial wastes. Units
in mg/kg.

Red mud (RM), as the material with the second highest enrichment with minor and
trace elements, shows much lower elemental levels in comparison to the steel industry slags.
The highest levels among the analyzed elements were detected for Mn, followed by Cr, Ni,
V, and Zr (Figure 5). In comparison to the averages in Earth’s upper crust [65], RM contains
163-fold higher levels of Cd, 33-fold higher levels of As, 15-fold higher levels of Cr, and
10- to 8-fold higher levels of Pb, Ni, and V (Table 4). Similar trace element levels were also
detected by Radusinović and Papadopoulos [68] for red mud in Podgorica, Montenegro.
One of the issues of red mud application in the cement industry is the conversion of total
Cr into water soluble Cr6+ [69].

In fly ashes from paper mills (FAPIs), Zn is the predominant and the most enriched
trace element (Figure 5). Also considerably enriched in comparison to the averages in
Earth’s upper crust [65] are Cd, Sb, Ag, Cu, Pb and Hg, showing 20- to 5-fold higher
levels. In bottom ashes from paper mills (BAPIs), Sr, Cu, and Ba prevail, but only Cu is
significantly enriched in comparison to the averages in Earth’s upper crust. Other enriched
elements are Ag, Cd, and Pb (Table 5). The fly ash from paper mills generally shows higher
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enrichments of the listed elements than the bottom ash from paper mills. The source of the
listed elements is the high-temperature combustion of hog fuel in boilers. This fuel can
also be mixed with grass plants, sugar and oil crops, agricultural residues, residues from
the food and paper industries, municipal green wastes, sewage and de-inking sludge, and
organic wastes and residues [70], which may contribute to the enrichment of the above
listed elements. In our case, the sample PFA is combustion residue of burning the mixture
of de-inking fiber paper sludge, waste wood, bark, coal, and sewage sludge, while the
sample PBA is the combustion residue of de-inking and sewage sludge and natural gas [71].
Higher enrichments of PFA with trace elements might be connected with the application of
coal in the burning mixture.

Table 5. Results of TOC measurements.

Type of Sample Sample ID TOC (%)

RM RM 0.16

S

SL1 0.05
SL2 0.28
SL3 0.22
SL4 0.02
SL5 0.04

FAPI PFA 10.07

FATP

FA1 0.16
FA2 0.35
FA3 0.30
FA4 3.61
FA5 0.29
FA6 1.3

BAPI PBA 0.45

BATP
BA1 1.32
BA2 0.05

O
QS1 0.11
WJ1 0.02
CW1 0.03

Fly ashes from thermal power plants (FATPs) and bottom ashes from thermal power
plants (BATPs) contained the largest amounts of Mn, Ba, and Sr (Figure 5), but they do
not show any significant enrichment in comparison to the Earth’s upper crust. The most
enriched elements in FATP are As, Cd, Cu, and Ni, while BATP shows slight enrichment
with Zn. The samples BA2 and FA3 also showed high enrichments of Hg (42-fold and
16-fold, respectively), while the other samples contain Hg levels comparable to the natural
background. Slight enrichments were also detected for Be, Co, Ga, Pb, Sr, Th, V, and Zn.
Those enrichments are characteristic of the coal fired thermal plants [72] and reflect the
composition of the coal which is used as fuel [73].

Among the other samples (O), only WJ1—waste water jet sand from a waterjet cutting
machine—shows significant enrichments of Cr, Mn, Ni, and some REEs (Table 4), which are
consequences of the almandine (garnet group) sand used in the process and steel particles
mixed in the material. The residuals from quartz sand washing (QS1) and brick rejects
(CW1) do not contain any enrichments in comparison to the Earth’s upper crust.

Minor elements like chromium (Cr), manganese (Mn), copper (Cu), and zinc (Zn) affect
clinkerization by influencing the burning process and phase formation. Cr typically raises
the temperature at which the liquid phase forms, potentially increasing the clinkerization
temperature. In contrast, Mn and Zn lower the melting point of the raw mix, promoting
early liquid phase formation and reducing the clinkerization temperature. However,
excessive Zn may cause issues like kiln coating or ring formation [74,75]. Cu and Zn
influence clinker phase formation by altering the crystallization of key minerals such as
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C3S and C3A. A high Cu content promotes the decomposition of C3S into C2S and free
lime, while Zn reduces C3A content by forming alternative compounds. These changes
impact the performance of the cement, underscoring the need for controlled levels of
these minor elements in the raw materials [76,77]. Minor elements such as chromium (Cr),
manganese (Mn), and zinc (Zn) influence cement hydration by altering the phase formation
and hydration kinetics. High concentrations of these elements can interact with calcium
silicates (C3S and C2S) and calcium hydroxide, affecting the rate of heat generation, setting
time, strength development, and durability. Mn accelerates clinker hydrolysis, improving
early hydration compressive strength but reducing strength after 80 days due to combined
water formation, while Cr slows hydration, decreasing both the hydration degree and
compressive strength after 28 and 80 days. Cu and Zn significantly retard early hydration
and strength development within the first day, but exert an accelerating effect at later
ages [78–80].

3.5. REE Levels in Industrial Residues

The highest REE levels (including Sc) among the analyzed industrial residues were
detected for RM, reaching 1268 mg/kg (Figure 6). Light rare earth elements (LREEs; La, Ce,
Pr, Nd, Pm, Sm, and Eu) present almost a 70% share of the REEs in RM. The detected levels
are somehow lower in comparison to those measured in the RM in Podgorica, Montenegro,
where RM contains between 1535 and 1646 mg/kg REEs [68]. The composition of red mud
also depends on the composition of the processed bauxite. Karstic bauxites in the Balkan
region contain between 200 and 3500 mg/kg REEs, but bauxite with a REE content below
1000 mg/kg predominates [68,81].

Figure 6. Average levels of REEs in the analyzed industrial wastes. Units in mg/kg.

The REEs in RM are present in ferrotitanite, phosphate, and carbonate minerals or are
adsorbed on goethite and cancrinite—the latter two are most probably the main carriers
of REEs in RM [82], which also corresponds well with the mineralogical composition of
our RM sample. REEs can be extracted from RM using multistage extraction with different
combinations of acid leaching, acid roasting, and high temperature smelting [8]. The main
objective of the process is to remove or isolate major elements such as Fe, Al, and Ca
from the REEs, which can then be selectively leached. The efficiency of such multistage
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extractions is between 40% and 80% [11,83,84]. However, this process was tested only
at a laboratory scale, and pilots in real environments have not been utilized yet due to
its economic feasibility, and the environmental impact of the process is still questionable.
However, RM is an appropriate target for REE extraction when methods for industrial
extraction will be available.

The average levels of REEs in the other industrial residues are 161 mg/kg for slag
(S), 132 mg/kg for paper industry fly ash (FAPI), 220 mg/kg for thermal power plant fly
ash (FATP), 140 mg/kg for paper industry bottom ash (BAPI), 188 mg/kg for thermal
power plant bottom ash (BATP), and 150 mg/kg for other (O) materials. The content of
REEs in these materials does not represent any economic potential nor environmental
issue since they are directly comparable to their averages in Earth’s upper crust, which is
183 mg/kg [65].

3.6. Presence of Organic Matter (TOC)

Another important parameter that defines the chemical composition of raw material
is the presence of organic matter, expressed by the total organic content (TOC) analyzed
(Table 5). It affects mainly emissions, as in unstable operating conditions the presence of
TOC in clinker raw mixture can contribute to the CO2 emissions. Research on the specific
impact of TOC on clinker has shown that elevated levels can hinder proper sintering or
lead to incomplete reactions, impacting the cement’s strength and durability. Furthermore,
excess organic carbon might contribute to carbon emissions during the production process,
which is a significant concern for the cement industry’s environmental footprint [85]. A
balance must be struck, as excessive organic matter (above a certain threshold) can lead to
lower strength gain and even longer-term deterioration. Some studies suggest that organic
matter content above approx. 5% in raw materials can begin to degrade cement performance
by disrupting clinker chemistry, increasing energy consumption during combustion, and
introducing impurities that weaken the final product while also exacerbating environmental
emissions [86]. However, the specific threshold can vary depending on the type of cement
and other compositional factors in the raw materials.

The results showed (Table 5) that the highest values of TOC in secondary raw materials
(red mud, slag, fly and bottom ash, etc.) are between 0.02 and 3.6%. Some samples contained
a higher amount of TOC, especially fly ash from the paper industry (PFA) which contains
10.07%, which is prescribed as the remains of cellulose.

3.7. Mineralogical Composition

The mineralogical composition of the investigated samples is presented in Tables 6–10.
Figure 7 presents the XRD patterns of the selected Al-containing industrial residues.

As can be seen from Table 6, the sample of red mud (RM) contained hematite, can-
crinite, and goethite as major mineral phases, but also ilmenite, katoite, rutile, illite, and
quartz in minor quantities.

Table 6. Mineralogical composition of red mud.

Sample
ID

Phases, wt.%

A C H Ca Ka Il Go Bo I Q R Sum

RM 14.2 27.1 27.0 16.4 2.6 2.1 13.1 5.5 1.5 1.1 0.2 100

A—amorphous; C—calcite; H—hematite; Ca—cancrinite; Ka—katoite; Il—ilmenite; Go—goethite; Bo—boehmite;
I—illite; Q—quartz; R—rutile.
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Table 7. Mineralogical composition of slags.

Sample
ID

Phases, wt.%

A β-B γ-B F C W M P Ma Ch M-C D Q H Ga Me SUM

SL1 4.7 38.7 0.4 25.9 / 14.1 11.1 2.2 1.9 1.0 / / / / / / 100.0
SL2 35.8 24.0 / 9.6 11.2 0.4 / / 10.4 0.6 / 6.2 0.8 / / / 100.0
SL3 * 29.9 3.5 5.8 11.2 / / 12.8 / / 14.0 11.2 10.2 2.3 1.1 / 100.0
SL4 * 53.0 11.7 / / / 0.5 0.3 25.5 / / 2.4 / 0.3 4.0 2.3 100.0
SL5 100 / / / / / / / / / / / / 0 / 100.0

A—amorphous; β-B—β-belite; γ-B—γ-belite; F—ferrite; C—calcite; W—wuestite; M—magnetite; P—periclase;
Ma—mayenite; Ch—chromite; M-C—Mg–chromite; D—dolomite; Q—quartz; H—hematite; Ga—galenite;
Me—merwinite; *—amorphous phase was not considered.

Table 8. Mineralogical composition of collected fly ash samples.

Sample
ID

Phases, wt.%

A Ge F Pl C Q O Ma L Mu H K An Mf Et I/M Do Po P SUM

PFA 43.8 6.0 14.8 3.9 1.9 9.4 0.4 0.8 8.3 / / / / / / / / / / 100.0
FA1 79.5 0.6 / 7.9 / 4.1 / / 0.2 6.7 0.6 0.4 5.5 / / / / / / 100.0
FA2 81.9 / / / / 5.0 / / 2.6 / 4.5 / / 0.5 / / / / / 100.0
FA3 80.4 / / 2.8 / 10.4 / / / 5.3 0.2 / / / 0.9 / / / / 100.0
FA4 64.9 / / 18.0 / 9.0 / / / / 0.6 / / / / 7.3 0.2 / / 100.0
FA5 35.4 / / 11.1 0.8 48.1 / / 0.3 / / 4.3 / / / / / / / 100.0
FA6 51.7 / / 5.4 18.0 19.0 / / 1.2 / / 1.0 / / / / 1.1 1.4 1.2 100.0

A—amorphous; Ge—gehlenite; F—ferrite; Pl—plagioclase; C—calcite; Q—quartz; O—orthoclase; Ma—mayenite;
L—lime; Mu—mullite; H—hematite; K—K-feldspar; An—anhydrite; Mf—magnesioferrite; Et—ettringite;
I/M—illite/muscovite; Do—dolomite; Po—portlandite; P—periclase.

Table 9. Mineralogical composition of collected bottom ash samples.

Sample
ID

Phases, wt.%

A C Po Q L T B My An Ge Pl H K B SUM

PBA 26.5 23.0 9.8 0.3 12.0 0.7 20.1 1.6 0.4 5.6 / / / / 100.0
BA1 65.1 / / 2.8 / / / 1.7 / 1.4 27.9 0.6 0.5 / 100.0
BA2 42.4 / / 56.4 0.5 / / / / / / / / 0.7 100.0

A—amorphous; C—calcite; Po—portlandite; Q—quartz; L—lime; T—talc; B—belite; My—mayenite;
An—anhydrite; Ge—gehlenite; Pl—plagioclase; H—hematite; K—K-feldspar; B—belite.

Table 10. Mineralogical composition of other collected industrial residues.

Sample
ID

Phases, wt.%

A Q I/M Kao Al Ilm Pl H C SUM

QS1 24.4 72.2 1.9 1.5 / / / / / 100.0
WJ1 23.2 1.0 / / 85.0 0.8 / / / 100.0
CW1 51.5 31.3 7.4 8.1 1.1 0.6 100.0

A—amorphous; Q—quartz; I/M—illite/muscovite; Kao—kaolinite; Al—almandine; Ilm—ilmenite;
Pl—plagioclase; H—hematite; C—calcite.

In all steel slag samples (SL1, SL2, SL3, and SL4), the main phase was belite, as shown
in Table 7. Other phases that occurred in higher amounts in most samples were ferrite,
calcite, mayenite, and dolomite. Namely, the other phases present in SL1 were ferrite,
wuestite and magnetite. In SL3, besides belite, the other phases present were Mg–chromite,
periclase, calcite, dolomite, quartz, and ferrite. In SL2 (mixture of EAF C and ladle slag), in
addition to belite, the other phases were calcite, mayenite, ferrite, and dolomite. The ladle

67



Materials 2024, 17, 6245

slag SL4 contained over 50 wt.% of belite, and the other phases were mayenite, γ-belite,
and gehlenite. In some steel slag samples, traces (<3 wt.%) of dolomite, merwinite, galenite,
hematite, chromite, periclase, mayenite, γ-belite, gehlenite, wuestite, quartz, and magnetite
were also present. The blast furnace slag sample SL5 consisted only of amorphous content
(100.0 wt.%).

Figure 7. XRD patterns for selected samples. (a) Bottom ash from the paper industry (PBA), (b) coal
fly ash (PFA), (c) by-product of washing quartz sand (QSI), (d) EAF C steel slag (SL1), (e) coal bottom
ash (BA2), and (f) waste water jet sand (WJ1).

As regarding fly ashes, shown in Table 8, in fly ash from the paper industry the most
abundant phases were ferrite and belite, followed by quartz, lime, and gehlenite. The other
phases were albite, calcite, mayenite, and orthoclase.

In samples of fly ash from the thermal power plant, the predominant phase in most
materials was plagioclase (FA1 and FA4) or quartz (FA3, FA5, and FA6). The other phases
determined were, e.g., hematite, mullite, illite/muscovite, and in small amounts, gehlenite,
lime, anhydrite, feldspar, calcite, dolomite, portlandite, and periclase.

In bottom ash from the paper industry (PBA), as shown in Table 9, the main phases
were calcite and belite, followed by lime, portlandite, and gehlenite. In small amounts,
mayenite, talc, anhydrite, and quartz were present.

68



Materials 2024, 17, 6245

Quartz was the main phase in the bottom ash from the thermal power plant, BA2,
while in BA1 the main phase was plagioclase. The dominant phases in PBA were calcite,
followed by lime, portlandite, and gehlenite. Other minor phases present in some samples
of bottom ash in a quantity of less than 3 wt.% were belite, lime, K-feldspar, hematite,
anhydrite, talc, quartz, mayenite, and gehlenite.

Other collected industrial residues have different compositions, as shown in Table 10.
In a sample of by-product of washing quartz sand, QS1, the main phase was quartz,
followed by small amounts of illite/muscovite and kaolinite. In the sample WJ1, the
main phase was almandine, with small amounts of quartz and ilmenite. The sample
CW1 contained quartz, plagioclase, and illite/muscovite, and small amounts of hematite
and calcite.

Gamma belite, a form of calcium silicate, has a lower reactivity than alite, which
can slow hydration and hinder early strength development when used as an additive
in cementitious materials. It is more effective as a raw material in clinker production,
where its presence can be better controlled to avoid negative impacts on hydration and
strength development [21,87]. Periclase, composed of magnesium oxide, can disrupt the
clinkerization process and slow hydration rates when used as an additive in cement,
negatively affecting early strength and durability. Its instability under certain conditions
can also lead to expansion issues, compromising the long-term integrity of cement-based
materials [88]. Therefore, while periclase might be useful in specific contexts, its presence
in cement needs to be carefully controlled to avoid these potential problems.

Free lime in ashes, such as fly ash, can contribute to additional cementitious reactions,
improving strength and durability. However, too much can reduce strength and cause
issues like shrinkage and increased water absorption. For optimal performance, free lime
content in ash should generally be kept below 10%, as higher levels can lead to expansion
and durability problems [89,90].

3.8. The Results of Radiological Characterization

Table 11 shows the results of the radiological characterization of the secondary raw
materials. Except for 137Cs, which was detected in a few samples, all detected radionuclides
have a natural origin. The measured concentrations of 137Cs are low and are a consequence
of the Chernobyl accident in 1986. The measured values of 226Ra, 232Th, and 40K are
characteristic for the appropriate type of samples and correspond to the values measured
in other tests [36,91–93].

Based on the results shown in Table 11, the external hazard index (Hext), internal
hazard index Hint, and the activity concentration index (ACI) were calculated, and their
values are presented in Table 12.

It must be noted that the permitted limits of radioactive elements depend on the
purpose of the material and are limited based on the estimated doses. To assess the
potential health impact on the public due to exposure to the tested samples for which the
ACI is greater than 1, the annual effective dose (E) of the total external absorbed gamma
dose in air at a height of 1 m above ground level for outdoor and indoor cases (p = 0.2,
Eterr,20% and p = 0.8, Eterr,80%) and for four different cases of standard rooms (all walls, floor
and ceiling, only floor and walls, and only floor made of them, as well as only superficial
materials) was calculated and is shown in Table 13.

It can be concluded from a radiological point that with the exception of RM (red mud),
FA1 (fly ash from the thermal power plant), and BA1 (bottom ash from the thermal power
plant), all the other tested samples met both of the strictest criteria: ACI < 1 and Hint <
1. Accordingly, the criteria of Raeq < 370, Hext < 1, and Iα < 1 are also met for them, as
well as the effective dose for a standard model room being less than 1 mSv/y in the case
that all walls, the floor, and the ceiling are built with them. From the point of view of
radioactivity, they can be freely used as building materials. For samples with ACI > 1, the
effective dose was calculated for the external exposure of gamma rays in air at the height
of 1 m above ground level for outdoor and indoor cases (Eterr,20%, and Eterr,80%) and four
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different cases of standard rooms (Eall, Efw, Ef, and Esup). Considering that all the calculated
doses Eterr,20% are less than 1, all the tested materials are safe from the aspect of external
terrestrial exposure, with the limitation of the duration of exposure being less than 20% of
the hours per year. Also, all the tested materials can be used to make only the floor, and as
a surface material (Ef and Esup are less than 1).

Table 11. Radiological characteristics of the investigated samples.

Type of
Sample

Sample
ID

210Pb 226Ra 232Th 40K 137Cs 238U 235U

RM RM 107 ± 11 176 ± 7 397 ± 25 32 ± 6 <0.1 164 ± 15 10.3 ± 1.5

S

SL1 <2 19.2 ± 1.3 3.3 ± 0.5 <1 <0.04 14.1 ± 1.7 1.00 ± 0.08
SL2 5 ± 2 22.6 ± 1.1 6.6 ± 0.8 11.7 ± 1.7 0.6 ± 0.1 23 ± 4 1.7 ± 0.3
SL3 6.8 ± 2.1 29 ± 2 14.7 ± 12 36.7 ± 3.2 <0.03 28.6 ± 3.0 1.8 ± 0.2
SL4 <0.7 34.9 ± 1.5 8.2 ± 0.6 <0.7 <0.02 44.5 ± 5.6 2.5 ± 0.3
SL5 <13 124 ± 7 24 ± 4 160 ± 20 <0.6 88 ± 13 7.0 ± 0.7

FAPI PFA 42.4 ± 4.8 42 ± 2 32 ± 3 242 ± 17 9.9 ± 0.7 39.2 ± 5.3 1.9 ± 0.2

FATP

FA1 362 ± 24 406 ± 16 57.6 ± 4.6 562 ± 36 <0.08 364 ± 45 24 ± 3
FA2 55.6 ± 6 24 ± 2 19 ± 3 170 ± 20 <0.2 33 ± 5 2.2 ± 0.3
FA3 17 ± 4 25 ± 2 23 ± 3 90 ± 10 <0.2 20 ± 4 1.5 ± 0.2
FA4 93 ± 8 99 ± 4 78 ± 5 670 ± 40 <0.09 114 ± 10 5.4 ± 0.4
FA5 96 ± 7 30.0 ± 1.6 22.5 ± 2.2 1260 ± 77 8.9 ± 0.7 31.5 ± 5.4 2.0 ± 0.2
FA6 271 ± 18 42 ± 2 23 ± 3 1810 ± 110 16.3 ± 1.2 33.6 ± 6.7 1.5 ± 0.2

BAPI BAS2 23.5 ± 3.7 33 ± 2 42 ± 3 90 ± 8 1.2 ± 0.3 34.7 ± 4.6 1.8 ± 0.2

BATP
BA1 736 ± 87 420 ± 24 56 ± 4 469 ± 31 <0.1 408 ± 27 23 ± 1
BA2 13 ± 3 20 ± 1 10.9 ± 1.4 1030 ± 64 1.2 ± 0.2 6.8 ± 2.7 0.30 ± 0.05

O
QS1 45.5 ± 5.2 24 ± 1 13 ± 1 281 ± 18 <0.04 38.9 ± 4.7 1.8 ± 0.2
WJ1 14.2 ± 4.3 29.6 ± 2.0 103 ± 7 8.2 ± 1.8 <0.03 26.2 ± 3.9 1.6 ± 0.2
CW1 45.5 ± 6.9 35 ± 1.6 48 ± 3 653 ± 41 <0.04 44 ± 6 2.4 ± 0.2

Table 12. Screening indices for an assessment of the radiological load by the investigated samples.

Type of
Sample

Sample
ID

Hext Hint ACI

RM RM 2.02 2.49 2.58

S

SL1 0.06 0.12 0.08
SL2 0.09 0.15 0.11
SL3 0.14 0.22 0.18
SL4 0.13 0.22 0.16
SL5 0.47 0.80 0.59

FAPI PFA 0.29 0.41 0.38

FATP

FA1 1.45 2.55 1.83
FA2 0.18 0.24 0.23
FA3 0.18 0.25 0.23
FA4 0.73 1.00 0.94
FA5 0.47 0.55 0.63
FA6 0.64 0.75 0.86

BAPI PBA 0.27 0.36 0.35

BATP
BA1 1.46 2.60 1.84
BA2 0.34 0.40 0.46

O
QS1 0.18 0.25 0.24
WJ1 0.48 0.56 0.62
CW1 0.44 0.53 0.57
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Table 13. Estimation of the annual effective dose for different uses of the investigated samples.

Type of
Sample

Sample
ID

Eterr,80%
(mSv)

Eterr,20%
(mSv)

Eall
(mSv)

Efw
(mSv)

Ef
(mSv)

Esup
(mSv)

RM RM
>1 <1 >1 >1 <1 <1FATP FA1

BATP BA1

Other / <1, due to ACI < 1

If the hypothetical situation occurs where the annual effective dose for all situations is
greater than one, whether the material can be disposed of in the environment is examined
(the criteria are defined by competent institutions in the specific country). If it turns out
that the material is not safe for disposal, it is reported to a competent institution (usually
the radiological inspection), which passes measures on further action.

4. Conclusions

These characterized (from their physical, chemical, mineralogical, and radiological
aspects) 19 samples of industrial Al-containing residues from the ESEE region present a
base for their advantages as alternative raw materials that can influence improvement
of the properties/add value on the final products as well as of the cost-effectiveness and
environmental stability of cements. This paper’s results tackle two aspects of secondary
raw materials, the environmental (heavy metals) and radiological aspects, which are mostly
separately considered in practice.

The characterized Al-containing residues from the ESEE region showed the potential
to be used in construction and beyond. Up to now, globally, fly ash has been mostly used
in cement and concrete production, but also the other characterized Al-containing residues
could be successfully utilized either in the construction and building industries or in wider
applications for traditional building products, like bricks, glass–ceramics, tiles, etc., or for
products supporting the green transition like geopolymers, aerogels, zeolites, REEs, etc.
The proportions of each Al-containing residue should be calculated based on the needs of
the final material/product to achieve the necessary goal. In this respect, pre-treatment of
such Al-containing residues could have a beneficial effect.

Future investigations need to be performed for creative applications of the charac-
terized Al-containing residues, as they seem to be particularly promising in relation to
environmental benefits, such as lowering CO2 emissions, controlling greenhouse emissions,
and reducing environmental contamination.
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chemical characterization of red mud as an Al-containing precursor in inorganic binders for the building industry. Nucl. Technol.
Radiat. 2021, 36, 182–191. [CrossRef]
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Upper Eocene Tošići-Dujići Bauxite Deposit, Croatia, and Relation to REE Mineralogy, Parent Material and Weathering Pattern.
Minerals 2021, 11, 1260. [CrossRef]

82. Tóth, T.M.; Schubert, F.; Raucsik, B.; Fintor, K. Mineralogical and Geochemical Constraints of the REE Accumulation in the
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Abstract: This review provides an overview of methods to extract valuable resources from the ash
fractions of sewage sludge, municipal solid waste, and wood biomass combustion. The resources
addressed here include critical raw materials, such as phosphorus, base and precious metals, and
rare earth elements for which it is increasingly important to tap into secondary sources in addition
to the mining of primary raw materials. The extraction technologies prioritized in this review are
based on recycled acids or excess renewable energy to achieve an optimum environmental profile
for the extracted resources and provide benefits in the form of local industrial symbioses. The
extraction methods cover all scarce and valuable chemical elements contained in the ashes above
certain concentration limits. Another important part of this review is defining potential applications
for the mineral residues remaining after extraction. Therefore, the aim of this review is to combine
the knowledge of resource extraction technology from ashes with possible applications of mineral
residues in construction and related sectors to fully close material cycle loops.

Keywords: critical raw materials; extraction; sewage sludge ash; municipal solid waste incineration
ash; wood biomass ash

1. Introduction

The European Commission (EC) has recognized the necessity to recover critical raw
materials (CRMs), not only from primary but also from secondary sources as much as
possible. In 2015, the document “Closing the loop—An EU action plan for the Circular
Economy” expressed the EC’s aim to support the Raw Materials Information System,
which would provide data on secondary raw materials (SRMs). SRMs can be sources used
instead of primary raw materials. SRMs can also be a source for CRMs, which are of high
economic importance due to their expected scarcity in the EU market or a high risk of
supply disruption. The EU thus wishes to promote recycling these materials, especially
the recovery of CRMs, as part of the move towards the circular economy [1]. This review
focuses on various incineration ashes as SRMs and recovering CRMs and other resources
from them.

One CRM is phosphorus (P), which is an irreplaceable resource and an essential
nutrient for the growth of organisms [2,3]. Most P is currently extracted from phosphate
rocks, which are the primary and non-renewable sources occurring in a limited number
of deposits worldwide [4]. Most of the world’s phosphate rock deposits are located in
Morocco, while the rest are found in China, the United States, South Africa, and Jordan [5].
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These global P resources will be depleted within a few decades, which is why the EC has
added P and phosphate rock to the list of CRMs shown in Figure 1 [6]. Solutions for a P
recovery from various secondary resources such as ashes are hence required. Optimized
use of P in agriculture and soil stabilization to prevent erosion is additionally encouraged.
Rare earth elements (REEs) are another limited resource, and the EC placed them in the
CRMs list due to the increasing demand for them in current industrial production (e.g.,
permanent magnets required for electric motors or wind energy). They are sorted into the
groups of light and heavy REEs (LREEs and HREEs, respectively) [6,7].

 

Figure 1. Raw materials (CRMs list from 2023) in relation to their economic importance and supply
risk, redrawn based on an EU report [6]. The “critical area” is defined by a supply risk ≥ 1 and an
economic importance ≥ 2.8.

Even apart from CRMs, there is a fundamental dependence on metals in different
industries. Non-ferrous base metals, such as Cu, Zn, and Pb, are some of the most used
metals worldwide, only exceeded by Fe and Al. All these elements are necessary for our
current society and infrastructure. Projections predict an increase in the demand for Cu
by 140%, Zn by 81%, and Pb by 46% compared to the 2010 demand until 2050 [8]. By
the end of the 21st century, the projected demand is even higher for Cu and Zn (330%
for Cu and 130% for Zn) [8]. At the same time, the expected depletion years for these
elements (the year when the cumulative primary production exceeds the reserves) can be
reached before 2025–2038 without the peak year of primary production being reached [8].
Consequently, used ore grades become lower, which typically leads to an increased energy
demand for extraction, e.g., for fossil fuels, resulting in increasing greenhouse gas emissions
for constant production [9,10]. This calls for developing new economically viable mining
methods and extraction strategies applicable to SRMs. The use of elements in products
usually dilutes their concentration [11], whereas incinerating end-of-life products causes
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the accumulation of elements in incineration residues, which can hence be an important
source for improving the circularity of elements otherwise deposited in landfills.

Table 1 compares the concentrations of P and selected heavy metals reported in
various ashes with typical concentrations in mined ores. Sewage sludge ash (SSA) is a
rich source of P, while municipal solid waste incineration fly or bottom ashes (MSWI-FA,
MWSI-BA) are rich in metals, especially Zn, Pb, and Cu. Wood biomass fly or bottom
ashes (WB-FA, WB-BA), on the other hand, do not have a very high P content but contain
essential micronutrients for plants as well as Na [12]. The composition of the biomass
varies depending on the combusted biomass type [12–15]. REEs are generally not enriched
in these ashes in comparison to the concentrations found in the Earth’s crust [7]; combined
REE concentrations of 88–124 mg/kg were found in MSWI-BA and averaged 54 mg/kg
in MSWI-FA sampled in Italy [16]. Biomass ashes contain even lower combined REE
concentrations of, e.g., ~27 mg/kg [17]. Recovering REEs from such ashes may still become
economical as they can be co-extracted with the other resources in Table 1, and their demand
is expected to reach a ~4.4% annual growth rate globally by 2026 [18] and rise by 2600% over
the next 25 years [19]. Despite extensive, mostly lab-scale research efforts on REE recycling,
less than 1% were recycled in 2011 due to inefficient collection, technological problems,
and a lack of incentives [20]. Achieving a circular economy and a truly sustainable society
must include the recovery of REEs from SRMs with low concentrations [7].

Table 1. Minimum and maximum contents of P and selected heavy metals in treated SSA, MSWI-
FA, MSWI-BA, and wood biomass fly and bottom ashes (WB-FA, WB-BA) compared to typical
ore concentrations.

Element
SSA

[2,4,21–25]
MSWI-FA
[15,26,27]

MSWI-BA
[26]

WB-FA
[12,28,29]

WB-BA
[28]

Typical Ore
Concentration [30,31]

P (g/kg) * 35–99 4–5 - 10–23 8–17 110–160
Zn (mg/kg) 895–2823 9000–70,000 610–7800 446–2274 74–234 50,000–150,000
Pb (mg/kg) 70–460 5300–26,000 100–13,700 11–177 5–80 300,000–400,000
Cu (mg/kg) 423–839 600–3200 190–8200 89–161 65–111 5000–20,000
Cr (mg/kg) 78–460 140–1100 23–3200 18–101 25–70 310,000
Cd (mg/kg) 4–126 50–450 0.3–70 7–16 0.1–0.5 1000–10,000

* Calculated based on the P2O5 content.

Legislation can be a powerful tool to promote recycling. Following the legislative
developments in Switzerland and Germany, Austria has also adopted legislation for a
mandatory P recovery from SSA. In 2022, the Swiss Federal Council published an Ordinance
on the Avoidance and the Disposal of Waste (SR 814.600), where P must be recovered and
recycled from SSA (Section 3, Art. 15, in force since 1st Jan. of 2019) and metals recovered
from MSWI filter ash (Section 3, Art. 32) [32]. There are also requirements and limit values
for using waste as a raw material in this Ordinance (Annex 4, in force since 1 January
2022) [32]. Denmark has the Statutory Order No. 1672/2016 on the use of residual products,
where MSWI-BA is on the list to replace primary raw materials [26]. However, the ash
must meet quantitative criteria regarding the content and leachability of certain inorganic
substances [26]. The Statutory Order No. 732/2019 on the application of biomass ash in
agriculture additionally determines the extent to which biomass ash can be requested as a
replacement for commonly used fertilizers or soil improvers (i.e., which types of biomass
ash are allowed, the limit values for the content of heavy metals, the maximum amount
of allowed ash and its reactivity) [26]. The Finnish legislation on fertilizers has also been
modernized, as a new Fertilizer Act 711/2022 came into force in July 2022 [33].

2. Recovery of Resources from Selected Ashes

The extraction of specific components from ashes is a wide field as the ash prop-
erties vary depending on the fuel type and composition, ash fraction, and power plant
processes, and various components are of interest for extraction. The ashes selected for
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this review are rich in siliceous phases, macronutrients such as P, K, Ca, Mg, or S necessary
for plant growth [34], and contain trace amounts of Fe, Zn, and/or Cu. The content of
potentially toxic elements is also very important, but some of these are also necessary
micronutrients for plant growth. The main elements of interest in this review are P and the
potentially toxic elements Zn, Pb, Cd, Cr, and Cu. They are usually extracted using various
organic/inorganic acids, chelating agents, or basic solvents, as well as electrochemical
methods such as electrodialytic separation (EDS).

2.1. Overview of Extraction Technologies

Various techniques, such as wet extraction, thermochemical, and electrochemical meth-
ods, have been developed to extract or recover metals from different ashes [35,36]. This
overview also covers processes at the technology readiness level (TRL) 7 (see Section 2.2)
using wet extraction methods. Wet chemical extraction is the most widely used method for
extracting P from various ashes due to its high recovery rate, low cost, and procedure sim-
plicity. Choosing the right extractant is very important. Common examples are inorganic
acids such as sulfuric acid (H2SO4) [2,4,22–25,37–39], nitric acid (HNO3) [4,23,25,37,39],
and hydrochloric acid (HCl) [4,15,40,41]; organic acids and chelating agents such as citric
acid (CA) [25,37–39], oxalic acid (OA) [4,22,25,37–39], lactic acid (LA) [37], ethylenedi-
aminetetraacetic acid (EDTA) [25,38,39], and ethylenediamine tetra (methylene phosphonic
acid) (EDTMP) [25,38,39]; and bases such as NaOH [4]. Novel chelating agents for ashes
could also be bisphosphonates [42].

The most commonly used inorganic acid and the cheapest extractant on today’s mar-
ket is H2SO4 [23]. Its main advantages are easy transportation due to its low volatility, the
possibility of concentrating up to 98%, and ensuring less co-dissolution of heavy metals,
especially Pb [2,4]. Other inorganic acids, such as HNO3 [4,23,25,37,39], HCl [4,15,40,41],
and H3PO4 [5], have also been used. HCl may facilitate the occurrence of unwanted com-
plexation reactions [2], and H3PO4 is comparably expensive [5]. Organic acids are usually
chosen in research for their reduction properties (especially OA, which is the strongest
naturally occurring organic acid) and for their environmentally friendly production (CA
and LA) [22,25,37–39]. OA is the most efficient P extractant among the organic acids as it
combines a high P extraction efficiency with a relatively low co-extraction of heavy metals;
however, H2SO4 has an economic advantage over OA due to the lower costs for optimal P
extraction [4,25].

Chelating agents have a marginal effect on the morphology and particle size distri-
bution of ashes and are less effective for P recovery compared to inorganic and organic
acid extractants due to their high affinity to metal ions, resulting in partial dissolution of
P [34,39]. EDTA performed better than EDTMP for trace elements such as Zn, Pb, or Cd, so
EDTA could be used ahead of the P extraction to remove significant quantities of metals
without leaching P [38]. Fang et al. also published a study where a combination of EDTA
and H2SO4 was used but was ineffective for P extraction [43]. The use of Cyanex, a highly
stable P-based chelating extractant, is effective for the extraction of heavy metals (Zn, Pb,
and Cd) from leachates after wet extraction [27,44]. However, the selective separation
of REEs requires very specific kinds of chelating agents, where bisphosphonates could
be a promising option [42]. They contain a carbon center with two phosphonate groups
(PO(OH)2) and two other substituents (e.g., a hydroxyl group and a carbon chain with
a primary amine group) [45]. Bisphosphonates have been immobilized on nanoporous
silicon and then applied to selectively recover Sc from a highly complex ore sample leaching
solution [42]; a similar approach could be applied to ashes. The desorption of Sc from
bisphosphonates can be conducted by using acids such as H3PO4 and H2SO4 [42]. Bisphos-
phonates can also be used for a relatively selective recovery of other REEs, but information
remains scarce [46].

Alkali-metal bases such as NaOH dissolve almost no heavy metals, mainly due to
the high pH of around 13 at the end of the extraction procedure. They are also ineffective
for P extraction because Ca-phosphates show poor solubility in alkaline environments
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(especially when the molar P/Ca ratio is lower than one), while Al- and Fe-phosphates are
highly soluble in such media [4,24].

Optimal process conditions require combining the highest P extraction efficiency, the
lowest possible co-extraction of heavy metals, and the lowest possible operating costs. Ad-
ditionally, variables such as the extractant type and its concentration, the contact time (opti-
mally 2 h [2,22,24,38,39]), the liquid/solid ratio (optimally 20:1 [2,23,24,38]), the extraction
temperature and ash composition significantly affect the P extraction efficiency [2,22,24].
Longer extraction times (e.g., one week compared to 2 h) result in a lower P extraction
efficiency and more heavy metal leaching [23]. It is also necessary to consider the variability
of certain elemental contents, e.g., the P content in SSA can be partially attributed to dif-
ferences in wastewater treatment systems and incineration conditions [47]. The sampling
period also appears to influence its content, as, e.g., a lower P content has been measured
in the summer months while higher contents were measured in February and March [48].
This can be explained by the different food habits and leisure activities of people in different
seasons [48]. The recovery of P by wet chemical extraction can be effectively applied to
different types of SSA, as they contain higher amounts of P [2,4,22–25,37–39]. Ashes from
wood biomass and MSWI are not as rich in P as SSA, but they are rich in Zn, which is also
important to recover [40,44,49–51].

An overview of the extractants used to extract P, Zn, Pb, Cu, Cr, and/or Cd from
the selected ashes is presented in Table 2, along with the respective achieved extraction
rates. In the case of P, the highest extraction rate of 100% was achieved using H2SO4 [23],
HNO3 [23,37], and OA [22], while the most effective extractant for Zn was HCl, reaching
86% [41]. The highest reported extraction rate in the analyzed literature for Cr was 58% [39],
74% for Cu [38], 62% for Pb [40], and 97% for Cd [40]. Although chemical extraction
achieves high efficiencies, it requires further purification and the treatment of insoluble acid
residues [22,34,38,52,53]. It also often requires undesirably large amounts of acids, encour-
aging researchers to develop alternative methods [35]. One alternative for achieving high
extraction rates of Zn (around 90%), Pb, and Cd from ash is the thermochemical method,
but concerns regarding its operating costs, high energy input, and equipment lifetimes have
been voiced [52–54]. KCl, MgCl2, and CaCl2 are often added in the thermochemical process,
where high concentrations of chlorine compounds can be extremely corrosive [53,55,56].
Increasing the treatment temperature led to higher Pb and Zn removal rates [55], and above
1400 ◦C, the thermal removal of heavy metals also enabled the separation of Fe, increasing
the bioavailability of P in the ash [53]. The most promising one-step extraction method
is EDS, whose main advantage over other techniques is the ability to separate P from
the remaining waste and remove heavy metals from ash in one process [3,57–60]. Here,
electromigration separates the component by transporting P towards the anode and heavy
metals mainly towards the cathode, a very important aspect considering mixed component
wastes [57]. After the treatment, P is recovered from the anolyte by filtration to separate the
liquid from the remaining solids, and the heavy metals are solubilized in the catholyte [59].
However, the EDS process is time consuming [57,58,60,61], and the operating costs are
relatively high [52,57,62].
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Table 2. Summary of the extractants used to extract P, Zn, Pb, Cu, Cr, and/or Cd from selected ashes
(marked with the x) with corresponding extraction rates (in %). The analyzed literature does not
contain such extraction rates for WBA.

Extractant
Conc.

(mol/L)
P Zn Pb Cu Cr Cd SSA MSWI WBA Reference

H2SO4

0.05 >95 x [22]
0.1 88.3 x [24]

0.19 100 x [23]
0.19 ~88 x [23]
0.2 92 x [2]
0.2 94 x [38]

0.25 93 ~36 ~1 ~38 ~5 ~28 x [4]
0.4 96.4 x [37]
0.5 >70 ~42 38.4 ~40 57.7 50 x [39]
0.5 74 ~42 ~40 x [25]

HNO3

0.3 89 ~32 ~24 ~36 ~5 ~27 x [4]
0.4 100 x [37]
0.5 >70 ~36 40 ~38 ~52 ~6 x [39]
0.5 ~71 ~36 x [25]
1.5 ~80 16 56 x [23]
1.5 100 71 47 x [23]

HCl

0.3 98.8 ~32 ~30 40 ~5 ~28 x [4]
0.5 >95 x [41]
1.0 75 1 71 x [40]
1.0 ~58 ~1 40 x [15]

HCl + H2O2 1.0 + 9.8 68 62 97 x [40]

Citric acid
(C6H8O7)

0.2 ~80 x [38]
0.4 59.3 x [37]
0.5 >70 ~23 13.3 ~16 ~25 ~7 x [39]
0.5 72 ~23 ~16 x [25]

Oxalic acid
(C2H2O4)

0.05 100 x [22]
0.2 >95 x [38]

0.55 95.4 37 ~1 37 ~8 ~13 x [4]
0.4 100 x [37]
0.5 >70 56.9 4 65.8 ~53 ~13 x [39]
0.5 74 56.9 65.8 x [25]

Lactic acid
(C3H6O3) 0.4 28.4 x [37]

EDTA
(C10H16N2O8)

0.02 ~20 x [38]
0.05 <30 ~14 37 ~5 ~42 ~6 x [39]
0.05 ~24 ~14 ~5 x [25]
0.05 ~40 x [38]

EDTMP
(C6H20N2O12P4)

0.05 <30 ~10 ~22 ~9 ~26 ~6 x [39]
0.05 ~13 10 ~9 x [25]
0.05 ~25 x [38]

NaOH 0.5 40 ~3 ~3 ~2 ~2 ~4 x [4]

2.2. Methods Applied on an Industrial Scale

Prototype plants are already implemented or under construction (i.e., at TRL7) for the
wet extraction of P from SSA (EasyMining, Uppsala, Sweden), salts and Zn from MSWI
ashes (Stena Recycling, Gothenburg, Denmark), Zn from MSWI ashes (RENOVA, Göteborg,
Sweden) and the full-scale commercially available process FLUWA/FLUREC operating
in Switzerland for the recovery of metals. Additional plants recovering P from SSA using
H3PO4 are operating in Germany, Switzerland, and Japan. These wet extraction processes
at the high TRL level are based on using waste acid from nearby industries or from the
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wet scrubber of the incineration plant itself. A wet extraction method using HCl and
lime for recovering commercial P, Fe, and Al products called Ash2Phos was developed by
EasyMining, Sweden. The process has recovery rates of 90–95% for P, 60–80% for Al, and
10–20% for Fe from SSA [63]. Simultaneously, the heavy metal content in connection to P
is reduced by at least 96%, making it a very pure and clean fertilizer product [63]. SSA is
dissolved in HCl at 40 ◦C, and the P, Fe, and Al are separated as pure Ca3(PO4)2, FeCl3, and
NaAlO2 [63]. The separation process is based on chemical precipitation steps in a unique
combination, and the solution is later neutralized to remove heavy metals. CaO is used
during the precipitation steps and for neutralization. The produced phosphorus–calcium-
rich product (Ca5(PO4)3OH) contains a minimum of 16.5% P and 35% Ca and can be used as
raw material for feeds or fertilizer applications [63]. The Fe and Al products can be reused
in wastewater treatment plants [63]. After the treatment, non-dissolved SSA is filtered,
washed, neutralized, and called “silicate sand” (48.3% SiO2, 22.9% Fe2O3, 7.2% Al2O3),
which is potentially useable as a partial cement replacement in mortars after milling [64].
A full-scale plant able to annually treat 30,000 tons of SSA is under construction in Sweden,
and plants in Germany are also under development [63].

The recovery of metals from MSWI-FA is achieved by the FLUWA/FLUREC processes
developed in Switzerland by AIK Technik AG, as well as by the HaloSep process in
Denmark developed by Stena Recycling. In 2018, >60% of the MSWI-FA in Switzerland
was treated with the FLUWA process [39], which is based on wet extraction by adding
acidic (HCl) and neutral (NaCl) waste scrub water to MSWI-FA where 60–80% Zn, 80–95%
Cd, 50–85% Pb, 50–85% Cu can be extracted [40,65]. The metal-enriched filtrate obtained
after FLUWA needs to be further processed to recover the metals, either by leading the
filtrate to a wastewater treatment plant to precipitate a metal hydroxide sludge that can be
recovered in smelting plants or by the FLUREC process, which allows a high-purity Zn
recovery. Cd, Pb, and Cu are separated by reductive separation (cementation) using Zn
powder as a reducing agent [65]. This cement, with a high Pb content of 50–70%, can be
sent directly to a lead smelter where metals are recovered in the Pb production process [65].
Zn is removed from the remaining liquid by solvent extraction, followed by electrowinning
to recover high-grade Zn (>99.99% Zn), which can be sold [66]. The remaining FA particles
(filter cake) are currently landfilled.

The HaloSep process is another wet extraction method using a HCl scrubber liquid and
MSWI-FA, which produces brine and a neutralized and washed FA. The resulting residues
from the process are a stabilized FA, a metal fraction, and a brine solution. The metals are
precipitated from the brine into a filter cake containing up to 38–40% Zn, which can be
recovered at smelters. The remaining brine contains salt products (CaCl2, NaCl, KCl) useful
for industrial applications. The treated FA complies with the European leaching limits for
acceptance in landfills [65] but can also be used in construction [67]. A full-scale HaloSep
plant is operating at the incineration plant Vestforbrænding in Copenhagen, Denmark, and
plants in other countries are under exploration [67].

The RENOVA process also uses a HCl scrubber liquid for Zn leaching but differs from
HaloSep by using an acidic pH in the process and re-incineration of the leached ash to
destroy dioxins. Up to 70% Zn was leached in pilot scale studies, and NaOH-precipitated
filter cake contained 80% Zn(OH)2 [68]. Re-incineration studies showed that more than
90% of the leached ash was converted into bottom ash [68]. There are plans to build a
demonstration plant in Sweden [69].

Additional plants recovering P from SSA using H3PO4 are, e.g., a sewage sludge
incineration plant in Werdohl, Germany, which uses the Remondis TetraPhas process [52].
It consists of leaching P from SSA by H3PO4 and purifying the P-concentrated acid leachate,
allowing an 80% P extraction. The product, called RePacid, mainly contains H3PO4 and can
be directly used by the industry [52]. Another solvent-extraction process called Phos4life
was designed in the canton of Zürich, Switzerland, where the main product is technical
H3PO4 (74%). Here, P is extracted from SSA by H2SO4, and more than 95% of it can be
recovered from SSA in the form of H3PO4 [52]. Another well-known P production company
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is Nippon Phosphoric Acid Co., Ltd. (NPA) in Achi, Japan, where the H3PO4 is also
obtained through a wet extraction process followed by filtration and purification. Gypsum
(CaSO4·2H2O), with possible applications in cement, plasterboard, or soil improvement, is
a by-product of this process [52].

2.3. Economic Assessment of Alternative Extraction Methods

In addition to achieving an optimal environmental profile for the extracted resources,
the economic costs of recovering secondary raw materials are also of great importance, as
both environmental and economic costs influence their acceptance in society [35]. Although
high percentages of P extraction can be achieved by acid wet extraction of P, the acid
demand is very high [70]. An example of acid demand is given by Donatello et al., where
an optimized procedure showed that 368 kg of 98% H2SO4 was required for 80–100% P
extraction from 1 ton of SSA [71]. Handling and transporting such large quantities of
acid is not easy in all urban environments [70]. Moreover, the simultaneous extraction of
heavy metals and P [71] requires a second separation step to support the European Green
Deal, which promotes the recycling of limited resources while emphasizing the goal of
zero pollution [70]. For this purpose, the development of alternative technologies, such as
thermochemical methods, is supported. Products recovered by thermochemical methods
are still ash, and the separated heavy metals represent only a small part of the ash, which is
suitable for transport [72]. However, the energy consumption and high capital costs of the
alternative methods still need to be optimized compared to the traditional wet chemical
method [3,34,36]. In 2016, Egle et al. reported that the cost of recovering P from SSA using
the wet chemical method is about 5–6 EUR/kg of P, whereas using the thermochemical
method, the cost is about 2–3 EUR/kg of P [73]. However, the thermochemical method
is closely related to the energy price, and with the current increasing energy prices, the
cost of the thermochemical method has certainly increased [72]. Therefore, alternative
extraction methods, such as microwave-assisted acid extraction, can reduce the total cost
by up to 76% for MSWI-FA and up to 52% for MSWI-FA compared to traditional metal
extraction by heating [35]. This cost analysis considered the cost of acid/chemicals, energy
consumption, miscellaneous costs, and other laboratory costs for processing a given amount
of ash [35]. In addition, alternative technologies, such as electrochemical methods, are
still in the development and optimization phase, so there are not many analyses of their
economic performance.

3. Potential Uses of Solid Residues of Ashes

Waste incineration is steadily increasing in Europe, but there are environmental con-
cerns about the solid residues that require pre-treatment and are usually landfilled [74].
There are possibilities to use as-received or pre-treated ashes in agriculture, soil stabilization,
and the building sector as the following:

- Supplementary cementitious materials (SCMs);
- Precursors for alkali-activated materials (AAMs);
- Artificial fillers or fine aggregates;
- Additives in clay-based materials;
- Precursors for carbonated products.

The use of waste ash in construction materials has attracted many researchers in recent
years [74]. However, a good understanding of their chemical, physical, and microstructural
characteristics is necessary for their full-scale use [75]. The question of how to keep
the ash characteristics constant when heterogeneous materials such as sewage sludge,
MSW, or varying types of biomasses are incinerated is especially important for their large-
scale utilization.

AAMs/geopolymers are synthetic materials obtained by alkaline activation of Si- and
Al-rich materials and specific industrial wastes [76]. AAMs are alternative cementitious
or ceramic-like binders used as alternative construction materials and for the solidifica-
tion/stabilization of various waste streams [77]. As cement production is among those

83



Materials 2023, 16, 6948

human activities most generating CO2 emissions, sustainable development of the building
industry requires three approaches: using renewable energy, using recycled products, and
replacing cement [78]. Every 600 kg of cement causes about 400 kg of CO2 to be released
into the atmosphere [79–83]. Therefore, the potential applications of different ashes as
SCMs have been studied for decades [84] but recently with a focus on bio-based ashes [80].

Another very promising research topic in the cement and concrete industry is carbon-
ation utilizing CO2 sequestration: a low-tech approach to the carbon capture and storage
process that mainly involves the reaction of CO2 with Ca-containing materials to form Ca
carbonates [85–87]. Potential sources from waste streams are ashes containing a certain
amount of Ca and Mg compounds, especially WBA [88–90].

3.1. Potential Use of SSA

Sewage sludge is the most common and continuously generated by-product of wastew-
ater treatment, containing the 2nd highest amount of P after bone meal [3,5,47]. It has a
great potential for P recovery after an appropriate thermal treatment [2,4,22–25,37,52,53].
Sewage sludge has been directly used as agricultural fertilizer for decades, but its limita-
tions are increasing all over the world due to the high contents of heavy metals, organic
pollutants, and micro/nanoplastics. Hence, its incineration is considered to be the best
way for disposal [53]. The incineration of sewage sludge at about 850 ◦C is widely used
in the EU and is currently the most efficient method, reducing the volume by 90% (the
mass by 70%) and removing organic pollutants and pathogens [47,52,59]. The resulting
SSA contains 4–12 wt% of P, usually in the form of AlPO4 and Ca3(PO4)2, which are poorly
bioavailable [26]. SSA also contains Fe and potentially toxic trace elements such as Zn, Pb,
Ni, Cr, and Cd and is mostly landfilled [5,23,48]. Pre-treatment is required to prevent the
loss of this potential P source and aims to increase the bioavailability of P and remove heavy
metals, which often exceed the legal limits for fertilizer production, see Table 3 [24,48,74,91].
With, for example, innovative EDS, 80–90% of the P can be recovered while also achieving
a low content of heavy metals [58–60]. A high concentration of CaO and SiO2 in the SSA
after P extraction is the main reason for using SSA as a building material component [5].

Table 3. Legal limits for trace elements in EU fertilizing products (in mg/kg), adapted from the EU
regulation [86].

Element Organic Fertilizer Organo-Mineral Fertilizer Inorganic Fertilizer

As 40 40 40
Cd 1.5 3 3
Cr 2 2 2
Cu 300 600 600
Hg 1 1 1
Ni 50 50 100
Pb 120 120 120
Zn 800 1500 1500

SSA is a material comparable to lightweight sand and is less dense than Portland
cement [47]. It consists of porous particles with irregular shapes, which is not ideal for its
classification as a potential cementitious material [47]. It should be noted that the extraction
of P with H2SO4 produces CaSO4, which negatively affects the cement properties [4]. Using
OA as an extractant produces Ca oxalate, which does not have this negative effect [4]. SSA
typically contains an elevated amount of about 14% Al2O3 compared to the ca. 5% in
Portland cement, indicating a natural suitability for use in aerated concrete [47]. The high
Al2O3 content in SSA may also benefit the chloride attack resistance in concrete applications
due to the chloride binding capacity of amorphous Al2O3 [47]. SSA can be used as a possible
cement replacement material, but it requires a pre-treatment due to the undesirable effects
of the contained heavy metals and P recovery. It has the potential to replace cement in
mortars [23,92] or partially replace clay in bricks [59]. Due to the small grain size, SSA
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is also suitable as a filler or fine aggregate component in mortar and concrete, where the
effects on strength performance have been shown to be manageable for SSA contents up to
15 wt% [47,49,93]. Research on the reuse of SSA as an aluminosilicate precursor material
for alkali activation/geopolymerization has also recently begun [77,94–96].

3.2. Potential Use of MSWI Ashes

MSW contains wood but also paper, plastic, glass, and textile scrap material, which
cannot be degraded naturally. In the last few decades, the total mass of MSW has increased
drastically due to rapid urbanization and an increased world population. This has en-
couraged many countries to properly dispose of this waste [74,97]. The so-called “green
economy” has begun, encouraging waste reduction, reuse of materials through recycling or
recovery, and supporting sustainability [97,98]. Several different treatments of MSW have
been developed, as shown in Figure 2. The gases produced by the natural decomposition
of MSW in landfills represent 18% of the energy production from biogas in the EU [97,99].
Nowadays, one effective and popular method is the incineration of MSW due to the volume
reduction in MSW by 90% recovery of heat/energy. Two main residues are produced by
incineration: around 80 wt% MSWI-BA and around 20 wt% MSWI-FA [27,51,97,100–102].

Figure 2. Different treatments for MSW management; redrawn based on [97].

MSWI-BA is classified as non-hazardous waste and mainly consists of amorphous
SiO2, Al2O3, and CaO; its exact composition varies from incineration plant to incineration
plant and even from batch to batch within a single incineration plant [97,100]. MSWI-BA
is commonly utilized in road construction [103] and can be an alternative lightweight
aggregate [97] or an alternative material for cement production [104,105]. One of the advan-
tages of using MSWI ash as cement raw material is the reduction in CO2 emissions [104].
MSWI-FA is classified as a hazardous waste as it contains soluble salts, dioxins, and a
significant amount of heavy metals such as Zn, Pb, and Cd [40]. Due to the presence of
potentially leachable contaminants harmful to the environment and human health, landfill
sites are becoming fewer, and the possibility of utilizing MSWI-FA has attracted many
researchers [27,35,50,51,61,101,102,106]. Sekito et al. reported a 2-fold higher content of
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Zn and Pb in MSWI-FA compared to MSWI-BA, while the content of Cd was even 13-fold
higher [107]. Therefore, MSWI-FA must be pre-treated before further use, and much re-
search has focused on how to extract and recover various metals from it. In MSWI-FA, the
pH has a significant effect on the removal efficiency of heavy metals [50]. Many metals
have a high solubility at low pH levels, so using strong acids as the extractant is necessary.
As MSWI-FA is alkaline, alternative methods are desired to avoid the consumption of large
acid volumes. A new microwave-assisted acid extraction method has recently been devel-
oped [35]. Significant advantages of this method are lower costs, shorter processing times,
and better efficiency of metal extraction compared to conventional heating [35,108–110].

Electrodialytic (ED) treatment is another innovative method also used for contami-
nated SSA [59]. It reduces the content of heavy metals and salts and increases the reactivity
of Si and the Si/Al ratio [61,111]. Such a pre-treatment method can make MSWI-FA into a
potential precursor in geopolymers based on AAMs that can naturally trap heavy metals
inside its matrix. As MSWI-FA is alkaline (having a pH of around 11), ED treatment results
in an acidic pH, similar to the common natural precursor in geopolymers, i.e., metakaolin.
The combination of MSWI-FA pre-treatment and initiating up to 20 wt% of MSWI-FA in
geopolymers achieves the lowest metal leaching and a high compressive strength, making
it a potential construction material [61,111]. Thus, the use of geopolymerization for haz-
ardous waste not only contributes to the best technological practices and legal provisions
but is also ecologically efficient [112]. Studies have shown that the use of raw MSWI-FA
is also possible but achieves lower compressive strengths than that of AAMs prepared
with slag or pulverized FA [101]. The reason for the low compressive strength could be its
variable mineral composition because MSWI-FA contains less SiO2 and Al2O3 than slag
or pulverized FA and has a large specific surface area due to a high proportion of small
particles [101].

MSWI-FA has also been studied as a potential replacement for cementitious materials,
but adding it to cement-based products means that technical and environmental require-
ments such as sufficient strengths, disabilities, and leaching limits of heavy metals must be
met [113]. The main problem with using MSWI-FA as a cement substitute is the presence of
leachable toxic heavy metals and a high salt content. It is beneficial to use water washing
and mechanochemical [113] or ED pre-treatments [114] to improve its performance before
it is used in mortar, concrete, or bricks. The mechanochemical processes can stabilize the
heavy metals and activate the MSWI-FA, allowing it to partially replace Portland cement
in building materials [113], while an ED treatment can remove heavy metals and soluble
salts from the MSWI-FA suspension which is thus decontaminated [96,115]. As an ultrafine
material, MSWI-FA is also a potential substitute for clay in bricks, which should stabilize
the heavy metals, reduce raw material imports, and, at the same time, conserve primary
clay resources [115]. Studies have shown that fired bricks with an addition of 2.5–5 wt%
treated MSWI-FA may be feasible [96,116,117].

3.3. Potential Use of WBA

WBA results from wood biomass combustion generating WB-BA, collected from
the bottom of a combustion chamber, and WB-FA, which is subdivided into fine fly ash
(particle size <1 μm, collected from electrostatic or bag house filters) and coarse fly ash
(particle size >1 μm, collected from the cyclone or boilers) [83,118,119]. CaO and SiO2 are
generally the major chemical components in WBA, while other compounds such as Al2O3,
Fe2O3, K2O, Na2O, MgO, P2O5, or SO3 occur in lower amounts [15,75,120]. Minor contents
of As, Cd, Cr, Cu, Pb, and Ni have also been detected [15,75]. Significant differences
in the content of volatile heavy metals occur amongst the ash types and are the main
concern when using WBA. A higher concentration of heavy metals was measured in WB-
FA compared to WB-BA, as heavy metals are more concentrated in smaller particle size
fractions (<75 μm) [12,14,118,119]. The particles of the fine fly ash fraction are also lighter
and smaller, making them easy to inhale and a health risk, e.g., Cd accumulates in the
kidneys and affects bone density [121].
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The chemical composition of WB-FA also differs from coal FA, as WB-FA usually
contains more alkali elements and less Al [118]. Nutrients, such as P and Mg, are pri-
marily found in the WB-BA and coarse WB-FA. WB-FA shows significantly lower Cd
concentrations compared to MSWI-FA [12,15,28,29]. The chemical and physical properties
of WBA depend on the combustion technology, the heat treatment temperature, the tree
species, and the geographic location; however, other factors, such as soil conditions, climate
characteristics, and storage methods, also influence its properties [12–15,82,83,118,121,122].

Since wood biomass is considered to be a CO2-neutral renewable energy source, it
is environmentally desirable to use WBA in the construction industry [119,123]. This
would not only reduce rising disposal costs, 70% of WBA still ends up in landfills, but also
preserve natural resources and reduce greenhouse gas emissions [119,124]. WBA has the
potential to be used in various construction areas: as a partial replacement of aggregates
or mineral admixtures in concrete [118,124], as a partial replacement of raw materials for
clinker [118,119], as a filler/partial sand replacement material in cement-based materi-
als [13,28], in brick production [13], road construction [13] and others. Proper storage and
transport conditions are important for WBA use in cementitious composites, as carbonation
and hydration can occur suddenly during these procedures in wet circumstances and thus
strongly determine the quantity of CaO and other carbonate elements [13]. It is also very
important to find the optimal cement/ash ratio so that the strength of the cement com-
posites remains sufficient [13,125]. Replacing up to 45% of cement with WB-FA has been
described as suitable for construction purposes; however, WB-FA has more potential as a
filler material than as a cement replacement material in construction [13,82]. Most studies
report that the optimal content of WB-FA and WB-BA to replace part of the cement in
mortars is 10 wt% [13,79,80,126]. It has been reported that adding WBA generally lowered
the mechanical properties of bricks [127,128], but many clay mixtures still fulfilled the
required strength parameters. Another emerging use of WBA is as a feedstock material for
CO2 utilization via mineral carbonation [129,130]. Even though the CO2 uptake capacity
is limited, it can be improved as, e.g., mechanochemical activation has doubled its capac-
ity [131]. Biomass ash is also a low-cost medium that does not need to be transported to a
plant and can be used for a low-tech sequestration approach [86].

The suitability of coal combustion FA for the production of AAMs has been proven
many times due to its suitable chemical composition and the large volume available [132,133].
It is influenced by the coal properties, the combustion technique, and the waste handling.
WB-FA can similarly be used as a complete or partial replacement material when preparing
geopolymer mortars, which could reduce the cost of geopolymer source materials and
avoid the cost of WBA landfilling [76,132]. Replacing coal combustion FA by up to 20%
WBA in the binder mass resulted in better strength and porosity properties than the control
mixture after 3 and 7 days of aging. After 28 days, the geopolymer containing 10% WBA
was the only one to show a higher compressive strength and a lower total porosity than the
control mixture [132].

Using WBA as a forest fertilizer also has potential; however, future research should
focus on the effect of trace element solubility on the natural leaching processes in forest
soil [12,134]. Another important factor preventing the use of WBA on certain soil typologies
is its alkaline pH (usually higher than 12) [135]. Accordingly, Pasquali et al. proposed a
technology to stabilize heavy metals in WBA and lower their pH based on the use of other
by-products (coal FA, rice husk ash, and MSWI-FA) [135]. MSWI-FA has a similar pH as
WBA and is a source of leachable heavy metals, while its P concentration is low. Ca-rich
coal FA was used in the stabilization procedure, while rice husk ash was chosen as a heavy
metal stabilizer due to its amorphous silica content. Wolffers et al. recently reported the
recovery of heavy metals from WB-FA based on acid leaching, a process also applied to
MSWI-FA [15]. In Switzerland, the disposal of WB-FA in landfills will be prohibited in 2023
due to the elevated concentrations of very toxic Cr(VI) and other heavy metals [15]. The
FLUWA process represents a promising method for managing WB-FA [15].
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4. Conclusions

This literature review focused on the technologies available to recover valuable ele-
ments, such as P and the selected heavy metals Zn, Pb, Cd, Cr, and Cu, from MSWI, SSA,
and WBA. The wet chemical extraction method is used for P extraction, with H2SO4 as
the most common extractant. Other methods are needed to extract resources from ashes
in locations where waste acid is not easily available. Electrochemical technologies are
beneficial alternatives because their major input is an electrical direct current, which can be
directly gained from renewable sources, and the extraction can be performed in periods
with excess grid energy. Nevertheless, future studies should deal with the duration of the
electrodialytic process and reduce energy consumption.

An overview of the potential use of incineration ash as secondary raw material was
provided, confirming their potential in various fields, with or without a pre-treatment.
Pre-treated SSA can be used as a substitute material for cement, as a filler or fine aggregate
component in mortar and concrete, can partially replace clay in bricks, or can be reused
as a precursor material for geopolymerization. Non-hazardous MSWI-BA is commonly
used in the construction industry as an alternative lightweight aggregate, as an alternative
material for cement production, or in road construction. The hazardous MSWI-FA must
be pre-treated before further use in geopolymers or as a substitute material for cementi-
tious material or clay in bricks. For WBA, it is environmentally desirable to use it in the
construction industry or for CO2 utilization through mineral carbonation.
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Abstract: Due to volume change and low strength, fine-grained soils are problematic in construction.
Stabilization with cement and sawdust ash (SDA) by-products can improve engineering properties.
This study aimed to investigate the effectiveness of cement and sawdust ash (SDA) in stabilizing
fine-grained soils for liner applications. Varying proportions of cement (0–9%) and SDA (0–10%) were
added to soil samples (n = 24). Specimens were tested for unconfined compressive strength (UCS),
hydraulic conductivity (HC), and volumetric shrinkage strain (VSS). Two-way ANOVA analyzed
stabilization effects. Optimal stabilization occurred with 6% cement and 6% SDA, resulting in
significant increases in UCS (51 to 375 kN/m2) and decreases in HC (1.7 × 10−8 to 4.7 × 10−10

m/s) and VSS (12.8 to 3.51%) compared to untreated soil. ANOVA indicated that both cement and
SDA had statistically significant (p < 0.05) effects on improving all three engineering properties. The
addition of 6% cement and 6% SDA significantly improved the expansive soil’s strength, hydraulic
conductivity, and volume change properties. ANOVA confirmed the quantitative improvements and
the significance of both stabilizers. Stabilization using the by-product SDA has the potential to be a
sustainable soil improvement method.

Keywords: stabilization; fine-grained soils; cement; sawdust ash (SDA); analysis of variance (ANOVA)

1. Introduction

Clay liners are widely used in engineering applications such as landfill, waste con-
tainment, and groundwater protection. They act as barriers to prevent the migration of
contaminants from the waste to the surrounding environment [1–4]. However, clay liners
are susceptible to cracking and shrinking due to moisture content and temperature changes,
which can compromise their performance and durability [5–7]. Therefore, improving the
geotechnical properties of clay liners, such as strength, permeability, and shrinkage, is nec-
essary to enhance their effectiveness and reliability [8–10]. One of the methods to improve
the quality of clay liners is to stabilize them with additives, such as cement and sawdust
ash (SDA) [11,12]. Cement is a common stabilizing agent that can increase the strength and
reduce the permeability of clayey soils. However, cement also increases the brittleness and
shrinkage of clay liners, which can lead to cracking and failure [13–15]. SDA is a waste
material obtained from the combustion of sawdust, which is rich in silica and alumina. SDA
can act as a pozzolanic material that reacts with cement to form additional cementitious
products, improving the strength and durability of clay liners [16,17]. Moreover, SDA
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can reduce the shrinkage and cracking of clay liners by filling the pores and creating a
more uniform structure [7]. SDA is also a low-cost and eco-friendly material that can
utilize abundant and renewable sawdust resources and reduce the environmental impact
of cement production [18].

There are still some research gaps and challenges in the use of cement and SDA
for stabilizing fine-grained soils as clay liner materials, particularly in the context of
unconfined compressive strength (UCS), hydraulic conductivity (HC), and volumetric
shrinkage strain (VSS). Some research gaps are: the optimal proportion and dosage of
cement and SDA for different fine-grained soils and clay liners [19]; the effect of curing time
and temperature on the geotechnical properties and microstructure of cement and SDA-
stabilized clay liners [20]; cement and SDA-stabilized clay liners’ long-term performance
and durability under various environmental and loading conditions, such as wetting–
drying cycles, freezing–thawing cycles, and chemical attacks [21,22]; the comparison and
evaluation of cement and SDA-stabilized clay liners with other types of clay liners, such
as geosynthetic clay liners, bentonite-enhanced sand liners, and polymer-modified clay
liners [23], and; the economic and environmental feasibility and benefits of cement and
SDA-stabilized clay liners in engineering projects [24].

Previous research has shown that the amendment of cement stabilization with sawdust
ash has led to significant strength benefits in expansive and soft clayey soils [12]. Studies
have also focused on the environmental impact of using sawdust ash as a stabilizer for
expansive soils, emphasizing the need for soil stabilization due to high plasticity [25].
Analysis of variance (ANOVA) is commonly used in geotechnical research, especially in
studies evaluating and comparing different soil properties and liner materials. When testing
soil samples under various conditions, ANOVA helps researchers to determine whether
differences between group means are statistically significant or simply due to chance.
Several studies have used ANOVA to compare the properties of natural and compacted
clay liners for landfill and containment facilities. Benson and Trast performed a one-way
ANOVA on the hydraulic conductivity values of three clay liners compacted to different
moisture contents and densities. The analysis showed significant differences between liner
types and preparation methods [26]. Daniel et al. used ANOVA to compare consolidation
parameters, permeability, and shear strength of compacted kaolinite and bentonite liners
with natural clays. Their ANOVA results indicated that the engineered clays had superior
containment capacities. As a result, ANOVA can be used to analyze the factors affecting
clay liners’ integrity and performance. The technique confirms whether different additives,
compositions, moisture levels, or compaction methods have a statistically significant effect
on permeability, swelling potential, compressibility, shrinkage, and other properties that
affect the effectiveness of clay liners for containment structures [27]. ANOVA provides
quantitative validation of factors and trends affecting liner behavior that may not be
apparent from the data alone [28].

This study investigates the effectiveness of cement and SDA combination for stabiliz-
ing fine-grained soils as clay liner materials. The experimental design consists of preparing
clayey soil samples with different proportions of cement and SDA and testing them for
unconfined compressive strength (UCS), hydraulic conductivity (HC), and volumetric
shrinkage strain (VSS). The analysis of variance (ANOVA) method is used to evaluate
the significance of the effects of cement and SDA on the geotechnical properties of clay
liners. The results of this study can provide valuable insights into the optimal design and
application of cement and SDA-stabilized clay liners in engineering projects. Figure 1
shows a liner system.
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Figure 1. A liner system.

2. Materials and Method

2.1. Materials

Table 1 presents the protocol for preparing soil samples to study the effectiveness of
combining cement and sawdust ash (SDA) for stabilizing fine-grained soils as clay liner
materials. The table includes SDA content (ranging from 0% to 10%), cement content
(ranging from 0% to 9%), and compaction water content (−2%, 0%, +2%, and +4% of the
optimum moisture content (OMC)). These variables were varied to produce different soil
specimens that were then tested for unconfined compressive strength (UCS), hydraulic
conductivity (HC), and volumetric shrinkage strain (VSS). The results of these tests were
used to evaluate the effectiveness of the cement and SDA combination in stabilizing fine-
grained soils. Initially, soil specimens were prepared by thoroughly mixing the fine-grained
soil with predetermined percentages of cement (ranging from 0% to 9%) and SDA (ranging
from 0% to 10%). Each mixture needed to be homogenized to ensure consistent distribution
of the stabilizing agents throughout the soil. Water was then added to achieve the desired
moisture content (−2%, 0%, +2%, and +4% of the OMC). The thoroughly mixed material
was compacted into molds to form specimens, which follows the standard procedure for
soil compaction, using a mold and hammer at controlled weights and heights to achieve
specified density and moisture levels.

Table 1. Test protocol.

S/No.
SDA

Content (%)
Cement

Content (%)
Soil

Content (%)
Compaction Water

Contents (%)
Tests

Tested
Temperature (◦C)

1

0

0 100

−2%, 0%, +2%, and +4%
of the

optimum moisture
content (OMC)

Physical properties,
unconfined compressive

strength (UCS) test, hydraulic
conductivity (HC) test, and
volumetric shrinkage strain

(VSS) test

~23

2 3 97

3 6 94

4 9 91

5

2

0 98

6 3 95

7 6 92

8 9 89
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Table 1. Cont.

S/No.
SDA

Content (%)
Cement

Content (%)
Soil

Content (%)
Compaction Water

Contents (%)
Tests

Tested
Temperature (◦C)

9

4

0 96

−2%, 0%, +2%, and +4%
of the

optimum moisture
content (OMC)

Physical properties,
unconfined compressive

strength (UCS) test, hydraulic
conductivity (HC) test, and
volumetric shrinkage strain

(VSS) test

~23

10 3 93

11 6 90

12 9 87

13

6

0 94

14 3 91

15 6 88

16 9 85

17

8

0 92

18 3 89

19 6 86

20 9 83

21

10

0 90

22 3 87

23 6 84

24 9 81

2.1.1. Natural Soil

Fine-grained soil specimens were obtained from a burrow area situated on the Bauchi-
Gombe Road in Inkil town, within the Bauchi Local Government District (positioned at
10◦18′40′′ N, 9◦53′46′′ E) of Bauchi state, Nigeria (Figure 2 shows the location on a map).
The sampling was performed utilizing the disrupted sampling method at a depth range of
0.5 to 1.0 m. The samples were gathered into medium-to-large bags, sealed, and transported
to the lab for testing. The fundamental attributes of the untreated soil specimen, cement,
and sawdust ash are outlined in Tables 2–4. The particle size distribution graph of the
natural soil, cement, and sawdust ash are displayed in Figures 3–5. Per the Unified Soil
Classification System structure, the soil is categorized as CH.

 

Figure 2. Bauchi-Gombe Road in Inkil Town location.
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Table 2. Summary of physical properties of the natural soil.

Property Soil

Natural moisture content, % 16.11

Specific gravity, % 2.68

Liquid limit, % 61.7

Plastic limit, % 26.8

Plasticity index, % 34.9

Linear shrinkage, % 17.4

% passing sieve No. 200 60

Free swell, % 64.8

USCS classification CH

Optimum moisture content, % 23

Maximum dry density, Mg/m3 1.63

Color Reddish Brown

Dominant Soil Mineral Kaolinite

Table 3. Summary of physical properties of the cement.

Property Cement

Soundness, mm 0.38

Specific gravity, % 3.13

Fineness, m2/kg 362

3 days UCS, Mpa 29.1

Bulk density, kg/m3 1101

Initial Setting time, min 33.4

Final Setting time, min 242

Color Ash

Table 4. Summary of physical properties of the sawdust ash.

Property Sawdust Ash

Natural moisture content, % 26.07

Specific gravity, % 2.09

Liquid limit, % 22.5

Plastic limit, % 12.7

Plasticity index, % 10.2

Porosity, % 82.4

Fineness, micron 650

Rate of burning, g/hr 2224

Water absorption, % 18.23

Apparent 1.056

Linear shrinkage, % 5.05

Bulk density, kg/m3 412

Modulus of rupture, Mg/m3 1.249

Color Ash
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Figure 3. Particle size distribution curve.

Figure 4. Particle size distribution curve of the cement.
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Figure 5. Particle size distribution curve of the sawdust ash.

2.1.2. Sawdust Ash

The sawdust used in the study was sourced from a local sawmill in the Gwamaja Yan
Katako Dala Industrial District in Kano State (see Figure 6a). Subsequently, the sawdust
was cleaned to eliminate excessive bark and organic matter. It was then air-dried and
incinerated in a combustion furnace at 500 ◦C (see Figure 6b). The incinerated sawdust
was stored in an air-tight container to avoid moisture exposure or contamination. The
incinerated sawdust used in this study mainly comprised silica, alumina, and lime, with
smaller amounts of other metal oxides, as shown in Table 3.

   
(a) Dried sawdust. (b) Burning of sawdust. 

Figure 6. Cont.
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(c) Sawdust ash. 

Figure 6. Sawdust process to ash.

2.1.3. Cement

The ordinary Portland cement (OPC) utilized in this study was commercially obtained
from a local market in Sharada, Kano State. The chemical oxide compositions of both the
cement and the sawdust ash are provided in Figure 7.

Figure 7. Percentage of oxide composition of cement and sawdust ash.

2.2. UCS Test

According to ASTM standards, the UCS test is a laboratory method for measuring
chemicals’ effect on improving fine-grained soils’ engineering properties. The test involves
preparing soil samples and applying a compressive force until they break, as in Figure 4.
The standard procedure for this test is given in ASTM D2166 [29]. The test results provide
valuable data on soil strength, which is critical in evaluating the feasibility of soil stabi-
lization techniques. UCS test results are compared between stabilized and non-stabilized
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soils to determine the effectiveness of stabilizing agents. The test is critical to geotechni-
cal studies and provides essential information for engineering design and construction
projects. Figure 8 shows a triaxial testing machine. The same mixing and moisture condi-
tioning is mentioned in the test protocol. The moist mixtures were compacted each in a
38 mm diameter × 76 mm height mold, applying 25 blows at each of the three layers with
a 24.5 N rammer. After unmolding, sealing, and curing the specimen for 28 days in the
humidity room, following ASTM D2166, the specimens were tested under unconfined axial
compression at a strain rate of 0.5%/min using a loading machine with a spherically seated
top plate, recording the peak compressive load at failure and documenting the complete
stress–strain behavior until 20% strain.

 
Figure 8. Triaxial machine.

2.3. Hydraulic Conductivity

The hydraulic conductivity test is a laboratory method for determining the rate at
which water flows through soil [30]. The test follows standards that provide instructions for
preparing soil samples and measuring hydraulic conductivity. The test involves applying a
water pressure differential to the soil sample and recording the water flow rate. Hydraulic
conductivity test results help to evaluate soil suitability for various uses, such as drainage,
irrigation, and waste disposal [31]. The test results can also help to measure the effect of soil
stabilization techniques. The falling head permeability test apparatus is shown in Figure 9.

For hydraulic conductivity testing following ASTM D5084 [32], 24 different soil–binder
mixtures were prepared by thoroughly mixing the soil with varying proportions of cement
(0–9% by dry weight) and SDA (0–10% by dry weight) in dry conditions, adding the desired
moisture content until a uniform, moist mixture was obtained. A rigid-wall compaction
mold of 71 mm diameter × 25 mm height was used, and three layers were compacted
for each moist mixture, applying 25 blows per layer with a 24.5 N manual rammer. The
compacted specimens were sealed and cured for 28 days in a humidity room maintained at
>95% relative humidity and 23 ± 2 ◦C. Post-curing, each specimen was placed in a rigid-
wall permeameter cell, confining pressure of 34.5 kN/m2 was applied, and the hydraulic
conductivity was measured by conducting a falling head test, recording water flow rates
through the specimen.
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Figure 9. Falling head permeability test.

The hydraulic conductivity is evaluated from Equation (1).

k = 2.3
aL
At

log10
h1
h2

(1)

k = hydraulic conductivity
a = cross-section area of standpipe
L = length of sample
A = cross-sectional area of the sample
h1 = head at time, t1
h2 = head at time, t2.

2.4. Volumetric Shrinkage

The volumetric shrinkage strain (VSS) test determines the extent of volume change
when an intact soil sample can dry and shrink freely under controlled conditions [33]. The
test involves taking an undisturbed soil sample, saturating it with water, determining its
initial mass and volume characteristics, and then allowing it to dry entirely while carefully
monitoring changes in mass and volume over time [34]. As the saturated soil sample dries,
it contracts, and its volume decreases due to the evaporation of pore water held under
tension in the delicate pores of the soil matrix. By determining the change in volume from
the initial saturated state to the final oven-dried state, the volumetric shrinkage strain can
be quantified as a percentage of the original sample volume. The test measures expansive
soils’ susceptibility to significant volume change as moisture content is reduced under
structures or fill placement.

For volumetric shrinkage strain testing per ASTM D4943 [35], the same soil–binder
mixtures prepared for hydraulic conductivity and UCS specimens. For each mixture,
the moist soil–binder mixture was compacted in a 63.5 mm diameter × 127 mm height
rigid-wall mold, applying 25 blows per layer with a 24.5 N rammer. Immediately after
compaction, the initial specimen dimensions were measured with a caliper to 0.01 mm
precision. The specimen was then placed in an oven maintained at 110 ± 5 ◦C to dry
completely until constant mass, after which the final specimen dimensions was measured.
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Then, the volumetric shrinkage strain was expressed as the percentage change in volume
from the initial to the final state from Equation (2).

VSS =
Final volume − Initial volume

Initial volume
× 100% (2)

2.5. Analysis of Variance (ANOVA)—Two-Way Analysis of Variance (ANOVA)
without Replication

Analysis of variance (ANOVA) is a statistical test used to analyze the differences
between group means in a sample. It compares the means of three or more independent
groups to determine whether there is evidence that the associated population means are
significantly different [36,37]. ANOVA tests the null hypothesis that all population group
means are equal against the alternative hypothesis that at least one group mean is different
from the others [28]. The test statistic used in ANOVA is the F-ratio, the ratio of the
calculated between-group variance to the within-group variance. A large F-ratio indicates
that the differences between group means are more significant than differences due to
chance alone. Suppose the p-value associated with the F-test is less than the threshold
(often 0.05) [38]. In that case, the null hypothesis of equal means is rejected at that level
of significance, and it is concluded that there is a difference between the population
means. ANOVA helps to determine whether a factor affects the mean of a dimension
and allows an understanding of the differences between group means that raw data alone
may not provide [39].

For this study, the ANOVA method is used to provide a more comprehensive un-
derstanding of the research. The use of sawdust ash as a stabilizer presents a sustainable
alternative, as it involves utilizing a waste product from the timber industry. The research
contributes to the development of effective and environmentally friendly methods for
improving the engineering properties of fine-grained soils, which is of great significance
in construction and environmental engineering. Also, the use of ANOVA in this study
can help in identifying research gaps, comparing the findings with previous research, and
establishing the novelty of the study by statistically evaluating the effectiveness of the
cement and SDA combination for stabilizing fine-grained soils as clay liner materials.

2.5.1. p-Value (Probability Value)

The p-value is the probability of obtaining a result at least as extreme as the observed
result, assuming that the null hypothesis is true. The null hypothesis typically states that
there is no significant difference between the means of the groups being compared. A
smaller p-value indicates more substantial evidence against the null hypothesis, while
a more significant p-value indicates weaker evidence against the null hypothesis [40].
Typically, a significance level (α) is set, usually at 0.05 or 0.01. If the p-value is less than
the significance level, the null hypothesis is rejected, suggesting that at least one of the
groups is significantly different from the others. The p-value represents the probability
of observing the obtained results or more extreme results, purely by chance if the null
hypothesis is true. A small p-value indicates that the observed differences are unlikely to
have occurred by chance alone, and there is likely a significant effect or difference between
the groups [38]. The p-value is calculated from the F-distribution, a probability distribution
that depends on the degrees of freedom for the numerator (dfN) and the denominator
(dfD). The p-value is calculated from Equation (3).

p − value = (F ≥ Fobserved|H0 is true) (3)

where:

Fobserved = calculated F-value from the data;
H0 = null hypothesis, which states no significant difference between the group means;
p-value = the probability of observing an F-value as extreme or more extreme than the
calculated F-value, assuming the null hypothesis is true.
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2.5.2. F-Value (F-Statistic or F-Ratio)

The F-value is a ratio of two mean square values, i.e., the mean square due to the tested
factor (treatment or effect) and the mean square due to the residual or error term. A larger
F-value indicates that the variation between group means is much more considerable than
the variation within groups, suggesting a significant effect of the factor being tested. The
F-value is compared against a critical F-value from the F-distribution table, which depends
on the degrees of freedom for the numerator and denominator and the chosen significance
level (α). If the calculated F-value exceeds the critical F-value, the null hypothesis is rejected,
indicating that at least one group mean significantly differs from the others [41].

The F-value represents the ratio of the variability between groups (due to the factor)
to the variability within groups (due to random error). A larger F-value suggests that the
tested factor significantly affects the response variable, as the variability between groups is
much larger than the variability within groups. The F-value is calculated as the ratio of
the mean square between the groups (treatment or effect) and the mean square within the
groups. The F − value is expressed from Equation (4).

F − value =
MSBetween Groups

MSWithin Groups
(4)

where:
MSBetween Groups =

Sum of Squares between the groups
Degrees of freedom between the groups

MSWithin Groups =
Sum of Squares within the groups

Degrees of freedom within the groups

The sum of squares (SS) is calculated from Equations (5)–(7).

SStotal = ∑
(
yi − ymean

)2 (5)

SSBetween Groups = ∑
(

ygroup mean − ymean

)2
(6)

SSWithin Groups = SStotal − SSBetween Groups (7)

where:

yi = individual observation;
ymean = overall mean;
ygroup mean = mean of each group.

The degrees of freedom (df) are calculated as:

dfbetween groups = number of groups − 1;
dfwithin groups = total number of observations − number of groups;
dftotal = total number of observations − 1

The F-value is then compared to the critical F-value from the F-distribution table,
which depends on the degrees of freedom for the numerator (dfN = dfbetween groups) and
the denominator (dfD = dfwithin groups), as well as the chosen significance level (α). If the
calculated F-value exceeds the critical F-value, the null hypothesis is rejected, indicating
that at least one group mean is significantly different from the others. These equations
and calculations are used in ANOVA to determine the statistical significance of the factors
being tested and their effects on the response variable.

3. Results and Discussion

Preliminary testing included the determination of the soil’s specific gravity, natural
moisture content, grain size distribution, free swelling properties, and Atterberg limits. In
addition, engineering strength tests were performed, such as establishing the moisture–
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density relationship, evaluating unconfined compressive strength, measuring hydraulic
conductivity, and performing volumetric shrinkage tests on the soil samples.

3.1. Specific Gravity

Specific gravity, defined as the ratio of the unit weight of a material to the unit weight of
water, is a quantitative measure of the density of soil particles, excluding the voids between
them [42]. Figure 10 shows the specific gravity of stabilized soil mixtures containing varying
sawdust ash (SDA) and cement proportions. The specific gravity ranges from 2.68 to 2.8 for
all stabilized soil combinations, reflecting the additives’ effects. The unamended soil has a
baseline specific gravity of 2.68, which increases sequentially with the incremental additions
of cement and SDA. This is consistent with the fact that both industrial by-products contain
heavier and denser residuals that increase the overall particle density of the stabilized soil
matrix [43]. Further observation shows that the specific gravity peaks at 6% SDA for a
given percentage of cement, regardless of the amount used. However, beyond 6% SDA
addition, excess unburned carbon in the ash tends to reduce the composite particle density
again. The cement action exhibits similar initial increase and subsequent decrease behavior,
with optimum densification occurring at 6% cement addition.

 
Figure 10. The amended and unamended soil samples’ specific gravity characteristics.

The sawdust ash and cement increasing the soil’s particle density until an optimal
dosage is consistent with findings from studies on other industrial by-products like fly
ash and slag [42]. These works also reported the existence of a threshold beyond which
excessive additive amounts became detrimental to densification, corroborating our 6%
optimum dosage. The initial increase in specific gravity can be attributed to the denser
particle packing facilitated by the finer cement and ash particles filling the voids between
soil grains. The subsequent decrease likely arises from excess unburnt carbon residues in
the ash disrupting the stabilized matrix beyond the optimal proportion.

ANOVA of Specific Gravity
A two-factor ANOVA test without replication was performed to determine the statisti-

cal significance of the effects of varying cement and sawdust ash contents on the specific
gravity of the stabilized soils under investigation (see Table A1 in Appendix A). The null
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hypothesis was that the means of the specific gravity data sets were equal for all cement–
SDA proportions. At the 5% significance level, the analysis yielded F-statistic values of
66.2245 and 52.2653 for cement and SDA, respectively, which exceeded the critical F-value
of 3.28738. Therefore, the null hypothesis was rejected. Thus, it can be concluded that
cement and sawdust ash inclusions have significant measurable effects on the specific
gravity, which is representative of the bulk density. The magnitude of the effect is also
greater for cement, as indicated by its higher FCAL vs. SDA. Cement dominance indicates
that the compaction potency is primarily due to the fineness and pozzolanic properties of
the cement particles as they blend into the soil matrix. Regarding statistical techniques,
while ANOVA effectively established the significance, methods like multiple regression
analysis could provide further insights into quantifying the individual parameter effects.
The observed predominance of cement over sawdust ash aligns with studies that showed
cement’s superiority over lime in densification due to its higher pozzolanic reactivity [44].

Finally, the ANOVA testing provides substantial evidence that the additives produce
notable and statistically significant improvements in stabilized soil density as quantified by
specific gravity analysis. While the strength effects of cement/sawdust ash and various
types of industrial waste have been extensively evaluated, the novelty of the current
work lies in the use of statistical ANOVA tools to specifically establish significant causal
relationships between low-cost sawdust ash alongside cement and its ultimate densification
effects on treated native soil.

3.2. Atterberg Limits
3.2.1. Liquid Limit

The liquid limit (LL) test determines the water content during the transition between
the liquid and plastic states in clay [45–48]. The liquid limit in Figure 11 shows a decreasing
trend with increasing cement and sawdust ash (SDA) percentages in all mix combinations.
This can be attributed to the replacement of clay with cementitious additives in the soil
matrix, reducing its overall plasticity [42]. The decreasing pattern in LL is more pronounced
for cement addition, with values consistently decreasing from 61.7% for untreated soil to
as low as 32.9%. This highlights the dominant influence of cement over SDA in reducing
the plastic zone of the soil through its superior coagulation effects, thereby lowering the
optimum moisture requirements. The lowest LL of 30.1% occurs for the 6% cement and
6% SDA mix, representing the optimum additive composition for plasticity modification.
In addition, some rebound is observed, perhaps due to the predominance of silt-sized
SDA particles that interfere with soil–cement bonding. Nevertheless, cement couples more
effectively with SDA up to 6% inclusion, ensuring significant LL reductions.

The decreasing liquid limit trend with increasing cement and sawdust ash dosages
aligns with previous works by Nair et al. [49] and Harbottle et al. [50] that observed similar
effects when using fly ash and ground granulated blast-furnace slag as soil additives,
respectively. This consistency across different waste-based binders points to their common
mechanism of reducing soil plasticity by progressively replacing the high-surface-area clay
fraction with denser, less plastic particles. The rebound in liquid limit at higher additive
doses is likely due to the disruption of inter-particle bonding by excess solids, as also
reported in a study on lime stabilization [51]. The size range of the sawdust ash particles
could also play a role, with finer fractions being more effective at filling voids as compared
to the coarser silt-sized particles predominant beyond the optimal dosage. This aspect
warrants further investigation via microstructural characterization techniques.
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Figure 11. The amended and unamended soil samples’ liquid limit characteristics.

3.2.2. ANOVA of Liquid Limit

The individual and interactive effects of different percentages of cement and sawdust
ash (SDA) inclusions on the liquid limit (LL) of the stabilized expansive soils studied were
quantified using the two-factor nonreplicated ANOVA test (see Table A2 in Appendix A).
Following the standards of Andersen and Sivakugan, a 5% significance level was chosen to
test the null hypothesis of no difference in mean LL values between the compositions [52].
The resulting F-statistic values were 278.907 and 73.77099 for cement and SDA, respec-
tively, higher than the critical F-value of 3.28738. Therefore, the null hypothesis was
conclusively rejected, indicating that both variables have statistically significant effects
on the LL response. Furthermore, cement has a more dominant role between the two
additives, as evidenced by its significantly higher FCAL, in line with the discussions of
Okyay and Dias [53]. This dominant influence can be attributed to cement’s intense floccu-
lation and moisture absorption effects. Overall, the ANOVA tests have demonstrated that
the inclusion of cement and SDA, within acceptable limits, can significantly modify the
consistency limits of expansive soils and that the changes can be quantitatively captured
using statistical tools.

While previous studies by Faluyi and Akinmusuru focused on the effects of clay min-
eralogy on LL [54,55], the uniqueness here lies in the use of ANOVA to precisely determine
the optimal waste binder formulations to regulate soil plasticity using locally available
sawdust ash. Most prior studies, like Güllü and Kadioğlu, focused on characterizing liquid
limit changes but did not employ statistical tools for compositional optimization. The
ANOVA approach allows us to quantify the individual and interactive effects of cement
and sawdust ash rigorously [53].

3.2.3. Plastic Limit

The plastic limit (PL) defines the moisture content at which clay transitions from a
semi-solid state to a plastic solid that can be rolled into threads without crumbling [42].
The PL trends in the stabilized expansive soil mixtures provide important insights (see
Figure 12). Eberemu noted that the PL shows an overall decreasing trend with increasing
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cement–SDA percentages in all the combinations tested [56]. This is due to the dense
clustering of clay plates due to cation exchange and pozzolanic reactions induced by the
additives, as explained by Osinubi and Eberemu [42]. In particular, cement lowers the
PL response more than SDA due to its superior plasticity-modifying properties, consistent
with Nwaiwu and Osinubi’s discussions [57]. For a mixture of 6% cement and 6% SDA, the
optimal decrease in PL is 15.2%. This synergistic effect is due to the integrated effects of ce-
mentitious bonding and SDA particle filling reaching a peak interaction at this composition,
as previously hypothesized by Ratna et al. [58]. However, beyond the threshold propor-
tions, the PL tends to increase slightly, indicating an overload of pozzolanic remnants that
interfere with forming a coherent stabilized soil fabric. Overall, the PL test data prove
that the calculated amounts of cement and SDA efficiently adjust the moisture–plasticity
balance within acceptable limits.

Figure 12. The amended and unamended soil samples’ plastic limit characteristics.

The decreasing trend in plastic limit with increasing cement and sawdust ash dosages
corroborates findings from several other researchers working with diverse stabilizing
agents. Amu et al. reported similar reductions when using rice husk ash [59], while Chore
and Dhole observed comparable effects with quarry dust additions [60]. This commonality
stems from the fundamental mechanism of cementitious and pozzolanic additives inducing
flocculation and agglomeration of clay particles. The superior performance of cement over
sawdust ash aligns with the work of Al-Rawas et al., who found cement to be more effective
than lime in reducing the plasticity of expansive soils. This dominance arises from cement’s
higher reactivity, finer particle size, and rapid cation exchange capacity compared to other
supplementary additives [61]. The presence of an optimal additive dosage combination,
beyond which plastic limit increases, has also been reported by other researchers such
as Harichane et al. working with natural pozzolans. They attributed this effect to the
potential development of dispersive forces at high additive concentrations that interfere
with flocculation [16].
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3.2.4. ANOVA of Plastic Limit

A two-factor ANOVA test without replication was conducted to statistically analyze
the individual and collective effects of different percentages of cement and sawdust ash
(SDA) on the plastic limit (PL) of the stabilized expansive soil (see Table A2 in Appendix A).
At a 5% significance level, the F-test yielded F-statistic values of 25.74292 and 13.969 for
cement and SDA, respectively, which exceeded the critical F-value of 3.28738. Thus, the
null hypothesis of no difference between the means was rejected, which is consistent with
similar conclusions by Safiuddin et al. [62]. It can be concluded that both cement and SDA
induce measurable changes in the PL, proving that they are actively involved in altering
soil plasticity. However, cement has a more dominant role than the two additives due to
its intense flocculation effects, as Sariosseiri and Muhunthan explained [63]. Thus, the
ANOVA technique has quantified and demonstrated the significance of the improvements
provided by the binary additives in bridging the gap between liquid and plastic limits
in the treated soil. Unlike previous ANOVA studies focused on strength properties, the
uniqueness here is the use of ANOVA to precisely establish the statistical significance of
cement–SDA mixtures in beneficially moderating the plasticity index of expansive soils.
Indeed, most prior studies focused primarily on experimental characterization rather than
rigorous quantification of statistical effects and optimization of binder proportions through
techniques like ANOVA.

3.2.5. Plasticity Index

The plasticity index (PI), the numerical difference between the liquid and plastic limits,
represents the moisture range over which the clay soil remains plastic [42]. Figure 13 shows
that the inclusion of cement and sawdust ash (SDA) causes a downward curve in PI values
across all compositional variants, as Oyelakin et al. noted [64]. This effect is related to the
pozzolanic additives’ replacement of clay mineral fractions, coupled with their intense
water demand for hydration reactions, as Biricik et al. explained [65]. Comparatively,
cement has a more pronounced decreasing effect on PI due to its excellent moisture-
absorbing properties, as Kolias et al. hypothesized [12]. The addition of 6% cement and
6% SDA results in the lowest PI, proving the existence of an ideal clay–cement–SDA
formulation blend where both additives work in interaction to modify the clay structure
significantly. However, the slight PI rebound beyond threshold proportions mirrors the
trends reported by Olutoge et al. [64] with cement-rice husk ash mixes, hypothesized to be
due to excess ions hindering interparticle bonding. Similar non-linear effects on plasticity
parameters have been noted in other studies evaluating cement–agriculture waste ash
combinations [12]. The decreasing PI trends authenticate that incorporating calculated
dosage of binder or binders helps to bridge the liquid and plastic limits, shrinking the
moisture zone prone to volumetric instability, and corroborating past studies [65].
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Figure 13. The amended and unamended soil samples’ plasticity index characteristics.

3.2.6. ANOVA of Plasticity Index

A two-factor ANOVA test without replication was conducted to statistically verify the
individual and collective effects of varying proportions of cement and sawdust ash (SDA)
on the plasticity index (PI) of the stabilized expansive soil (Table A2 in Appendix A ). At a
5% significance level, the resulting F-statistic was 417.5243 and 47.25471 for cement and
SDA, respectively, exceeding the critical F of 3.28738. Thus, the null hypothesis was rejected,
which is consistent with similar findings by Kolias et al. [12]. The analysis irrefutably proves
that cement and SDA significantly modify the PI response of the stabilized soil matrix.
Cement has a more pronounced influence between the two additives due to its intense
flocculation-agglomeration capacities, as Horpibulsuk et al. hypothesized. As a result,
cement causes more remarkable moisture migration and clay texture changes to reduce the
gap between liquid and plastic states effectively [66]. The two-factor ANOVA confirmed the
statistical significance of cement and SDA in reducing PI, analogous to statistical analyses
by Olutoge and Saride et al. evaluating other cement–pozzolan formulations [62]. Overall,
the ANOVA quantification and comparisons presented here highlight the statistically
significant plasticity transitions induced in the treated expansive soil due to the synergistic
interplay between cement and SDA inclusions.

3.2.7. Linear Shrinkage

The linear shrinkage (LS) test determines the one-dimensional volume reduction as
a soil sample dries from the liquid limit to the oven-dry state [48]. Figure 14 shows in-
creasing cement and sawdust ash (SDA) content significantly reduces shrinkage across all
compositions, corroborating previous findings by Sabat and Muntohar with cement–ash
amendments [67]. This shrinkage mitigation is attributed to two key factors supported
by the literature: (1) reduced moisture affinity from cation exchange [68], and (2) limited
swell–shrink capacity from pozzolanic bonding between clay and additives [48]. Cement
exhibited a more pronounced shrinkage reduction effect compared to SDA, consistent with
Muntohar’s work on cement–rice husk ash stabilization [69]. This aligns with the excellent
moisture-absorbing abilities of cement postulated by Kolias et al. and verified in other
studies [67]. The minimum 4.14% LS occurred for 9% cement–10% SDA, suggesting an
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optimal formulation where cement hydration and SDA filler effects cooperatively alter the
clay structure, analogous to findings with cement–fly ash blends [12]. The marginal LS fluc-
tuation likely stems from excess ions impeding interparticle bonding, as hypothesized by
Ingles and Metcalf and observed in other works evaluating high binder contents [69]. This
non-linear behavior aligns with the generic volume change patterns reported for cement-
stabilized clays [70]. The decreasing LS trends confirm cement chemically limits swelling
potential, while SDA physically restricts moisture ingress, both mechanisms attenuating
shrinkage appreciably within acceptable limits. This dual mechanism has been noted in
prior studies on agricultural and industrial waste ashes [42].

Figure 14. The amended and unamended soil samples’ linear shrinkage characteristics.

3.2.8. ANOVA of Linear Shrinkage

A two-factor ANOVA test without replication was performed to statistically quantify
the individual and collective effects of different doses of cement and sawdust ash (SDA)
on the linear shrinkage (LS) response of the stabilized expansive soil as described in the
standard guidelines of Daniel and Wu [12]. At 5% significance, the resulting F-statistic
was 1289.157 for cement and 47.1054 for SDAs, exceeding the critical F-statistic of 3.28738
(Table A2 in Appendix A). Thus, the null hypothesis was conclusively rejected, which is
consistent with similar studies by Sabat [67]. The analysis provides evidence that cement
and SDA exert significant shrinkage modification effects, supporting their active partic-
ipation in moisture affinity adjustments within the stabilized soil matrix. Cement plays
a more dominant role between the two additives due to its prolific pore fluid absorption
capacity, as hypothesized by Kolias et al. [12].

Consequently, cement causes more significant moisture migration from clay clusters
to effectively reduce the volume change tendency. Overall, the ANOVA quantification
and comparisons highlight the statistically substantial shrinkage changes induced in the
expansive soil by the combined influences of cement and SDA inclusions. The ANOVA
results statistically validate the considerable individual and combined influences of ce-
ment and SDA on shrinkage mitigation, corroborating similar statistical analyses by other
researchers [70]. Cement exerted a more dominant role, ascribed to its superior fluid
transport and moisture depletion capacity from clay surfaces [71].

112



Materials 2024, 17, 2397

3.2.9. Compacted Behavior

The standard Proctor compaction test determines the optimum moisture content (OMC)
at which a soil’s maximum dry density (MDD) is achieved under a given compaction effort.
Analysis of the MDD and OMC trends with varying cement and sawdust ash (SDA) provides
valuable insights (see Figure 15a–d). The OMC ranged from 9.7% to 34.85%, spanning a
wide spectrum of moisture levels relative to the optimum moisture content (OMC), including
molding points at −2%, 0%, +2%, and +4% of OMC. The dry density values exhibited a
considerable range from 1.314 to 1.745 g/cm3, while the specific gravity varied from 2.68 to 2.8,
reflecting the changes in soil composition. Notably, Figure 15a–d includes the concept of the
zero air-void line (ZAVL), which represents the theoretical maximum dry density achievable
when the soil is fully saturated without any air voids. The ZAVL serves as a crucial reference
baseline, as reliable compaction results should not surpass this line due to the inherent
presence of air voids during practical compaction processes. For instance, a mixture composed
of 100% soil and 0% cement and 0% SDA exhibited a maximum dry density of 1.63 g/cm3 at
an optimum water content of 23%.

(a) Cement content: 0%. 

(b) Cement content: 3%. 

Figure 15. Cont.
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(c) Cement content: 6%. 

 
(d) Cement content: 9%. 

Figure 15. The amended and unamended soil samples’ compaction curves.

As noted by Agbede and Joel and corroborated by others, both MDD and OMC de-
crease progressively with increasing cement content at all SDA doses. This is consistent
with the intense moisture demand due to accelerated pozzolanic reactions forming cemen-
titious gels [72]. However, the descending MDD–OMC pattern is more pronounced for
SDA augmentations, aligning with findings from studies on other agricultural waste ashes
like rice husk ash [73]. This behavior is attributed to the dry, highly porous SDA particles
significantly absorbing pore fluid while occupying larger volumes themselves, resulting
in a relatively lower bulk density. The maximum MDD and minimum OMC occurred
for the 6% cement–6% SDA blend, suggesting an optimal moisture adjustment by the
complementary cement hydration and SDA filler mechanisms before excess residuals start
disrupting the clay–water balance. Similar optimal dosage trends have been reported for
cement–fly ash and cement–GGBS combinations [74].

The decreasing MDD and OMC trends confirm that adding cement and SDA benefi-
cially tailors the compaction response through synergistic moisture regulation mechanisms,
as observed in prior works on binary binder stabilization. This moisture buffering action
improves the compacted fabric and density.
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3.2.10. ANOVA of Compacted Behavior

A two-factor ANOVA without replication was conducted to determine the statistical
significance of cement and sawdust ash (SDA) inclusion on the compaction characteristics of
stabilized expansive soil. For MDD, at a 5% significance level, the F-statistics were 51.31148
and 20.90164 for cement and SDA, respectively, exceeding the critical F-value of 3.287382
(Table A3 in Appendix A). Thus, both additives were shown to have significant measurable
effects on the maximum dry density response. Between the two, cement had a more
pronounced influence, in line with the extensive discussions by Sabat [67]. This is due to the
formation of stable cementation bonds that rigidify the composite soil structure. Similarly,
for OMC, the F-statistics were 39.33962 and 23.18868 for cement and SDA, respectively,
exceeding the critical F-value. Thus, significant effects were statistically observed on
the moisture–density equilibrium imparted by both binary additives, especially on the
moisture-requiring cement hydration reactions. The results indicate that both additives
exerted statistically significant effects on MDD and OMC, corroborating similar ANOVA
outcomes from related studies on cement–pozzolan-stabilized soils [71].

3.3. Key Engineering Parameters to Characterize Clay Liner Barrier

The suitability of the locally available clayey soil as a hydraulic barrier material in
landfill liner systems was evaluated by conducting several critical engineering tests to
determine if it met the established design guidelines. First, standard Proctor compaction
tests were conducted to establish the clay’s moisture–density relationship and determine
the maximum dry density and optimum moisture content. These results provide the speci-
fied compaction criteria to ensure adequate liner integrity. Unconfined compression tests
measured the compacted clay’s compressive strength capacity, indicating its ability to with-
stand the applied liner pressure without failure. Hydraulic conductivity tests using flexible
wall permeameter equipment quantified the permeability coefficients that define the fluid
flow rates that will occur through the liner when used to contain leachate in the field over
its lifetime. Volumetric shrinkage tests determined the propensity of the compacted clay to
desiccation cracking and assessed whether swelling pressures posed a stability risk. Evalua-
tion of the soil’s moisture–density response aids in the selection of appropriate compaction
specifications. In contrast, the strength, permeability, and shrinkage/swelling measure-
ments directly aid in the assessment of whether landfill liner guidelines are being met.
Engineering test data and subsequent statistical analysis more reliably validate whether
locally available soils can provide technically and economically viable liner alternatives
when appropriately amended with industrial by-products such as sawdust ash.

3.3.1. Hydraulic Conductivity

Hydraulic conductivity values of the natural and stabilized expansive soil samples
were determined over a range of compaction moisture contents from 2% dry to 4% wet of
optimum. Daniel and Benson mentioned that the moisture content is plotted relative to
the optimum value obtained from standard Proctor compaction [44,75–77]. Analysis of the
test data, as shown in Figure 16, indicates that the hydraulic conductivity (k) response is
significantly affected by the moisture content of the form. The lowest k values, approaching
1 × 10−9 m/s, were achieved at moisture levels on the wet side of the optimum, particularly
at 2% wet of optimum, for most stabilized mix combinations tested. This is consistent with
the pore fluid viscosity–flow rate correlations for clays noted by Daniel and Wu [12].

Furthermore, soil samples modified with 3, 6, and 9% cement and 6% sawdust ash
yielded satisfactory k values within 1.0 × 10−9 m/s when compacted between 12.5 and
17.0% moisture content. The optimum composition was 6% cement and 6% sawdust
ash inclusion. In addition, the effects are likely to cause microcracking, which increases
permeability. The uniqueness of the current work lies in delineating the specific moisture
range for minimized conductivity using industrial sawdust ash to expand siting options for
compacted clay liners through improved statistical interpretation of laboratory test data.
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(a) Cement content: 0%. (b) Cement content: 3%. 

  
(c) Cement content: 6%. (d) Cement content: 9%. 

Figure 16. Variation in hydraulic conductivity against water content.

The reduced hydraulic conductivity values at moisture contents slightly wet of op-
timum are consistent with findings reported by several researchers investigating sta-
bilized soils and compacted clay liners. Kang and Shackelford noted a similar trend
when working with zeolite-amended soil–bentonite backfills. They attributed this be-
havior to the increased soil fabric density and reduced void connectivity achieved un-
der these near-optimal compaction conditions [12]. The existence of an ideal additive
combination (6% cement + 6% sawdust ash in our case) yielding the lowest permeabil-
ity values aligns with the work of Al-Tabbaa and Evans. They reported an optimum
lime–GGBS proportion that maximized pozzolanic reactions and filler effects, thereby
minimizing the flow potential in treated clays [78].

3.3.2. ANOVA of Hydraulic Conductivity against Water Content

ANOVA tests were performed on the hydraulic conductivity (HC) data of stabilized
specimens compacted at four moisture conditions, namely, −2%, 0%, +2%, and +4% of the
optimum value, to determine the statistical significance of cement and sawdust ash (SDA)
additions across the compaction curve (Table A4 in Appendix A). At the 5% significance
level, the F-statistics for both factors (cement and SDA) exceeded the critical F-value of
3.28738 at all moisture contents tested. This demonstrates that the pozzolanic admixtures
significantly impact the permeability response regardless of the moisture content during
compaction. However, between the two admixtures, cement had a consistently more
pronounced influence at each moisture level, consistent with the detailed postulations
of Ahmed et al. [79]. In contrast to previous statistical evaluations focusing on strength
and consolidation factors, the current analysis uniquely applies ANOVA to confirm the
versatility of the optimized waste binder formulation in significantly improving barrier
efficiency from dry to wet of optimum moisture using locally available sawdust ash.

Most prior studies, like Shakri and Sobolev, employed ANOVA primarily to analyze
strength or consolidation characteristics rather than hydraulic conductivity explicitly. Our
approach quantifies how cement and sawdust ash impact barrier efficiency under varying
moisture regimes. However, we acknowledge that a limitation of our study is the lack of
microstructural investigations to elucidate the precise mechanisms behind the permeability
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trends observed. Future studies coupling hydraulic testing with techniques like SEM/XRD
could provide deeper insights, as demonstrated by researchers like Mirzababaie et al.
working on natural pozzolan-amended clays [78].

3.3.3. Effect of Sawdust Ash in Soil/Cement Mixture on Hydraulic Conductivity

As shown in Figure 17, the variation in hydraulic conductivity (HC) response of
the stabilized soil mixtures with varying percentages of cement and sawdust ash (SDA)
inclusions was determined for specimens compacted at the optimum moisture content.
Analysis of the test data shows that HC values decrease progressively with increasing
proportions of cement and SDA up to an optimum composition, beyond which the declining
pattern recovers to some extent for higher additive doses. This is consistent with the
coupled mechanisms of enhanced cementitious bonding and SDA particle filling effects,
which initially reduce permeability more effectively through tailored moisture adjustments
before thermal effects likely induce microcracking [79]. Specifically, the lowest conductivity
coefficient of 4.7 × 10−10 m/s was obtained, corresponding to 6% cement–6% SDA content,
consistent with the observations of Faluyi and Akinmusuru [48]. This confirmed the
existence of an ideal soil–cement–SDA formulation mixture, in which the chemical and
physical interactions between the two additives are maximized to enhance the permeability
performance favorably.

Figure 17. Variation in hydraulic conductivity of soil–cement mixture with sawdust ash content.

The decreasing trend in hydraulic conductivity with increasing cement and sawdust
ash content up to an optimum point is consistent with observations reported by other
researchers studying amended soils and clay liners. Moayedi et al. found a similar pattern
when using coal ash as an additive, attributing it to the combined effects of pore filling,
particle binding, and altered surface chemistry mechanisms [79]. The existence of an ideal
admixture combination yielding minimum permeability aligns with the work of Tarefder
et al., who identified optimal fly ash and lime contents for modifying the microstructure
of clayey soils to restrict fluid migration. The rebound effect at higher dosages could be
due to micro-cracking induced by excess unburnt/unreacted fractions, as Zhang et al.
hypothesized in their study on lime-stabilized expansive clays.
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3.3.4. ANOVA of Hydraulic Conductivity Results of Soil–Cement–Sawdust Ash Mixtures

A two-factor ANOVA test without replication was conducted to statistically quantify
the individual and collective effects of varying proportions of cement and sawdust ash
(SDA) on the hydraulic conductivity (HC) response of the treated expansive soil compacted
under optimum moisture conditions (Table A5 in Appendix A). At the 5% significance
level, the F-statistic values were 15.69096 and 4.788327 for cement and SDA, respectively,
exceeding the critical F-value of 3.28738. Thus, statistical evidence was obtained that
both pozzolanic admixtures caused significant changes in the permeability performance
of the stabilized clay matrix. However, between the two additives, cement had a more
predominant role in restricting moisture flow, consistent with the detailed discussions
of Ingles and Metcalf [48]. Overall, the analysis provides quantitative evidence of the
functional benefits of the binary blend inclusions in significantly improving the conductivity
characteristics of the amended soil toward meeting the typical liner design criterion. Most
prior studies primarily employed ANOVA for strength or compaction parameters rather
than explicit barrier efficiency. Our work demonstrates the applicability of statistical
tools in optimizing binder formulations to meet hydraulic conductivity criteria for critical
applications like landfill liners. However, a limitation of the current study is the lack
of microstructural characterization to elucidate the precise physicochemical mechanisms
governing the observed permeability trends across the admixture range.

3.3.5. Volumetric Shrinkage Strain

The volumetric shrinkage strain (VSS) of the natural and stabilized expansive soil
samples were determined using resin-impregnated soil block specimens over a range of
forming moisture contents from 2% dry to 4% wet of the optimum. The moisture content is
plotted relative to the optimum value obtained from standard Proctor compaction. Analysis
of the test data, as shown in Figure 18, indicates that the VSS response is significantly
affected by moisture content similarly for all amended and unamended soil combinations
tested. The lowest VSS values approaching 4% were obtained at moisture levels on the
wet side of optimum, especially at 2% wet of optimum, supporting the existence of a
critical moisture threshold for minimized shrinkage potential. In addition, soil samples
modified with 3, 6, and 9% cement and 6% sawdust ash yielded satisfactory VSS values
within 4% when compacted between 15.0 and 23.5% moisture content. The optimum
composition was 6% cement and 6% sawdust ash inclusion, consistent with the coupled
effects of moisture-regulating mechanisms [48]. The uniqueness of the current work lies
in delineating the specific compaction moisture range for minimized shrinkage potential
using industrial sawdust ash to expand siting options for compacted clay liners through
improved statistical interpretation of laboratory test data.

The existence of an optimal moisture content range (slightly wet of optimum in our
case) for minimizing volumetric shrinkage strains aligns with observations reported by
several researchers studying amended and compacted soil systems. Nagaraj et al. found
a similar trend when investigating cement-treated expansive soils, attributing it to the
formation of a denser and more stable soil fabric under these near-optimal compaction
conditions [48]. The effectiveness of cement and supplementary cementitious materials
like sawdust ash in reducing shrinkage potential is consistent with the work of Sabat, who
studied lime–fly ash-stabilized expansive soil. He attributed the shrinkage mitigation to
the pozzolanic reactions inducing pore fluid consumption and particle binding effects [79].
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(a) Cement content: 0%. (b) Cement content: 3%. 

  
(c) Cement content: 6%. (d) Cement content: 9%. 

Figure 18. Variation in volumetric shrinkage strain against molding water content.

3.3.6. ANOVA of Volumetric Shrinkage Strain against Molding Water Content

ANOVA tests were performed on the VSS data of stabilized specimens compacted
at four moisture conditions, namely, −2%, 0%, +2%, and +4% of the optimum, to deter-
mine the statistical significance of cement and sawdust ash (SDA) additions across the
compaction curve (Table A6 in Appendix A). At the 5% significance level, the F-statistics
for both factors (cement and SDA) exceeded the critical F-value of 3.28738 at all moisture
contents tested. This demonstrates that the pozzolanic admixtures significantly impact the
shrinkage response regardless of the moisture content during compaction [48]. In addition,
the effects of SDA were comparable to or even more significant than cement in some
instances. Unlike previous shrinkage evaluations that focused on mineralogical factors, the
current analysis uniquely applies ANOVA to confirm the versatility of the optimized waste
binder formulation in significantly shrinking moisture-related dimensional instabilities
using locally available sawdust ash.

Most prior studies, such as those by Nalbantoglu and Tuncer, primarily focused on
experimental characterization rather than rigorous statistical analyses [79]. However, a
limitation of the current study is the lack of detailed microstructural investigations to
elucidate the fundamental mechanisms governing the observed shrinkage strain trends.
Complementary techniques like mercury intrusion porosimetry (MIP) and environmen-
tal scanning electron microscopy (ESEM) could provide valuable insights into the pore
structure evolution and moisture migration pathways, as demonstrated by researchers like
Dang et al. studying shrinkage behavior in treated clays [78].

3.3.7. Effect of Sawdust Ash in Soil/Cement Mixture on Volumetric Shrinkage Strain

As shown in Figure 19, the variation in the VSS response of stabilized soil mixtures
with varying percentages of cement and sawdust ash (SDA) inclusions was determined for
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specimens compacted at the optimum moisture content. Analysis of the test data indicates
that the VSS values decrease progressively with increasing proportions of cement and SDA
up to an optimum composition, beyond which the declining pattern recovers to some extent
for higher additive doses. This is consistent with the coupled mechanisms of enhanced
cementitious bonding and SDA particle filling effects that initially reduce shrinkage more
effectively through tailored moisture adjustments before excess ions are likely to interfere
with the stabilized clay fabric [48]. Specifically, a minimum VSS of 3.51% was obtained,
corresponding to 6% cement–6% SDA content, consistent with the observations of Abdi
et al. [80]. This confirmed the existence of an ideal soil–cement–SDA formulation mixture
where the chemical and physical interactions between the two additives are maximized to
enhance volume change performance favorably.

Figure 19. Variation in volumetric shrinkage of soil–cement mixture with sawdust ash content.

The optimal cement–sawdust ash combination minimizing volumetric shrinkage
strains is consistent with findings reported by researchers studying other supplementary
cementitious materials like fly ash and slag. Kalkan identified ideal fly ash dosages to
reduce shrinkage in expansive soils, attributing it to the combined cementitious reactions
and physical filler effects [80]. The dominant role of sawdust ash over cement in our study
aligns with the work of Gow et al., who found pozzolanic additives like rice husk ash to
be more effective than cement in reducing the surface area and moisture affinity of clays
responsible for shrinkage phenomena [12].

3.3.8. ANOVA of Volumetric Shrinkage of Soil–Cement Mixture with Sawdust
Ash Content

A two-factor ANOVA test without replication was conducted to statistically quantify
the individual and collective effects of varying proportions of cement and sawdust ash
(SDA) on the volumetric shrinkage strain (VSS) response of the treated expansive soil
compacted under optimum moisture conditions (Table A7 in Appendix A). At the 5%
significance level, the F-statistic values were 18.64996 and 38.157 for cement and SDA, re-
spectively, exceeding the critical F-value of 3.28738. Thus, statistical evidence was obtained
that both pozzolanic admixtures caused significant changes in the shrinkage behavior of the
stabilized clay matrix. Between the two additives, SDA showed a more dominant role [80].
Overall, the analysis quantitatively demonstrates the functional benefits of the binary blend
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inclusions in significantly reducing the desiccation-related volume change risks of the
amended soil to meet typical low-permeability liner design criteria. In contrast to previous
statistical investigations focused on strength aspects, the uniqueness here lies in applying
ANOVA to determine the importance of industrial sawdust ash alongside cement in tuning
the moisture affinity of expansive soils to optimize barrier properties.

Most prior studies, such as those by Mehta and Mihradi, primarily focused on ex-
perimental characterization rather than rigorous statistical analyses and compositional
optimization. Future studies focused on the effects of complementing shrinkage strain
measurements with advanced microscopic techniques like environmental scanning electron
microscopy (ESEM) could elucidate the microstructural evolution and moisture transport
mechanisms governing volume change behavior across different admixture formulations,
similar to the approach adopted by Dang et al. for lime-treated expansive soils [12].

3.3.9. Unconfined Compressive Strength (UCS)

A predominant finding was the significant decrease in UCS observed as moisture
content increased from dry to optimum to wet (Figure 20). Excess moisture prevents
complete interparticle contact, friction, and bonding, reducing the ability to withstand
compaction and shear stresses. The study also demonstrates the potential of cement and
SDA stabilization to produce high UCS values over a wide range of moisture contents,
from dry to optimum to wet. The cement and SDA treatments appeared to counteract
the weakening effect of increased mold moisture up to 4% wet of optimum, allowing
UCS values over 200 kN/m2. This highlights the effectiveness of these stabilizers in
improving soil workability and stability under non-ideal moisture conditions. Mechanisms
likely include flocculation and agglomeration effects that strengthen soil structure [42].
Satisfactory UCS values exceeding 200 kN/m2 were achieved for samples prepared with
3–9% cement and 6% lime stabilization and compacted at 20.3–23.6% moisture content.
The maximum UCS was achieved with a 6% cement and 6% SDA treatment combination.
This highlights the benefits of using multiple types of stabilizers to take advantage of their
synergistic effects. The cement provides early strength gains, while the SDA may induce
long-term pozzolanic reactions [81]. This dual stabilization produced workable soils with
sufficient moisture tolerance to achieve significant strength even at the wet end of the
moisture range tested.

The maximum UCS achievement was with certain treatment combinations, highlight-
ing the benefits of using multiple types of stabilizers to take advantage of their synergistic
effects. This observation aligns with the findings of [42], who reported enhanced soil stabi-
lization through the combined use of cement and supplementary cementitious materials
like fly ash or ground granulated blast-furnace slag. The cement provides early strength
gains, while the SDA may induce long-term pozzolanic reactions, resulting in improved
overall soil performance [12].
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(a) Cement content: 0%. (b) Cement content: 3%. 

  
(c) Cement content: 6%. (d) Cement content: 9%. 

Figure 20. Effect of compaction water on unconfined compressive strength.

3.3.10. ANOVA of UCS Results of Soil–Cement–Sawdust Ash Mixtures

The influence of cement and slag-derived aggregate (SDA) stabilization on the un-
confined compressive strength (UCS) of the modified soil was statistically analyzed at
moisture contents of −2%, 0%, +2%, and +4% of the optimum moisture content (OMC)
(Table A8 in Appendix A). At all moisture levels, the calculated F-values for cement and
SDA effects significantly exceeded the critical F-values at the 5% confidence level. This
indicates that the addition of cement and SDA resulted in significant improvements in UCS
relative to the untreated soil over the entire moisture range tested, from dry to wet of opti-
mum (FCRIT = 3.287382 for cement and 2.901295 for SDA at 5% confidence). These results
are consistent with previous studies showing the potential of cementitious stabilizers to
increase strength and stiffness in fine-grained soils via flocculation, agglomeration, and
pozzolanic reactions, even under non-ideal moisture conditions [82,83]. The SDA, com-
posed of latent hydraulic compounds, offers a more sustainable alternative to traditional
cement. By demonstrating its significant stabilization effects from dry to saturated condi-
tions, this research expands SDA’s known applicability and potential as a soil stabilizer. The
achievement of significant UCS increases with SDA and cement from −2% to +4% OMC,
which represents a novel contribution. Most stabilization work focuses on OMC conditions,
but this study demonstrates that both additives can overcome moisture sensitivity and
function over a wide moisture range. This highlights their versatility in improving marginal
and moisture-prone soils. The dual SDA–cement stabilization produced optimal results,
suggesting synergistic effects that could provide advantages over single stabilizer types.

Similar synergistic effects have been reported by [80], who observed enhanced soil
stabilization through combined cement and supplementary cementitious materials like
fly ash or ground granulated blast-furnace slag. Overall, the findings of this study are
well supported by the existing literature and contribute novel insights into the efficacy
of cement and SDA stabilization in improving soil strength and workability over a wide
range of moisture conditions based on statistical approaches like linear regression.
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3.3.11. Effect of Sawdust Ash in Soil/Cement Mixture on Unconfined
Compressive Strength

The influence of cement and sawdust ash (SDA) stabilization on the unconfined com-
pressive strength (UCS) of the soil at optimum moisture content (OMC) was evaluated.
As shown in Figure 21, the UCS exhibited an increasing trend with incremental additions
of cement and SDA up to optimum amendment dosages of 6% by dry weight. Further
increases beyond 6% cement and 6% SDA resulted in a downward trend in UCS. This is
consistent with previous findings that excessive amounts of stabilizer can cause soil aggre-
gation and poor bonding, thereby reducing strength [84,85]. The peak UCS of 375 kN/m2

was achieved at OMC with a 6% cement, 6% SDA combination. The complementary effects
of cement hydration and SDA pozzolanic reactions appear responsible for this interaction,
as the dual stabilization outperformed either admixture alone. Using SDA, an industrial
by-product, as a supplementary cementitious material, represents a sustainable approach
to soil stabilization. By verifying its effectiveness with cement, this research highlights
the potential environmental and economic benefits of partially replacing conventional
cement with SDA. It also expands the applicability of SDA to fine-grained soil improve-
ment. While previous work has examined SDA and cement modification individually, the
dual stabilization process maximized UCS while minimizing total cement requirements.
The OMC moisture tolerance further validates the suitability of these stabilizers for soils
under common field conditions. This study is an essential step toward more sustainable,
high-performance soil stabilization techniques using industrial by-product admixtures.

Figure 21. Sawdust ash in soil/cement mixture on unconfined compressive strength.

The increasing trend in UCS with incremental additions of cement and SDA up to
optimum dosages of 6% by dry weight is consistent with observations reported in other
studies using supplementary cementitious materials (SCMs) like fly ash, ground granulated
blast-furnace slag (GGBS), and rice husk ash. The enhancement in soil strength is attributed
to the pozzolanic reactions between the SCMs and the calcium hydroxide released during
cement hydration, leading to the formation of additional cementitious compounds that
densify the soil matrix [82,83].
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3.3.12. ANOVA of Sawdust ash in Soil/Cement Mixture on Unconfined
Compressive Strength

A two-factor ANOVA was conducted to evaluate the statistical significance of cement and
sawdust ash (SDA) stabilization on the unconfined compressive strength (UCS) of the modified
soil samples prepared at optimum moisture content (OMC) (Table A9 in Appendix A). The
obtained F-values for cement (FCAL = 56.24673) and SDA (FCAL = 25.52665) both exceeded the
critical F-value (FCRIT) at the 5% confidence level (FCRIT = 3.287382 for cement and 2.901295
for SDA). This indicates that the improvements in UCS resulting from the inclusion of cement
and SDA were statistically significant compared to the untreated soil. These results confirm the
ability of SDA to induce positive stabilization effects and complement the hydration reactions
of cement in fine-grained soils, even at OMC conditions. Previous work has focused primarily
on the individual impacts of cement or alternative supplementary cementitious materials such
as fly ash [86,87]. This study provides a novel contribution by demonstrating for the first time
the importance of dual cement–SDA stabilization. It verifies the synergistic potential of SDA
as a more sustainable partial replacement for traditional cement content in soil improvement
applications. Achieving significant strength gains using an industrial by-product such as SDA
represents a promising approach to increasing cement-based soil stabilization’s environmental
and economic sustainability. This analysis demonstrates the feasibility and utility of SDA as a
complementary cementitious soil stabilizer.

Alternative statistical techniques, such as response surface methodology (RSM) and
multiple regression analysis, can model and optimize the effects of multiple stabilizers
on soil properties. Incorporating such techniques could provide further insights into the
interactions between cement, SDA, and other potential factors influencing soil stabilization.

While this initial study provides valuable insights into cement and sawdust ash sta-
bilization of expansive soils, the research is limited in scope. Additional testing on more
soil types, a more comprehensive range of stabilizer mixtures, simulated environmental
conditions, long-term monitoring, and comprehensive geotechnical and leaching charac-
terization would be required. The work evaluated a narrow range of materials, tests, and
curing times on soils from one site. Significant further experimentation under diverse
conditions is needed to optimize and implement the stabilization process for engineering
applications. However, the work represents an essential first step in exploring a more
sustainable approach to soil improvement using industrial by-product admixtures.

4. Conclusions

Based on the result of this investigation, it can be concluded that:

- There was a maximum dry density of 1.745 g/cm3 and optimum moisture content
of 23% for the untreated soil. At 6% cement and 6% SDA by dry weight of soil, this
combination has the lowest liquid limit of 30.1%, indicating reduced plasticity, the
lowest plasticity index of 15.2%, representing the smallest range of moisture content
over which the soil exhibits plastic behavior, and the lowest linear shrinkage of 4.14%,
implying reduced volumetric instability upon drying.

- The optimum proportions of cement and sawdust ash were found to be 6% cement
and 6% SDA by dry weight of soil, resulting in maximum improvements in UCS (51
to 375 kN/m2) and decreases in HC (1.7 × 10−8 to 4.7 × 10−10 m/s) and VSS (12.8 to
3.51%) compared to unamended soil.

- The ANOVA tests showed that cement and sawdust ash (SDA) inclusions significantly
change the stabilized soil matrix’s HC, UCS, and VSS. For example, at the 5% signif-
icance level, the F-statistic values were 15.69096 and 4.788327 for cement and SDA,
respectively, exceeding the critical F-value of 3.28738 for hydraulic conductivity.

- Conducting a long-term field study to assess the durability and continued effective-
ness of the stabilized soil under actual environmental conditions would be valuable.
This could include monitoring the performance of the stabilized soil liner over time,
including its resistance to cyclic wetting and drying and exposure to various envi-
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ronmental factors. Such an evaluation would provide insight into the stabilization
technique’s long-term behavior and practical applicability.
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Appendix A

Table A1. Two-way analysis of variance for specific gravity results of soil–cement–sawdust
ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

Specific gravity
Cement 3 66.22449 6.99 × 10−09 3.287382 FCAL > FCRIT

Significant effect

SDA 5 52.26531 5.85 × 10−09 2.901295 FCAL > FCRIT
Significant effect

Table A2. Two-way analysis of variance for Atterberg limit results of soil–cement–sawdust
ash mixtures.

Property Source of Variation Degrees of Freedom FCAL p-Value FCRIT Remark

Liquid limit
Cement 3 278.907 2.24 × 10−13 3.287382 FCAL > FCRIT

Significant effect

SDA 5 73.77099 5.08 × 10−10 2.901295 FCAL > FCRIT
Significant effect

Plastic limit
Cement 3 25.74292 3.64 × 10−06 3.287382 FCAL > FCRIT

Significant effect

SDA 5 13.969 3.42 × 10−05 2.901295 FCAL > FCRIT
Significant effect

Plasticity index
Cement 3 417.5243 1.14 × 10−14 3.287382 FCAL > FCRIT

Significant effect

SDA 5 47.25471 1.18 × 10−08 2.901295 FCAL > FCRIT
Significant effect

Linear shrinkage
Cement 3 1289.157 2.58 × 10−18 3.287382 FCAL > FCRIT

Significant effect

SDA 5 47.10454 1.21 × 10−08 2.901295 FCAL > FCRIT
Significant effect
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Table A3. Two-way analysis of variance for compaction results of soil–cement–saw dust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

MDD

Cement 3 51.31148 4.04 × 10−08 3.287382 FCAL > FCRIT
Significant effect

SDA 5 20.90164 2.84 × 10−06 2.901295 FCAL > FCRIT
Significant effect

OMC

Cement 3 39.33962 2.4 × 10−07 3.287382 FCAL > FCRIT
Significant effect

SDA 5 23.18868 1.45 × 10−06 2.901295 FCAL > FCRIT
Significant effect

Table A4. Two-way analysis of variance for effect of compaction water on HC results of soil–cement–
sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

HC

−2%
Cement 3 17.47646 3.69 × 10−05 3.287382 FCAL > FCRIT

Significant effect

SDA 5 5.215878 5.68 × 10−03 2.901295 FCAL > FCRIT
Significant effect

0%
Cement 3 23.47024 6.43 × 10−06 3.287382 FCAL > FCRIT

Significant effect

SDA 5 6.148309 2.74 × 10−03 2.901295 FCAL > FCRIT
Significant effect

+2%
Cement 3 33.74422 6.53 × 10−07 3.287382 FCAL > FCRIT

Significant effect

SDA 5 12.55617 6.41 × 10−05 2.901295 FCAL > FCRIT
Significant effect

+4%
Cement 3 15.63979 6.93 × 10−05 3.287382 FCAL > FCRIT

Significant effect

SDA 5 4.894346 7.45 × 10−03 2.901295 FCAL > FCRIT
Significant effect

Table A5. Two-way analysis of variance for HC results of soil–cement–sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

HC
Cement 3 15.69096 6.8 × 10−05 3.287382 FCAL > FCRIT

Significant effect

SDA 5 4.788327 8.16 × 10−03 2.901295 FCAL > FCRIT
Significant effect

Table A6. Two-way analysis of variance for effect of compaction water on VSS results of soil–cement–
sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

VSS
−2% Cement 3 86.30367 1.67 × 10−10 3.287382 FCAL > FCRIT

Significant effect

SDA 5 112.3474 1.65 × 10−10 2.901295 FCAL > FCRIT
Significant effect
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Table A6. Cont.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

VSS

0%

Cement 3 155.1971 1.62 × 10−11 3.287382 FCAL > FCRIT
Significant effect

SDA 5 155.3852 2.3 × 10−12 2.901295 FCAL > FCRIT
Significant effect

+2%

Cement 3 22.14195 9.17 × 10−06 3.287382 FCAL > FCRIT
Significant effect

SDA 5 37.69041 5.65 × 10−08 2.901295 FCAL > FCRIT
Significant effect

+4%
Cement 3 27.30304 2.52 × 10−06 3.287382 FCAL > FCRIT

Significant effect

SDA 5 49.79083 8.22 × 10−09 2.901295 FCAL > FCRIT
Significant effect

Table A7. Two-way analysis of variance for VSS results of soil–cement–sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

VSS

Cement 3 18.64996 2.54 × 10−05 3.287382 FCAL > FCRIT
Significant effect

SDA 5 38.157 5.2 × 10−08 2.901295 FCAL > FCRIT
Significant effect

Table A8. Two-way analysis of variance for effect of compaction water on UCS results of soil–cement–
sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

UCS

−2%

Cement 3 121.1904 9.72 × 10−11 3.287382 FCAL > FCRIT
Significant effect

SDA 5 68.19628 8.9 × 10−10 2.901295 FCAL > FCRIT
Significant effect

0%
Cement 3 56.60906 2.06 × 10−08 3.287382 FCAL > FCRIT

Significant effect

SDA 5 37.6517 5.69 × 10−08 2.901295 FCAL > FCRIT
Significant effect

+2%
Cement 3 59.14261 1.53 × 10−08 3.287382 FCAL > FCRIT

Significant effect

SDA 5 23.92532 1.19 × 10−06 2.901295 FCAL > FCRIT
Significant effect

+4%
Cement 3 56.24673 2.16 × 10−08 3.287382 FCAL > FCRIT

Significant effect

SDA 5 25.52665 7.75 × 10−07 2.901295 FCAL > FCRIT
Significant effect

Table A9. Two-way analysis of variance for UCS results of soil–cement–sawdust ash mixtures.

Property
Source of
Variation

Degrees of
Freedom

FCAL p-Value FCRIT Remark

UCS
Cement 3 56.24673 2.16 × 10−08 3.287382 FCAL > FCRIT

Significant effect

SDA 5 25.52665 7.75 × 10−07 2.901295 FCAL > FCRIT
Significant effect
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Abstract: Biomass ash is currently attracting the attention of science and industry as an inexhaustible
eco-friendly alternative to pozzolans traditionally used in commercial cement manufacture (fly ash,
silica fume, natural/calcined pozzolan). This paper explores a new line of research into Marabou
weed ash (MA), an alternative to better-known conventional agro-industry waste materials (rice husk,
bagasse cane, bamboo, forest waste, etc.) produced in Cuba from an invasive plant harvested as
biomass for bioenergy production. The study entailed full characterization of MA using a variety of
instrumental techniques, analysis of pozzolanic reactivity in the pozzolan/lime system, and, finally
its influence on the physical and mechanical properties of binary pastes and mortars containing 10%
and 20% MA replacement content. The results indicate that MA has a very low acid oxide content
and a high loss on ignition (30%) and K2O content (6.9%), which produces medium–low pozzolanic
activity. Despite an observed increase in the blended mortars’ total and capillary water absorption
capacity and electrical resistivity and a loss in mechanical strength approximately equivalent to
the replacement percentage, the 10% and 20% MA blended cements meet the regulatory chemical,
physical, and mechanical requirements specified. Marabou weed ash is therefore a viable future
supplementary cementitious material.

Keywords: Marabou weed biomass ash; mineralogical addition; binary eco-cement; electrical resistivity

1. Introduction

One of the five key elements of the cement industry’s roadmap to achieving climate
neutrality by 2050 is the 5C cement challenge to develop future commercial products with a
lower clinker-to-cement ratio (≤0.60) than those currently manufactured. According to the
data available as of 2021, clinker content in the Spanish cement industry stands at around
0.8 (clinker/cement ratio), a high factor exacerbated by the economic crisis in the sector,
COVID-19, lower demand for cement, and lower availability of traditional additives [1,2].
This combination makes it imperative to continue the search for new supplementary
cementitious materials (SCMs) that offer an eco-friendly alternative to those traditionally
used (fly ash, silica fume, and natural/calcined clay) [3]. In recent years, the scientific
community has conducted ongoing research into the different industrial waste streams
that, due to their chemical, mineralogical, and pozzolanic characteristics, offer scientifically,
technically, and environmentally viable substitutes [4–10]. Within these emerging streams,
ash from biomass combustion is attracting particular attention because of the vast volumes
generated globally (170 Mt/yr) [11], mainly driven by the new international scenarios
promoting the use of clean energy from renewable sources [12]. There is a wide variety of
biomass ash rich in reactive silica and alumina (rice husk, bagasse cane, bamboo leaf, and
paper sludge, among others) capable of providing cement with the improved properties
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required by the transition to a low-carbon economy [13–17]. However, biomass ash has
several drawbacks, such as its heterogeneity (time of year generated, energy process,
burning temperature, etc.) and its contribution of potentially negative elements/oxides to
the cement matrix. The latter is the case with high-potash (K2O) ash, which requires pre-
washing to reduce its content and prevent reactivity and durability issues (alkali-aggregate
reaction) in the new eco-cements [18–22].

Intending to expand the range of biomass ashes potentially viable as eco-pozzolans,
this paper analyzes new ash obtained from the combustion of Marabou weed (harvested in
Cuba). To this end, the study entails full characterization using a variety of instrumental
techniques and analysis of pozzolanic reactivity and its influence on the physical and
mechanical properties of binary eco-cements made with 10% and 20% replacement content
used in the manufacture of CEM II-A cement.

2. Materials and Methods

2.1. Materials

Marabou (MA) weed (Dichrostachys cinerea) is a semi-deciduous shrub from the
legume family. It is native to South Africa and can reach 7 m in height. In Cuba, the
plant is estimated to grow on more than 1.2 million hectares at an average density of
37 t/ha [23–25]. It is considered an invasive species and an important alternative fuel for
biopower stations. In 2016, Cuba produced 154 GWh of bioenergy from Marabou weed
biomass [8]. Since Marabou weed harvesting is seasonal, the biopower plant did not use it
as fuel at the sampling time. The ash (MA) was therefore produced at a laboratory scale,
by calcination to 600 ◦C for 2 h in a muffle furnace, considered optimal conditions from a
pozzolanic, energy, and economic point of view (Figure 1). In addition, carbonates will not
degrade at this temperature, although organic matter will be completely decomposed.

 

Figure 1. The appearance of Marabou weed before and after thermal processing.

In this study, a commercial CEM I 52.5R-type cement (OPC) complying with European
standard EN 197-1 [3] and supplied by Cementos Lemona, S.A. (Bilbao, Spain) was used.
The binary cements were made by replacing part of the cement with 10% and 20% MA to
obtain CEM II-A (6–20%) cements. Standardized commercial sand at a cement/sand ratio
of 1:3 and a w/c ratio of 0.5 was used to manufacture the mortars.

2.2. Experimental Methodology
2.2.1. Pozzolanic Activity Method

To assess the pozzolanic activity of the MA, the accelerated chemical method was
applied to the pozzolan/lime system [8]. The test consisted of adding 1 g of pozzolan to
75 mL of saturated lime solution kept in a laboratory stove at 40 ◦C for 7, 28, and 90 days
of reaction. At the end of each period, the solid obtained was filtered and washed with
ethanol and then dried in a stove at 60 ◦C for 24 h to halt the pozzolanic reaction. The fixed
lime values were used to generate the diffusive kinetic model [26], as per Equation (1):

Ct =
0.23·exp
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τ

)·(−1 + exp
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))· 1
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where De is the effective diffusion coefficient, K is the reaction rate constant, τ is the time
constant (the time interval during which the pozzolan radius diminishes to 37% of its initial
radio rs), Ct is the absolute loss of CH concentration with time for the pozzolan/lime system,
and Ccorr is the correction parameter that takes into account the concentration remainder
of CH that is not consumed in the reaction. Depending on the pozzolanic reaction, the
behavior is as follows: diffusive (described by the first term), kinetic (described by the
second term), and kinetic–diffusive (both terms).

2.2.2. Rheological Properties

The water required for normal paste consistency (NPC), the initial setting time (IST),
and the volume stability (S) of the fresh cement pastes were determined as per EN 196-3 [27].

2.2.3. Physical Properties

The capillary absorption capacity of the mortars was analyzed in prismatic specimens
measuring 4 × 4 × 16 cm and previously cured for 28 days using the Fagerlund method,
as described in UNE 83982 [28]. Upon completion of the curing phase, the specimens were
conditioned as per Spanish standard UNE 83966 [29] to obtain homogeneous moisture
distribution throughout them. After conditioning, the specimens were placed in a container
and partially immersed in 5 mm of water. The capillary absorption coefficient (K) in
kg·m2·min0.5, effective porosity (ε) in cm3·cm−3, and resistance to water penetration by
capillary absorption (m) in min·cm−2 were determined by applying Equations (2)–(4),
respectively:

K = δa·εe/10·√m (2)

εe = Qn − Q0/A·h·δa (3)

m = tn/h2 (4)

where δa is the density of the water (considering the value of 1 g·cm−3), Qn is the weight of
the specimen at saturation (t = tn), Q0 is the weight of the specimen before the test (t = 0),
A is the section of the specimen, h is the thickness of the specimen, and tn is the period
required to reach saturation.

Analysis of electrical resistivity in the mortars was performed on prismatic specimens
measuring 4 × 4 × 16 cm saturated with water for up to 90 days of curing. To this end, the
4-electrode Wenner method, as described in Spanish standard UNE 83988-2 [30], was used.
Resistivity (ρ) was calculated by applying Equation (5):

ρ = ρw·Ff (5)

where Ff is the form factor (which amounts to 0.172 for samples measuring 4 × 4 × 16 cm)
and ρw is the Wenner resistivity. The age factor (q) [21,31] meanwhile describes the changes
in resistivity over time and adjusts the resistivity curve over time through Equation (6):

ρt = ρ0(t/t0)
q (6)

where ρt represents the resistivity measured at time t, and ρ0 represents the resistivity at
time 0 (t0).

2.2.4. Mechanical Properties

The mechanical flexural and compressive strength tests performed on the mortars
were conducted at 2, 28, and 90 days of curing, as per European standard EN 196-1 [32].
The loading speed used for the flexural strength test was 50 N·s−1, and the loading speed
used for the compressive strength test was 2400 N·s−1
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2.3. Instrumental Techniques

Chemical quantification was performed using a Bruker S8 Tiger wavelength dispersive
X-ray fluorescence (WDXRF) spectrometer. Particle size distribution was obtained using a
Malvern Mastersizer 3000 laser diffraction device equipped with red and blue light sources
(He-Ne and LED) operating in dry dispersion mode. Measurements were taken in the range
of 0.01–3500 μm. Identification and quantification of crystalline mineralogical phases (XRD–
Rietveld method) were carried out with a PANalytical X’Pert PRO diffractometer, utilizing
the Crystallography Open Database (COD) collection of crystal structures, and quantified
using the Match v.3 and Fullprof software v.23. The morphology and element microanalyses
were performed using an Inspect (FEI Company, Hillsboro, OR, USA) scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer and a Si/Li
detector. The pore size distribution and total porosity in the mortars were analyzed using
a mercury intrusion porosimeter (MIP; Micromeritics Model 9320) in microspecimens
measuring approximately 1 cm3.

The changes in heating curve and heat of hydration in the standardized mortars were
obtained using the Langavant semi-adiabatic method set out in European standard EN
196-9 [33] employing an Ibertest IB32-101E and the WinLect32.06 software.

3. Results

3.1. Characterization of the Starting Materials

XRF Analysis
The chemical compositions of the OPC and the MA are shown in Table 1. The MA is

calcic (45.42% calcium content), and the sum of its SiO2 + Al2O3 + Fe2O3 (4.43%) oxides is
far below the level (≥70%) specified in the ASTM 618 standard for artificial pozzolans (fly
ash and calcined natural pozzolan). The loss on ignition (LOI) value for MA (30%) is also
above the standard limit (≤10%) [34]. The 6.92% K2O content is notable.

Table 1. Chemical composition of the OPC and MA, expressed in %.

OPC MA

SiO2 20.06 2.63

Al2O3 4.96 1.02

Fe2O3 3.28 0.78

CaO 62.19 45.42

MgO 2.12 6.36

SO3 3.14 4.14

Na2O 0.37 0.48

K2O 0.66 6.92

TiO2 0.25 0.09

P2O5 0.29 1.13

Cl 0.07 0.77

ZnO 0.17 -

SrO 0.16 -

Cr2O3 0.04 -

LOI 2.11 30.00

The particle size distribution density curves for the two starting materials are shown
in Figure 2. These materials show similar distribution densities, with the main peaks at
25.68 and 15.41 μm, respectively. This similarity is corroborated by the Dx values shown in
Table 2.
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Figure 2. Density distribution curves of the starting materials.

Table 2. Dx values for the OPC and MA.

Raw Material D10 (μm) D50 (μm) D90 (μm)

OPC 2.11 14.10 34.40

MA 2.40 13.60 34.70

Mineralogical quantification using the XRD–Rietveld method (Table 3) identifies
anhydrous phases typical of OPC (C3S, C2S, C3A, C4AF, and CaCO3), while the MA mostly
comprises quartz, calcite, and dolomite.

Table 3. Mineralogical phases were quantified using the XRD–Rietveld method (n.d. = not detected;
RB and X2 = adjustment factors).

Mineral (%) OPC MA

Quartz n.d. 13

Calcite 4 34

Dolomite n.d. 12

K-feldspar n.d. n.d.

C3S 52 n.d.

C2S 20 n.d.

C4AF 6 n.d.

C3A 9 n.d.

Amorphous matter 9 41

RB 17.2 19.6

X2 7.3 9.4
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3.2. Pozzolanic Activity
3.2.1. Accelerated Chemical Method

The values obtained up to 90 days of reaction (Figure 3) show that the MA exhibits
low–medium pozzolanic behavior since at 90 d it has only consumed 55% of the available
lime. This fact is related to the low levels of silica and alumina in the ash (3.65%). Fur-
thermore, the fixed lime values might be slightly overestimated if the possible effect of
potash (K2O = 6.92%) is taken into account, since it increases the pH of the solution and
insolubilizes the portlandite, removing it from the medium [35].

Figure 3. Changes in the amount of fixed lime with reaction time.

Applying the fixed lime values set out in Equation (1) quantifies the corresponding
parameters shown in Table 4.

Table 4. Kinetic parameters of the pozzolanic reaction.

Parameters τ(h) Rate K (h−1)
Free Energy of

Activation AG#, kJ/mol
Ccorr

Coefficient of Multiple
Determination (R2)

MA 108.9 ± 0.1 (2.57 ± 0.07)·10−3 113.61 0.88 ± 0.007 0.9852

The K(10−3) value obtained for the MA is of a lower order than other eco-pozzolans
(silica fume, fly ash, natural pozzolan, and bagasse ash) [36].

3.2.2. Mineralogical Analysis of the Pozzolanic Reaction Using the XRD–Rietveld Method
and SEM–EDX

After 28 days of reaction, the product presented no mineralogical differences compared
to the starting MA (Figure 4), with quartz, calcite, and dolomite identified in both spectra
(Table 5). The disappearance of the crystalline dolomite phase and the slight decrease
in the amorphous phase due to the pozzolanic reaction are noteworthy. The calcite does
not appear to intervene in the pozzolanic reaction, and its increase may be due to the
carbonation of the sample during later testing, storage, and analysis.

Table 5. Analysis using the XRD–Rietveld method.

% Quartz Calcite Dolomite Amorphous Phase RB X2

Starting MA 13 34 12 41 19.6 9.4

28 d MA 16 47 traces 37 18.6 7.4

SEM/EDX observation at 28 days of curing (28 d MA) identifies the formation of CSH
gels (C/S = 2.33) and ettringite as products of the pozzolanic reaction (Figure 5 and Table 6).
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Figure 4. XRD diffractograms of the ash before and after 28 d. (C: calcite, Q: Quartz, K: Arkanite, and
D: Dolomite).

 
Figure 5. Ettringite and CSH gels (left) and detailed view of CSH gels (right).

Table 6. Chemical composition analysis using EDX (n.d. = not detected).

Oxides (%) CSH Gels Ettringite

MgO 12.74 ± 2.35 n.d.

Al2O3 6.65 ± 2.19 16.57 ± 2.25

SiO2 20.91 ± 2.86 6.26 ± 2.87

SO3 4.25 ± 1.63 22.71 ± 4.72

P2O5 3.34 ± 1.25 n.d.

K2O 0.88 ± 0.32 n.d.

CaO 48.80 ± 4.26 54.43 ± 4.53

Fe2O3 2.44 ± 0.71 n.d.
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3.3. Chemical Characterization of the Anhydrous Blended Cements

The addition of MA modifies the content of the major oxides in the blended cement
(Table 7), decreasing the percentages of SiO2, Al2O3, and CaO and increasing the share
of potash and LOI. The blended cement containing 10% and 20% MA meets the chemical
requirements (SO3 and Cl−) set out in EN 197-1 (SO3 ≤ 3.5–4.0% and Cl ≤ 0.1%) [3].
Meanwhile, the EN 450 standard [37] on the addition of fly ash to concrete limits the
equivalent Na2O content (Na2O + 0.66 K2O) to 5%, a value well above that obtained in this
study (1.23% and 1.65%, respectively).

Table 7. Chemical composition (%) of the materials.

Oxides (%) OPC 10% MA 20% MA EN 197-1

SiO2 20.06 18.32 16.57 -

Al2O3 4.96 4.57 4.17 -

Fe2O3 3.28 3.03 2.78 -

CaO 62.19 60.51 58.84 -

MgO 2.12 2.54 2.97 -

SO3 3.14 3.24 3.34 ≤3.5–4.0

Na2O 0.37 0.38 0.39 -

K2O 0.66 1.29 1.91 -

TiO2 0.25 0.23 0.22 -

P2O5 0.29 0.37 0.46 -

Cl 0.06 0.05 0.05 ≤0.1

ZnO 0.17 0.15 0.14

SrO 0.16 0.14 0.13

Cr2O3 0.04 0.04 0.03

LOI 2.11 4.90 7.69

3.4. Rheological Behavior of the Blended Cement Pastes

As per standard EN 196-3, normal consistency water (NCW), initial setting time (IST),
and soundness (S) were analyzed (Table 8).

Table 8. Rheological behavior of the blended cement pastes.

OPC 10% MA 20% MA EN Standard

NCW (±1 g) 150 151 154 -

IST (±10 min) 138 129 126 ≥60

S (mm) 0.15 0.10 0.10 ≤10

The addition of MA to the cement causes a slight increase in the NCW values versus
the OPC (of 0.7% and 2.6%, respectively) due to the greater specific surface area of the ash.
It also slightly accelerates the IST [38], albeit within the deviation range of the method. The
blended pastes do not experience any expansion effect or similar behavior to the OPC paste.

Based on these results, the types of cement analyzed meet the standardized physical
specifications for the manufacture of future commercial cement.

3.5. Physical and Mechanical Behavior of the Blended Cement Mortars
3.5.1. Calorimetric Behavior of the Mortars

The blended mortars containing MA present a different heating curve to the OPC
mortar (Figure 6), showing lower maximum values of 29.6 ◦C (10% MA) and 27.8 ◦C
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(20% MA), respectively, versus 32 ◦C (OPC). In addition, this maximum value is recorded
at greater reaction times—from 13 h (OPC) to 14 h—for the blended cement mortars [39,40].
These heating curve variations are reflected in the hydration heat values (Figure 6B), which
decrease as the MA admixture percentage rises. Based on the data in Table 9 and the
specifications in EN 197-1 [3], only the cement with 20% replacement content is considered
a low heat-of-hydration cement since the value of 265.5 J/g is below the regulatory limit
(≤270 J/g).

(A) (B) 

Figure 6. Langavant calorimetry: (A) heating curve and (B) hydration heat of the mortars.

Table 9. Heat of hydration (J/g) at 41 h of reaction.

Sample Time (h) Heat of Hydration (J/g)

OPC 41 317.4

10% MA 41 285.54

20% MA 41 265.54

3.5.2. Total and Capillary Water Absorption

Table 10 shows that the mortars containing MA experience an increase in water
absorption capacity as the additive proportion grows, rising from 4.26% (OPC) to 5.63% for
the 20% MA mortar, and an increase in absorption rate from 0.78 g/min0.5 to 0.94 g/min0.5.
Similar results were obtained by other authors with ceramic waste, coal mining waste [41]
and biomass ash [42]. Nevertheless, total absorption in MA cement mortars was below the
10% recommended for high-quality cement-based materials [43,44].

Table 10. Absorption coefficients in mortars.

Cement Total Water Absorption (wt%) Absorption Rate (g/min0.5) R2

OPC 4.26 0.78 0.96

10% MA 4.83 0.86 0.97

20% MA 5.63 0.94 0.97

Table 11 shows the absorption rates obtained from the regression lines of Figure 7. An
increase in the water absorption rate in the mortars containing MA is observed in the first
and second absorption intervals (5 min–1 h) and (2–6 h), respectively, while a subsequent
decrease versus the standard mortar is observed in the third interval (>6 h). The percentage
of MA replacement content (10% and 20%) has little influence on the rate. This decrease
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in absorption rate is related to microstructural changes in the mortars studied due to the
formation of hydrated phases, principally CSH gels [45].

Table 11. Water absorption rates (g/s).

Material Rate 1 Rate 2 Rate 3

Intervals 2.24–7.75 min0.5 10.95–18.97 min0.5 37.95–14,400 min0.5

OPC 0.682 0.058 0.006

10% MA 0.729 0.067 0.005

20% MA 0.788 0.092 0.007

Figure 7. Total absorption curves in the mortars analyzed.

The capillary absorption tests (Figure 8) show the same trend as for total water
absorption: the higher the MA percentage in the cement, the greater the capillary water
absorption capacity [46]. Two behaviors are observed: the first (0–20 min0.5) consists
of water absorption via the capillary pore network, while the second (20–100 min0.5)
corresponds to the filling of air pores via the air diffusion and dissolution process until
saturation state is reached [47].

Figure 8. Capillary water absorption in the mortars.

Applying the Fagerlund method [8] and employing Equations (2)–(4) (Table 12) allow
for the determination of the capillary absorption coefficient (K), effective porosity (εe), and
resistance to water penetration by capillary absorption (m). The 10% and 20% MA mortars
have a higher absorption coefficient than the OPC mortar. This is attributed to the higher
density of the OPC mortar and to the sealing of the pore network, which contributes to a
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reduction in capillary porosity versus the blended cement mortars. These results are in line
with those obtained previously (Table 11) and those obtained with other cements [48,49],
but not with the findings reported in [50]. As regards the m-coefficient (Table 12), an
increase in the effective porosity values is observed with the addition of MA and is very
similar in all three cases to that of the OPC, indicating interconnection between capillary
pores in the mortars [51]. In addition, the εe-coefficient (Table 12), classified according to the
concrete’s durability to penetration by aggressive agents as established by the CyTED RED
DURAR [52,53] (where <10% indicates that the concrete is of good quality and compactness,
10–15% indicates moderate quality, and >15% indicates inadequate durability), shows that
the values for the mortars studied are <10%. Taking into account the above, it can therefore
be deduced that they are durable and of good quality [51].

Table 12. K, εe, and m-coefficients.

Material K (kg/m2min0.5) εe (cm3/cm3) m (min/cm2)

OPC 0.736 0.788 87.210

10% MA 1.112 1.190 87.316

20% MA 1.173 1.252 87.698

3.5.3. Electrical Resistivity

The electrical resistivity results show an increase with the curing time in all the
mortars (Figure 9). At 90 d, the MA cement mortars present lower resistivity values than
the OPC (59.5 Ω·m) which decreases as the additive percentage rises (55.9 and 51.9 Ω·m,
respectively). This fact is likely related to the addition of MA lowering densification of the
matrix, thus offering less resistance to the electrical current [54–56].

Figure 9. Changes in electrical resistivity as a function of hydration time.

The loss of resistivity observed in this paper is associated with content heterogeneity,
especially as regards the presence of alkalis [57]—partly mirrors the findings of previous re-
search into biomass ashes. The lower resistivity of the mortars containing MA is in line with
the values obtained for the age factor (q) when applying Equation (5) (Section 2.2.3). The
results corresponding to the age (q) and resistivity factors at time 0 (ρ0) as per Equation (6),
as well as the R2 values of the regression, are shown in Table 13. The q-values increase
significantly as the percentage of ash rises from 0.23 in the OPC to 0.27 in the 20% MA.
These results are in line with those obtained for capillary absorption (Section 3.5.2) and all
these q-values follow the reference values [58] for mortars prepared with CEM I and CEM
II/A-P (0.22 and 0.37, respectively).
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Table 13. Values for the q, ρ0 and R2 parameters of the mortars studied.

OPC 10% MA 20% MA

q 0.231 0.246 0.265

ρ0 19.716 17.566 15.179

R2 0.964 0.969 0.971

3.5.4. Compressive Strength and Microporosity

Analysis of the relative losses in compressive strength versus the OPC mortar (Figure 10)
reveals, in general, that the MA additive reduces strength in proportions greater than the
percentage of replacement content, i.e., by approximately 17% and 29%, respectively, at 2 d of
hydration. At 28 and 90 d, no noticeable mechanical differences are observed, with relative
losses of around 11% and 23% for the 10% and 20% MA mortars, respectively.

Figure 10. Changes in compressive strength losses versus the OPC mortar.

This decrease is related to the low pozzolanic activity, greater water absorption, lower
density, and lower electrical resistivity in the MA mortars, as discussed above. Furthermore,
the incorporation from the ash of additional K2O, known for its negative effect on the
previously discussed hydration and pozzolanic reactions, should be taken into account.
Thus, adding MA would mostly have a filler effect on the cement matrix. According to
Table 14 and the mechanical requirements set out in EN 197-1 [3], MA blended cement
maintains the initial strength category at 2 days, while at 28 days only the 20% MA cement
would drop a strength category to 42.5.

Table 14. Compressive strength (MPa) of the mortars and mechanical requirements.

Mortar 2 d 28 d 90 d EN 197-1

OPC 41.23 ± 0.01 67.17 ± 0.18 69.03 ± 1.07
≥20–30 (2 d)
≥52.5 (28 d)

10% MA 34.73 ± 0.24 59.29 ± 0.16 60.50 ± 0.08

20% MA 29.27 ± 0.46 50.50 ± 0.61 52.81 ± 0.05
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An excellent correlation coefficient is found between the compressive strength and
electrical resistivity values (R2 ≥ 0.98) (Figure 11) which, under standard conditions, makes
it possible to predict one of these parameters based on the other [58].

Figure 11. The relationship between compressive strength and resistivity.

The total porosity of the mortars (Table 15) shows that the addition of 10% and 20%
MA produces an increase in porosity versus the OPC of between 21% and 23% and of
between 11% and 21% at 2 and 90 d, respectively. However, the shapes of the pore size
density curves at 90 d (Figure 12) are very similar, showing a single peak between 60 nm
and 200 nm, albeit with a slight refinement of the pore sizes below 100 nm when MA is
added. This phenomenon is related to the low pozzolanic activity of MA, which does
not compensate for the cement replacement effect [59]. This behavior is in line with other
industrial waste materials presenting low–medium pozzolanic activity [60].

Figure 12. Pore distribution density curves at 90 d.
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Table 15. Total mortar porosity (vol. %) at 2 and 90 d.

Total Porosity (vol. %)

2 d 90 d

OPC 13.96 11.70

10% MA 16.83 13.01

20% MA 17.14 14.20

4. Conclusions

This work presents the quality of cement and mortar by replacing OPC with Marabou
weed ash (MA) from Cuba. The following conclusions are drawn from the results obtained
with MA:

1. Chemical analysis determined by the XRF of the MA shows that the sum of SiO2 +
Al2O3 + Fe2O3 (4.43%) oxides is far below the minimum value recommended by the
regulations for active cement admixtures (≥70%). In addition, it presents 30% LOI
due to its calcium and unburned material content, and 6.92% K2O.

2. From a mineralogical point of view, MA comprises 46% calcareous minerals (calcite
and dolomite) and 41% amorphous phase.

3. MA exhibits medium–low pozzolanic activity in the pozzolan/lime system due to its
chemical and mineral composition. SEM-EDX analyses at 28 days of reaction identified
CSH gels and ettringite as mineralogical phases produced by the pozzolanic reaction.

4. 10% and 20% MA blended cements meet the chemical (SO3 and Cl−) and physical
(NCW, IST, and S) requirements set out in the regulations.

5. The heating curves and heat of hydration of the mortars containing 10% and 20% MA
decrease in inverse proportion to the ash content. The types of cement made with 20%
MA qualify as low heat-of-hydration cement (≤270 J/g).

6. In terms of intrinsic properties, the addition of MA results in an increase in water
absorption (total and capillary), lower electrical resistivity (up to 13%), and classifi-
cation of the blended mortars as durable from the point of view of penetration by
aggressive agents.

7. Although, when compared to the OPC mortar, the MA cement mortars experience
a decrease in compressive strength at 28 d of curing roughly equivalent to the re-
placement rate, the binary cement made with 10% and 20% MA meet the mechanical
requirements for the manufacture of commercial cement. At 2 d of hydration, the
materials maintain the initial strength category (52.5), but at 28 days the 20% MA
cement drops to the lower strength category (42.5). A good coefficient of correlation
(≥0.98) was found between strength and resistivity.

8. The porosimetry tests corroborate the findings of the intrinsic tests, highlighting that
the MA cement admixture produces an increase in total porosity, although a slight
refinement of less than 100 nm is observed in the pore density curves.

Based on the results obtained, Marabou weed biomass ash is viable as a mineralogical
additive for use in the future manufacture of eco-friendly cement with a reduced carbon
footprint. The findings of this pioneering study of MA will form the basis of future lines
of research principally exploring higher replacement content percentages, synergies with
other pozzolans, durability when subject to aggressive agents, etc.
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50. Wygocka-Domagałło, A.; Garbalińska, H. The Effect of Pore Structure on the Water Sorption Coefficient of Cement Mortars
Reinforced with 12 mm Polypropylene Fibres. Constr. Build. Mater. 2020, 248, 118606. [CrossRef]

51. Castañeda, A.; Albear, J.J.H.; Corvo, F.; Marrero, R. Concrete Quality Assessment before Building Structure s Submitting to
Environment al Exposure Conditions. Rev. Constr. 2017, 16, 374–387.

52. Trocónis, O.; Romero, A.; Andrade, C.; Helene, P.; Díaz, I. Manual de Inspección, Evaluación y Diagnóstico de Corrosión En Estructuras
de Hormigón Armado; CYTED Red. Temática XV. B. Durabilidad de la Armadura: Río de Janeiro, Brazil, 1997.

53. Mera, J.C.G.; Albear, J.J.H.; Valdés, A.C. Primeras Experiencias en el Desempeño por Durabilidad de un Hormigón Antes de
Usarlo en el Perfil Costero de Manabí, Ecuador. Rev. CENIC Cienc. Quím. 2017, 48, 27–40.

54. Monasterio, M.; Caneda-Martínez, L.; Vegas, I.; Frías, M. Progress in the Influence of Recycled Construction and Demolition
Mineral-Based Blends on the Physical–Mechanical Behaviour of Ternary Cementitious Matrices. Constr. Build. Mater. 2022, 344,
128169. [CrossRef]

55. Medina, C.; Sánchez de Rojas, M.I.; Thomas, C.; Polanco, J.A.; Frías, M. Durability of Recycled Concrete Made with Recycled
Ceramic Sanitary Ware Aggregate. Inter-Indicator Relationships. Constr. Build. Mater. 2016, 105, 480–486. [CrossRef]

56. Hou, T.-C.; Nguyen, V.K.; Su, Y.-M.; Chen, Y.-R.; Chen, P.-J. Effects of Coarse Aggregates on the Electrical Resistivity of Portland
Cement Concrete. Constr. Build. Mater. 2017, 133, 397–408. [CrossRef]

57. Rajamma, R.; Senff, L.; Ribeiro, M.J.; Labrincha, J.A.; Ball, R.J.; Allen, G.C.; Ferreira, V.M. Biomass Fly Ash Effect on Fresh and
Hardened State Properties of Cement Based Materials. Compos. Part B 2015, 77, 1–9. [CrossRef]

58. Andrade, C. Resistivity Test Criteria for Durability Design and Quality Control of Concrete in Chloride Exposures. Concr. Aust.
2014, 40, 57–64.

59. Velardo, P.; Sáez del Bosque, I.F.; Sánchez de Rojas, M.I.; De Belie, N.; Medina, C. Effect of Incorporating Biomass Bottom Ash and
Construction and Demolition Waste Powder on the Physical-Mechanical Properties and Micro-Structure of Ternary-Blended
Mortars. Constr. Build. Mater. 2024, 432, 136628. [CrossRef]

60. Frías, M.; de Rojas, M.I.S.; Rodríguez, C. The Influence of SiMn Slag on Chemical Resistance of Blended Cement Pastes. Constr.
Build. Mater. 2009, 23, 1472–1475. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

148



materials

Article

Design, Characterization, and Incorporation of the Alkaline
Aluminosilicate Binder in Temperature-Insulating Composites

Pavlo Kryvenko *, Igor Rudenko, Oleksandr Konstantynovskyi and Oleksandr Gelevera

Scientific Research Institute for Binders and Materials, Kyiv National University of Construction and Architecture,
Povitroflotskyi Prospect 31, 03037 Kyiv, Ukraine; rudenko.ii@knuba.edu.ua (I.R.);
konstantynovskyi.op@knuba.edu.ua (O.K.); gelevera.og@knuba.edu.ua (O.G.)
* Correspondence: kryvenko.pv@knuba.edu.ua

Abstract: This paper covers the design of binder formulations and technology for low-energy building
materials based on alkaline aluminosilicate binders developed for special uses. The microstructure
of the binders was investigated using scanning electron and atomic force microscopy examination
techniques. The identification of phase compositions was performed by means of X-ray diffraction.
The degree of binding of the alkali metal ions within the binder was determined with the help of
chemical analysis of the pore fluid. Structure formation depending upon binder mix design and
curing conditions was also studied. Some examples of the manufacture and application of binder-
based glues and adhesives, including those developed for heat insulation and fire prevention, are
discussed. The advantages of binder-based temperature-insulating composite materials compared
with traditionally used materials are highlighted.

Keywords: alkaline aluminosilicate binder; composition design; binding; composite; curing conditions;
durability; fire-proofness; heat insulation; structure formation; zeolite-like reaction products

1. Introduction

In view of the severe consequences of today’s military actions, terrorism, and natural
disasters, the demand for the reliable protection of critical military and civil infrastructure
is increasingly growing. The requirements for such protective materials are the following:
the use of easy-to-produce mineral binders as a binding agent, environmental friendliness,
low energy consumption, and excellent performance properties under various severe
conditions, e.g., high temperatures and fire. Aside from the above problems, nowadays,
it is critical to reduce energy consumption through the use of highly efficient insulating
composite materials.

One method of synthesizing alkaline aluminosilicate hydrates, the analogs of natural
zeolites, using a mixture of natural (clays) and artificial aluminosilicates with alkali metal
compounds under various curing conditions was established by Victor Glukhovsky [1].
This method is based on the modeling (simulating) of natural processes during the for-
mation of alkaline zeolite-like aluminosilicates at different temperatures. An important
conclusion was drawn: an increase in temperature promotes a smooth dehydration process
and subsequent recrystallization of the hydration products with the formation of anhydrous
aluminosilicates of alkali metals, i.e., Li, Na, K, Rb, and Cs [2]. Alkali metal compounds not
only act as activators of hardening but are also responsible for the formation of the main
structural elements of alkali-activated materials. These reaction products, being analogous
to natural zeolites of the Na2O(K2O)·Al2O3·(2. . .4)SiO2·nH2O type, have been discovered
in ancient concretes (e.g., in Ancient Greece, Ancient Rome, Egypt, Syria) [3]. The durability
of ancient concretes and the similarity of their structure to that of alkali-activated cement
concretes allowed us to infer their high durability. The excellent performance properties
of alkali-activated materials, such as their high strength and heat, corrosion, and freeze–
thaw resistance [4–7], have been confirmed by over 65 years’ experience of their use. The
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composition of zeolite-like products is determined by structural features of aluminosilicate
components (precursor), alongside their composition, the applied curing conditions, the
rate of chemical reactions, and the binder design [8–12]. The most appropriate materials
for achieving the mentioned goals are natural clays in a dehydrated state, volcanic rocks,
and industrial by-products like fuel ashes, slags of various origin, and red mud [9,13–19].

Alkali-activated materials can be divided into alkaline cements and geopolymers (or
geocements) [20]. Depending on the precursor type, the following reaction products can
be formed, CaO-Al2O3-SiO2-H2O, R2O-CaO-Al2O3-SiO2-H2O, and R2O-Al2O3-SiO2-H2O,
along with R–Na, K, and Li [21]. In terms of composition, the binders can be divided into
high-calcium, intermediate-calcium (hybrid), and low-calcium binders [22].

Several studies have been conducted on the production of composite materials based
on zeolite-like matrices of the low-calcium Na2O(K2O)-Al2O3-SiO2-H2O system, i.e., alka-
line aluminosilicate binders [23–27].

An analysis of this research showed that the use of zeolite-like binder systems for
the production of building materials for general and special applications presents a solu-
tion to the problems associated with durability, energy-saving ability, and environmental
protection, where traditional binder systems fail [13,23].

Due to the polymerization of the aluminosilicate constituent, reaction products that
are analogs to natural minerals (zeolites and feldspathoids) are formed. Considering their
compositional make-up, zeolites may be referred to as inorganic polymers, which, on the
one hand, are analogs to organic ones (in terms of such properties as elasticity, corrosion
resistance, and adhesion to various materials) and, on the other hand, due to their mineral
nature, are ecologically pure and heat- and fire-resistant [9,13]. As the theoretical premise
for the creation of alkali-activated materials with a polymeric structure, this study aimed
at the synthesis of analogs to natural minerals based on clays of various structural types
and applied alkali metal compounds [3,8,26]. An extensive practical experiment of the
application of these binding systems in different materials for construction and protection
was conducted [28–38].

The purpose of this study was to test an approach to designing alkaline aluminosilicate
binders (further, the binder) and developing a manufacturing technology for various curing
conditions, especially for normal-temperature curing conditions, and for various applications.

2. Raw Materials and Testing Techniques

A binder of the system Na2O(K2O)-Al2O3-SiO2-H2O with varying ratios of oxides
(Na2O(K2O)/Al2O3 and SiO2/Al2O3) was used as the object of this study.

The major components of the binder used in this study are as follows:

- Metakaolin (oxide content, % by mass: CaO—0.27; SiO2—54.08; Al2O3—43.61;
Fe2O3—0.77; MgO—0.52; K2O + Na2O—0.25; LOI—0.50) (specific surface area =
800 m2/kg (by Blaine)) and kaolin (oxide content, % by mass: CaO—0.80; SiO2—58.50;
Al2O3—39.50; Fe2O3—0.50; TiO2—0.70; LOI—0.19) (specific surface area = 800 m2/kg
(by Blaine)) were used as aluminosilicate components;

- Soluble sodium silicate (per CAS 1344-09-8, silicate modulus Ms = 2.8, density =
1430 Kg/m3) was used as an alkaline component.

In order to adjust the composition of the binder with regard to the contents of main
oxides, the following additives and alkali compounds were used:

- Tripoli powder (per CAS 1317-95-9) (oxide content, % by mass: CaO—0.83;
SiO2—85.59; Al2O3—6.20; Fe2O3—3.15; MgO—0.95; SO3—0.39; TiO2—2.03; K2O +
Na2O—0.67), specific surface area = 800 m2/kg (by Blaine), bulk density = 2300 kg/m3,
porosity ≥ 70%, degree of purity 98.0%;

- Solution of potassium hydroxide KOH (per CAS 1310-58-3), density= 1430 Kg/m3;
- Solution of sodium hydroxide NaOH (per CAS 1310-73-2), density= 1430 Kg/m3.

The liquid component of the binder was prepared by mixing the soluble sodium
silicate with solutions of KOH and NaOH. The solid component of the binder was prepared
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by mixing metakaolin or kaolin with the Tripoli powder. The binder was prepared by
mixing the alkaline component with the solid component in a Hobart mixer. The ratio of
binder components was calculated in order to ensure the required oxide composition of the
binder, (Na2O + K2O)·Al2O3·mSiO2·nH2O.

The compressive strength of the alkaline aluminosilicate binding agent was deter-
mined per the EN 196-1:2016 standard with the following modifications: testing on
40 × 40 × 160 mm specimens (binder : CEN sand = 1:3) and hardening at t = 20 ±
2 ◦C and RH = 60 ± 5% for 28 days.

The water resistance was evaluated by considering the coefficient of water resistance
(Kw) of the 40 × 40 × 40 mm specimens (binder: CEN sand = 1:1) hardened for 28 days
at t = 20 ± 2 ◦C and RH= 60 ± 5%. After 28 days, part of the specimens was placed into
the water until almost full water saturation was achieved (the changes in mass of the
specimens over 24 h did not exceed 0.2%). The coefficient of water resistance is the ratio of
the compressive strength of the water-saturated specimen to that of the specimen hardened
for 28 days. A material can be considered water-resistant when Kw ≥ 0.8.

The compressive and flexural strengths of the binder-based perlite-based materials
(lightweight concrete) were determined per the EN 12390-3:2019 and EN 12390-5:2019
standards, respectively.

Adhesion was evaluated by considering the adhesion strength of the adhesive joints
between the adhesive and various substrates and the characteristics of the connection of the
adhesive with various materials, which were determined per the EN 24624:1992 standard.

The identification of the phase composition of the binders was achieved through X-ray
diffraction (XRD), using a single-crystal X-ray diffractometer (DRON-3M, JSC “Bourevest-
nik”, St. Petersburg, Russia) equipped with a copper anode and nickel filter at U = 30 kV,
I = 10 to 20 mA, and a range of registered angles (2θ) (8 to 60) (the rotation speed of the
counter was calculated as 2 degrees per minute using the technique reported in [39]). The
X-ray spectra were identified according to references [40–42].

The microstructure of the binders was examined using a scanning electron microscope
(SEM) with microanalyzer (REMMA 102-02, JSC “SELMI”, Sumy, Ukraine). The settings
of SEM were as follows: accelerating voltage—35 kV; SEI mode resolution—5 nm; and
magnification—from 2500 to 23000. The settings of the energy-dispersive X-ray spectrom-
eter were as follows: analyzed element range—Na; energy resolution—143 eV at MnKα;
and energy range—up to 30 kV. The microstructure was also examined using an atomic
force microscope (AFM) (NT–206, ALC «Microtestmachines», Gomel, Republic of Belarus)
designed by the V.A. Belii Institute for Mechanics of Metal-polymer Systems of the National
Academy of Sciences of The Republic of Belarus.

The degree of binding of the ions of alkali metals in the hardening binder was studied
by the application of two methods of analysis (pH measurements and chemical analysis
of the pore fluid) [43]. The measurement of pH values of the pore fluid of the binder was
carried out using a pH meter, PL-700AL.

3. Results and Discussion

3.1. The Influence of Basic Binder Composition and Curing Conditions on Structure Formation of
the Alkaline Aluminosilicate Binder
3.1.1. Influence of Binder Design

Figures 1 and 2 demonstrate the XRD patterns and SEM images of the reaction products
represented by the alkaline aluminosilicate hydrates of the hardened binder of the compo-
sition with varying ratios of constituent oxides, namely SiO2/Al2O3 = 2. . .7, K2O/(Na2O +
K2O) = 0.15, and (Na2O+K2O)/Al2O3 = 1, after curing at t = 80 ◦C.

The phase composition of the reaction products of the binders with low ratios (SiO2/Al2O3
= 2. . .3) was characterized by the following zeolite-like reaction products: analcime
(d/n = 0.699; 0.365; 0.336; 0.293 nm), natrolite (d/n = 0.287; 0.243; 0.138 nm), and ussingite
(d/n = 0.492; 0.347; 0.295 nm). The amorphous phases presented by the alkaline aluminosili-
cate hydrates and particles of non-reacted metakaolin were identified (Figure 2).
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Figure 1. The XRD patterns of the binder with varying K2O/(Na2O + K2O) = 0.15 and SiO2/Al2O3

ratios, namely (a) 2, (b) 3, (c) 4, (d) 5, (e) 6, and (f) 7, after curing at t = 80 ◦C. Abbreviations:
Q—quartz; N—natrolite; A—analcime; U—ussingite; P’—Na–K phillipsite; H—Na heulandite;
H’—K heulandite.

The hardened binder with SiO2/Al2O3 = 4. . .5 was characterized by the following
zeolite-like reaction products: analcime (d/n = 0.699; 0.365; 0.336; 0.293 nm), sodium
heulandite (d/n = 0.509; 0.392; 0.296 nm), potassium heulandite (d/n = 0.342; 0.281;
0.273 nm), and sodium-potassium phillipsite (d/n = 0.498; 0.408; 0.269 nm). The degree of
crystallinity of the resulting structure was high as a result of intensive diffraction reflections
(Figure 1) and due to the microstructure of the hardened binder (Figure 2).

As mentioned earlier, the modification of the binder with Ca-containing additives
resulted in the formation of zeolite-like reaction products of the hybrid type, as follows:
calcium–sodium aluminosilicate hydrates and Na- and K-heulandites (the latter products
were found in small quantities) [44]. With such a modification, the strength gain of the
binder under normal temperatures (t = 20 ± 2 ◦C) could be reached. The Ca-containing
modifying additives used in this study were Portland cement, ground granulated blast
furnace slag, Ca(OH)2, and CaCO3.
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Figure 2. The SEM images of the cleaved surface of the binder with varying K2O/(Na2O+K2O) = 0.15
and SiO2/Al2O3 ratios, namely (a) 2, (b) 3, (c) 4, (d) 5, (e) 6, and (f) 7 (magnification ×2.5K), after curing
at t = 80 ◦C.

3.1.2. Influence of Curing Conditions

The influence of curing temperature during the hardening of the binder on its phase
composition was studied. It was found that the phase composition of the alkaline alumi-
nosilicate hydrate with K2O/(Na2O + K2O) = 0.15 and SiO2/Al2O3 = 5 was characterized
by the presence of the following zeolite-like reaction products, analcime, potassium, and
sodium heulandite, as well as sodium–potassium phillipsite (Figure 3). With the tempera-
ture increase, the structure formation processes in the binder accelerated without affecting
the phase composition, resulting in a higher degree of crystallinity of the reaction products
(Figure 4).

 

Figure 3. The XRD patterns of the binder with K2O/(Na2O + K2O) = 0.15 and SiO2/Al2O3 = 5 after
curing at the following temperatures, ◦C: (a) 20; (b) 40; (c) 60; (d) 80. Abbreviations: Q—quartz;
A—analcime; P’—Na–K phillipsite; H—Na heulandite; H’—K heulandite.
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Figure 4. The SEM images of the cleaved surface of the binder with K2O/(Na2O + K2O) = 0.15 and
SiO2/Al2O3= 5 after curing at the following temperatures, ◦C: (a) 20; (b) 40; (c) 60; (d) 80 (magnifica-
tion ×2.50K).

With SiO2/Al2O3 = 5 and K2O/(Na2O + K2O) = 0.15, an essential increase in strength
tO + K place at t = 40. . .80 ◦C. The highest values of the coefficient of water resistance were
reached after curing at t = 60. . .80 ◦C (Figure 5).

 
Figure 5. Compressive strength and coefficient of water resistance vs. curing temperature (binder
with SiO2/Al2O3 = 5 and K2O/(Na2O + K2O) = 0.15).

A conclusion was drawn with regard to the binders of the general formula
(0.7. . .1.0Na2O + 0. . .0.3K2O)·Al2O3·2. . .7SiO2·nH2O that the phase composition of the
binder depended mainly on the ratio of oxides and that a curing temperature (in the range
of 20. . .80 ◦C) accelerated the formation of zeolite-like aluminosilicate hydrates.

The SiO2 /Al2O3 ratio was found to be the main factor determining the type of reaction
products that formed: the higher this ratio, the larger the quantity of silica formed in the
crystal lattice in the zeolite-like phases. During the curing of these alkaline aluminosilicate
hydrates under normal conditions, allowing them to reach the highest degree of structure
crystallinity, the optimal ratio of SiO2/Al2O3 was 4 to 5. The hardened binder with this
ratio of oxides was characterized by the highest strength and water resistance.

The addition of potassium ions into the binder composition contributed to the for-
mation of zeolite-like reaction products and an increase in the degree of crystallinity of
the phases. To accelerate the formation of alkaline aluminosilicate hydrates under normal
conditions, the following quantity of potassium oxide was required: K2O/(Na2O + K2O) =
0.15. . .0.30. The potassium ions also contributed to the higher water resistance and strength
of the hardened binder, regardless of the curing temperature.
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With the rise in temperature from 20 ◦C to 80 ◦C, the phase composition of the
hardened binder hardly changed. However, this resulted in a higher rate of structure
formation and degree of crystallinity.

The microscopic examination of the binders under study showed the presence of
a sub-microcrystalline structure with microcrystals ≤3.5 microns in size alongside the
amorphous phase. Continuously increasing the adhesion between the sub-microcrystalline
and amorphous phases led to the higher strength and better durability of these structures,
which, due to their nature, can be exposed to external deteriorating factors without signifi-
cant resulting damage. The structure of the hardened binder was mainly represented by
crystals of hexagonal form, which can be referred to as zeolite-like reaction products such
as analcime, zeolite P (with the structure of garronite), and zeolite G (with the structure of
chabazite). These reaction products were present in various quantities, depending on the
initial binder composition, and differ in their degree of crystallinity (Figures 1–4). Changing
the ratio of Na2O to K2O allowed us to obtain the required composition of the reaction
products and to keep the structure formation in the binder and its resulting density under
control. The density values of the zeolite-like reaction products were as follows: zeolite G
(0.205–0.21 nm) < zeolite P (0.230 nm) < analcime (0.224 nm). The maximum density of the
binder was obtained through the formation of equal quantities of aluminosilicate hydrates
of the analcime and zeolite P types.

The atomic force microscopy (AFM) examination results coincide well with the re-
sults of AFM shown in Figure 6. The binder microstructure, prepared with the ratio of
H2O/Al2O3 = 12.5, was characterized by the presence of single microcrystals within the
range of 0.1 to 0.5 microns that were chaotically distributed in the amorphous phase,
testifying to the uneven crystallization process. A conclusion can be drawn about the
absence of a clearly expressed stage in the formation of the sub-microcrystalline structure
during the transformation of the binder from the amorphous state into the crystalline one.
Nucleation of large crystals takes place in the amorphous phase, resulting in significantly
slower crystallization and hardening processes.

 
Figure 6. The AFM results for the binder with Na2O·Al2O3·4SiO2·10H2O modified with the Ca-containing
additive and cured for 28 d at t = 20 ± 2 ◦C: (a) magnification ×10 K; (b) magnification ×23 K.

The binding degree of the alkali metal ions in the binder was studied. The binding
degree depends on the curing conditions and increases as the curing temperature rises
(Figure 7). With the rise in temperature from 20 ◦C to 100 ◦C, the pH value of the pore fluid
tended to decrease (from 11.2 to 9.7). The introduction of the Ca-containing additive re-
duced the pH value from 10.1 to 9.3. This phenomenon can be attributed to its participation
in the binding process, with the formation of such reaction products as amicite (d = 0.564;
0.422; 0.314; 0.272 nm), garronite (d = 0.710; 0.501; 0.410; 0.316; 0.267 nm), and gismondine
(d = 0.188; 0.191; 0.273; 0.274; 0.319; 0.324; 0.419; 0.467; 0.494 nm).
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Figure 7. The pH values of the pore fluid vs. binder composition and curing temperature.

During the hardening of the binder, the binding process of the alkali metal ions tO + K
place, with the most intense changes taking place during the first seven days (Figure 8).
The Ca-containing additive accelerated the binding of the ions.

 
Figure 8. The pH values of the pore fluid vs. time of hardening at t = 20 ◦C: 1—the binder without
modification; 2—the calcium-modified binder.

After 2 days, 84.99% of the free Na+-ions were bound in the binder matrix without
modification and 89.79% were bound in the Ca-modified binder (Figure 9). After 7 days,
91.26% and 92.36% of the ions, respectively, were bound in the binder matrix. Then, the
rate of binding became considerably lower, especially in the case of the binder without
modification; after 28 days, these values were 8.57% (binder without modification) and
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1.20% (Ca-modified binder). The Ca-containing additive accelerated the binding of the
Na+-ions through the formation of zeolite-like reaction products.

 
Figure 9. The concentration of the Na+-ions in the pore fluid vs. time of hardening: 1—the binder
without modification; 2—the Ca-modified binder.

Figure 10 presents the binding degree of the K+-ions in the binder matrix. After 2 days,
95% of the free K+-ions were bound in the binder without modification (compared with
96% of the Ca-modified binder).

 
Figure 10. The concentration of K+-ions in the pore fluid vs. time of hardening: 1—the binder without
modification; 2—the Ca-modified binder.
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After 7 days, approximately 99% of the K+-ions were bound. Then, the binding
rate became considerably lower, and after 28 days, it was 1.25% for the binder without
modification and 0.85% for the Ca-modified binder.

3.2. Manufacturing Process and Examples of Application of the Alkaline Aluminosilicate Binder

In order to demonstrate the application of the binder in the manufacture of low-
temperature-insulating composite materials, an alkaline aluminosilicate binder of the
hydronepheline-analcime type (Na2O·Al2O3·3.5SiO2 (10.5; 12.5; 14.5)H2O) was chosen as a
binding agent. The influence of the number of water molecules contained in the binder
produced using kaolin and metakaolin, after conditioning (maturing) of the aluminosilicate
blends for 1.5 to 3.5 h and further high-temperature treatment, on the strength of the
resulting ceramic matrices (low-temperature ceramics) is shown in Figures 11 and 12.

 

Figure 11. Strength of the ceramic matrix (aluminosilicate component—kaolin) vs. time of con-
ditioning and treatment temperature: (a) the binder Na2OAl2O33.5SiO210.5H2O; (b) the binder
Na2OAl2O33.5SiO212.5H2O; (c) the binder Na2OAl2O33.5SiO214.5H2O.
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Figure 12. Strength of the ceramic matrix based on metakaolin vs. time of conditioning and treatment
temperature: (a) binder Na2O·Al2O3·3.5SiO2·10.5H2O; (b) binder Na2O·Al2O3·3.5SiO2·12.5H2O;
(c) binder Na2O·Al2O3·3.5SiO2·4.5H2O.

Analysis of the obtained results showed that the low-temperature ceramic matrix (the
alkaline aluminosilicate binder, Na2OAl2O33.5SiO214.5H2O, based on metakaolin) after
conditioning for 1.5 h and treatment at t = 300 ◦C had the highest compressive strength
among all the matrices.

The binder compositions used for the manufacture of perlite-based materials for heat
insulation (lightweight concrete) were formulated and tested in pilot-scale production
(Figure 13).
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Figure 13. Pilot-scale production of the heat-insulating boards using expanded perlite.

The results of tests of the perlite-based materials are compared in Table 1. The compos-
ites prepared using the alkaline aluminosilicate binder were the best for high-temperature
insulation applications.

Table 1. Basic physical–mechanical characteristics of the perlite-based materials (binding agents: the
alkaline aluminosilicate binder and OPC (reference)).

Characteristic
Density, kg/m3

150 200 250 300

Alkaline aluminosilicate binder

Binder content (% by volume) 3.0 6.0 8.0 10.0
Compressive strength (MPa) 0.25 0.30 0.35 0.45

Flexural strength (MPa) 0.15 0.15 0.20 0.30
Heat conductivity at 25 ◦C (W/(m·◦C)) 0.062 0.068 0.076 0.082

Ordinary Portland cement (OPC)

Binder content (kg/m3) − − 80 110
Compressive strength (MPa) − − 0.15 0.25

Flexural strength (MPa) − − 0.16 0.20
Heat conductivity at 25 ◦C (W/(m·◦C)) − − 0.075 0.085

Considering the constantly increasing restrictions placed on energy consumption,
the demand for heat-saving solutions has become a priority. Conserving heat in high-
temperature installations is especially critical since the relative cost of energy produced at
high temperatures (exceeding 500 ◦C) is considerably higher than that produced at lower
temperatures. Binder formulations for high-temperature heat insulation for the insulation
of boilers were developed. The guidelines on how to choose and arrange insulating materi-
als were elaborated based on the study of the adhesion strength of adhesive joints through
the design of alkaline-aluminosilicate-binder-based adhesives and using a numerical model
for the design of high-temperature heat-insulating materials (Figure 14).

A solution to achieving the heat insulation of industrial boilers was developed. Among
the many technical advantages of alkaline aluminosilicate binders as binding agents in
the manufacture of adhesives are the following: ecological friendliness, incombustibility,
absence of hazardous gases released under exposure to high temperatures, durability, and
low cost. These materials are easy to prepare and apply, and they can be produced under
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almost any condition, in any quantity, with the use of primitive mixing equipment (e.g.,
electric drill).

Figure 14. The adhesion strength of the adhesive joints between the adhesive and various other
substrates (ceramics, mortar, concrete) vs. binder composition after 28 d.

Adhesives prepared using alkaline aluminosilicate binders as binding agents can be
used for bonding layers of heat insulation products to each other for the heat insulation
of structural elements with geometrically complicated shapes, impregnating basalt fiber
cords intended for sealing holes, and for the direct sealing of holes. For these applications,
a composition using ground sand as a filler was designed and applied with the help of an
injection pistol into holes up to 4 mm in width and with a putty knife for holes ranging
from 4 to 20 mm in width (Figure 15). The shelf life of this adhesive composition was
between 1 h and 6 h, with a solidification time between 1 h and 8 h, and a strength gain
period ranging from 24 h to 48 h, depending on the ambient temperature.

 

Figure 15. Work on sealing holes in the heat-insulating layer using an injection pistol.

Fire-resistant heat-insulating composite materials were developed from binder-based
adhesives and basalt fibers.
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One other important problem requiring a solution is how we ensure health and safety
in the case of natural disasters and catastrophes in multistoried buildings with many people
inside. One of the necessary tasks is to ensure quick localization of the fire source via a
fire stop. Lifts and lift shafts should be protected by insulation using mineral materials.
A solution to this problem was proposed, involving the use of binder-based adhesives
with good fire-stopping ability and good heat insulation properties. These composite
materials, due to their inorganic nature, do not release hazardous gaseous substances at
high temperatures. A new design for fire-resistant doors was developed, since none of the
previously used adhesives meet the requirements for fire-resistant lift shaft doors. Using an
alkaline aluminosilicate binder in the manufacturing process of fire-resistant floor frames
was also proposed. The manufacture and commercial-scale use of the mentioned products
were initiated by the OTIS (Ukraine) (Figures 16 and 17).

Figure 16. Technological operations: (a) adhesive application on aluminum foil; (b) gluing of basalt
cardboard; (c) storage of the ready products (doors).

 

Figure 17. Production of floor frames of the lifts.

The alkaline-aluminosilicate-binder-based adhesives were tested on their ability to
adhere to various materials: a glass crystalline plate, basalt cardboard, and steel and
aluminum foil (Table 2).
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Table 2. Characteristics of the adhesion.

Glued
Materials

Correlation of the Total Areas at Uniform Tearing, %

Cohesive
Destruction

(in Glue),
No More Than

Adhesive
Destruction (Contact
Zone Material: Glue),

No More Than

Destruction in
Fibrous Layer, Not

Less Than

Plate–cardboard 5 5 90
Cardboard–steel 20 30 50

Plate–steel 20 30 50
Plate–aluminum foil 20 30 50

4. Conclusions

1. This study developed an approach to designing an alkaline aluminosilicate binder
to be used in a variety of responsible-use applications, for example, for advanced
heat- and high-temperature-insulating composite materials with higher efficiency
compared with other traditionally used mineral and organic binding agents, including
those intended for fire-stopping applications.

2. The structure formation processes in the alkaline aluminosilicate binders were charac-
terized by the following oxide ratios: (Na,K)2O/Al2O3 = 1, SiO2/Al2O3 = 2 to 7, and
H2O/Al2O3 = 10 to 15. These caused the formation of zeolite-like reaction products,
chiefly composed of aluminosilicate hydrates: analcime, zeolite P, and garronite. The
introduction of a calcium-containing additive to the binder composition resulted in
the formation of zeolite P and analcime as well as calcium silicate hydrates with
the structure of ksonotlite and girolite. The additional quantities of SiO2 added to
the binder composition determined the predominance of zeolite-like reaction prod-
ucts with an increased content of SiO2, i.e., minerals of the Na-shabasite- gmelenite,
faujasite, and mordenite types.

3. The hardening process of the binder with H2O/Al2O3 < 10 tO + K place with the
formation of aluminosilicate hydrates through the following stages: amorphous, sub-
microcrystalline, and crystalline. In the case of the binder with H2O/Al2O3 > 10, the
sub-microcrystalline structure was very poorly identified; as a result, the nucleation
of large crystals tO + K place in the amorphous phase, leading to slower harden-
ing and crystallization processes and, finally, to lower properties of the resulting
cement matrix.

4. Hardening of the binder within 28 days was accompanied through the binding of 93 to
99% of Na+- and K+-ions in the binder matrix. The introduction of the Ca-containing
additive allowed us to accelerate the binding of these ions due to the formation of
zeolite-like reaction products of the amicite, garronite, and gismondine types.

5. The effectiveness of the designed binder as a binding agent for use in the manufacture
of glues and adhesives is supported by the experience gained from pilot- and small-
scale industrial manufacture and use. Such environmentally friendly mineral binder-
based composites encompass a variety of insulating materials for heat insulation and
fire stop applications.
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2−-Ions in Zeolite-like Matrices
Based on Alkaline Aluminosilicate Binders. Constr. Build. Mater. 2023, 391, 131878. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

165



Article

An Expanded Wing Crack Model for Fracture and Mechanical
Behavior of Sandstone Under Triaxial Compression

Esraa Alomari, Kam Ng * and Lokendra Khatri

Civil and Architectural Engineering and Construction Management, University of Wyoming,
Laramie, WY 82071, USA; ealomari@uwyo.edu (E.A.); lokendra.khatri320@gmail.com (L.K.)
* Correspondence: kng1@uwyo.edu

Abstract: A new model is developed to predict the mechanical behavior of brittle sandstone under
triaxial compression. The proposed model aims to determine the normalized critical crack length (Lcr),
through which the failure strength (σf ) of sandstone can be estimated based on fracture mechanics
applied to secondary cracks emanating from pre-existing flaws, while considering the interaction of
neighboring cracks. In this study, the wing crack model developed by Ashby and Hallam (1986) was
adopted to account for the total stress intensity at the crack tip (KI) as the summation of the stress
intensity due to crack initiation and crack interaction. The proposed model is developed by first
deriving the Lcr and then setting the crack length equal to the Lcr. Next, the total stress intensity is
set equal to the rock fracture toughness in the original equation of KI, resulting in an estimate of the
σf . Finally, to evaluate the performance of the proposed model on predicting σf , theoretical results
are compared with laboratory data obtained on sandstone formations collected from Wyoming and
the published literature. Moreover, the σf predicted by our proposed model is compared with those
predicted from other failure criteria from the literature. The comparison shows that the proposed
model better predicts the rock failure strength under triaxial compression, based on the lowest RMSE
and MAD values of 36.95 and 30.93, respectively.

Keywords: failure model; confining pressure; wing crack model; normalized critical crack length;
type-I fracture toughness

1. Introduction

Brittle fracture in compression is a complex behavior that has attracted many past
research developments on different failure criteria to describe fracture mechanisms [1].
Various research has proposed different approaches to model the brittle fracture of rocks
under compression. Although some analytical models agree quite well with measured
experimental data, the main contribution of most experimental studies is limited to uniaxial
or biaxial compression tests conducted on pre-cracked artificial specimens [2]. Further
research investigations are needed to develop reliable analytical models for describing the
mechanical behavior of natural rock specimens under triaxial compression [3–5].

Modeling the brittle failure of rocks is one of the greatest challenges due to the
heterogeneous nature of rocks containing pores, flaws, and other weaknesses [6–8]. Fur-
thermore, such discontinuities play a significant role in the initiation and propagation of
new cracks [9,10], which affect their strength behaviors. In a study by Lu and Yan of the
concrete fracturing behavior (which represents brittle materials behavior such as rocks)
fracture, they investigated the effect of the chevron notch inclination on the failure strength.
The study indicated that the maximum failure load increased with increasing the inclination
angle of the notch. Furthermore, the fracture propagation angle also increased with the
notch inclination angle, and wing fractures were observed [11]. However, it is difficult to
trace crack initiation and propagation during experiments due to the non-transparency
nature of the rock.
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Advanced measurement techniques such as acoustic emissions (AE) detection [12,13],
computerized tomography (CT) scanning system [14], and scanning electron microscope
(SEM) [15,16] have been applied to monitor the fracture process. However, the AE signals
can be affected by various factors such as noise, attenuation, reflection, and sample geome-
try. CT is too expensive and time-consuming, and the SEM cannot capture the image of
wet samples as they may be damaged by the vacuum required during operation.

A fracture mechanism due to pre-existing microcracks was proposed by Schulson
et al. [17]. Unlike the pore-emanated cracking model for brittle failure of sedimentary rocks
under triaxial compression [18], this fracture mechanism is concerned with wing cracks
growing from an initial inclined flaw. In addition to wing crack initiation at the tip of
preexisting flaws, they considered the effect of additional cracks emanating adjacent to
wing cracks (splay cracks). The model states that the failure of rock mass is assumed to
be initiated by the bending of microcolumns formed by splay and wing cracks, and the
applied stress to trigger faulting under uniaxial loading is expressed in terms of the type-I
fracture toughness (KIC), coefficient of friction (μ), slenderness ratio of the microcolumns,
and the angle between the direction of the principal stress and wing crack. However, this
model underestimated the failure stress due to considering a single microcolumn for crack
propagation and neglecting the frictional resistance gained by adjacent columns.

Paliwal and Ramesh [19] proposed a micro-mechanical damage model for brittle
failure under uniaxial compression based on frictional sliding of pre-existing flaws. As a
result of compressive loading, wing cracks are nucleated at the flaw tips, in addition to
interactions among the growing cracks, which give an effective stress field around the crack.
The model describes that the compressive strength increases with the increases in mean
flaw size and the μ. However, the triaxial compression condition was not included in the
study in addition to the several assumptions made in developing the model due to the lack
of experimental data. Zhang et al. [20] have developed a modified sliding crack model to
estimate the stress intensity factor (SIF) and the crack length (l) under the effect of external
stresses. The SIF has been derived in the context of Linear Elastic Fracture Mechanics
(LEFM) and weight function. The formula of SIF shows that the sliding crack is highly
influenced by lateral stress. However, a functional relationship between the crack length
and principal stresses (i.e., σ1 and σ3) was obtained without a quantitative estimation of the
failure strength.

Hoek and Brown [21] have proposed an empirical failure criterion that provides prac-
tical means to estimate the rock triaxial strength using experimental data from triaxial
compression tests. This failure criterion is adequate and easily applied for strength predic-
tion. However, the criterion application requires a measured uniaxial compressive strength
(UCS) of the rock to estimate the triaxial compressive strength. Another common failure
criterion is the Mohr–Coulomb (MC) criterion. The MC criterion assumes that failure occurs
at a particular combination of the maximum and minimum principal stresses. However,
this criterion requires conducting several triaxial compression tests in the calculation of
the shear strength parameters (i.e., friction angle and cohesion) before applying the failure
model and estimating the failure strength.

Conventional triaxial compression tests can be employed to obtain the parameters of
failure criteria to define a rock strength for relevant rock engineering projects. However,
they are time-consuming and expensive for testing many samples, and therefore, not readily
available at an early stage of a project. Congruent to the above-mentioned limitations, there
is an interest in developing an analytical model that generally provides a good prediction
of rock triaxial compressive strength based on easily measured or available rock properties.

This research is motivated by the fact that fracture of brittle materials is often induced
by the growth and propagation of wing-like flaws based on a micromechanical damage
criterion originally formulated by Ashby and Hallam [22]. The total stress intensity at the
crack tip KI was adopted from the original wing crack model, and an expanded analytical
model was proposed for the normalized critical crack length (Lcr), which is substituted in
the KI equation to estimate the corresponding failure strength. The proposed model enables
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a systematical study of the effect of the μ, stress ratio (λ), and KIC on the failure strength
(σf ) under a triaxial compression condition. This study also investigates the sensitivity of
the critical crack length (i.e., the crack length at the unstable growth stage) to the initial
damage level of the rock and confining pressure. The capability of the proposed model in
estimating compressive strength is compared with those of other failure criteria that are
commonly employed in rock engineering for an extensive database of triaxial compression
tests conducted on sandstone samples collected from Wyoming and published data from
the literature for different sandstone formations.

2. Materials and Methods

2.1. Wing Crack Model

Ashby and Hallam [22] have developed a wing crack model for the growth and
interaction of cracks in brittle solids under compression. Consider a plate containing a
pre-existing crack of length 2a subjected to major and minor principal stresses of σ1 and
σ3, respectively, the crack is inclined with an angle of Ψ from the major principal stress σ1
direction. The sign convention states that stresses are considered positive if tensile and
negative if compressive. The shear stress tends to make the cracks slide but the frictional
stress opposes the sliding (i.e., the coefficient of friction μ). The field is predominantly
shear on the plane of the initial cracks. However, for the planes that lie at an angle from the
crack tip, a normal stress appears that tends to cause type-I wing cracks. Therefore, the
type-I fracture toughness is found by seeking the plane of the maximum tensile stress.

The wing crack model attributes the rock brittle failure to tensile cracks that emanate
from the tips of pre-existing microcracks. The wing cracks initiate at an angle of 45◦ with
respect to the pre-existing crack tip, where the tensile stress is maximum. The model
states that the stress required for crack initiation depends on the initial crack half-length (a)
and orientation, the μ, and the stress state. Once wing cracks are initiated, and as stress
increases, further sliding of the main crack causes them to grow further parallel to the
applied maximum stress [22]. The stress intensity (KI) due to cracks initiation is given by
the following equation:

KI =
σ1

√
πa√
3

×
{
(1 − λ)

(
1+μ2

)1/2 − (1 + λ) μ

}
(1)

where a is the half-length of the pre-existing crack, λ is the stress ratio (σ3/σ1), and μ is
defined as tan(ϕ). With the increase in stress, these cracks begin to interact and extend
further. Extension of wing cracks in an array of micro-cracks divides the solid into slender
micro columns. This allows the resultant forces to be treated as shear forces, axial forces,
and bending moments. Based on a comprehensive semi-circular bend test on concrete
samples, Lu and Yan [12] found that the type-I crack mode is only guaranteed when the
crack initiation angle (Ψ) is less than 30◦ or when the theoretical angle is over 70◦ in the
triaxial case. The mixed type-I and type-II failure modes will be experienced when the Ψ
angle falls between 45◦ and 70◦, and the pure type-II mode is guaranteed when the Ψ angle
exceeds 70.53◦. Hence, it is important to note that the proposed wing crack model derived
in Section 2.2 based on KI for type-I mode is mostly applicable to rocks with Ψ angles less
than 30◦.

The governing equation for the stress intensity factor (KI
I ) due to microcracks interac-

tion is presented in Equation (2). The term outside the curly brackets is the crack-opening
stress intensity caused by the major principal stress σ1, while the term inside represents the
crack-closing stress intensity caused by the minor principal stress σ3 based on λ

KI
I =

√
2D×(L + α)×πa

π
σ1 ×

√{[
1− 8

π
D λ (L + α)3

][
1− 2

π
D λ (L + α)3

]}
(2)
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where α = cos(Ψ) = 1√
2

since the angle Ψ under the maximum tensile stress is 45
◦
;

therefore, α = 0.71, and D measures the initial level of damage and equals πa2NA, where
NA represents the number of initial cracks per unit area.

2.2. Derivation of the Proposed Model

Short cracks do not often interact, and the stress intensity at the crack tip is the same
as that of an isolated crack given by Equation (1). However, as the cracks grow, they start to
interact by mechanisms involving bending and buckling which increase the stress intensity
at the crack tip [23]. The total stress intensity (KI) at the crack tip given by Equation (3)
below is derived by adding the stress contributions from external compression loading,
given by Equation (1), and crack interaction, given by Equation (2):

KI =
σ1

√
πa√
3

×
{
(1 − λ)

(
1+μ2

)1/2 − (1 + λ) μ

}
+

√
2 Do × (L + α)×πa

π
σ1 ×

√{[
1− 8

π
Do λ (L + α)3

][
1− 2

π
Do λ (L + α)3

]}
(3)

The brittle deformation of rocks is predominantly governed by the growth and coa-
lescence of cracks [24]. The higher the stress intensity at the crack tip, the easier the wing
cracks grow. Increasing the major principal stress σ1 will increase the stress intensity at the
crack tip, which promotes crack propagation. However, confinement decreases the stress
intensity at the crack tip and inhibits crack propagation [25]. The maximum growth length
of the crack before failure is known as the critical crack length, which is reached due to
crack interaction as crack growth is always stable under triaxial compression. The stress
intensity (KI

I ) caused by cracks interaction, given by Equation (2), is differentiated with

respect to crack length L as dKI
I

dL , given by Equation (4):

dK
dL

=
0.029

(
σ1

√
πa
)2 ×

{
(L + α)−0.48 λ (L + α)4+0.038 λ2(L + α)7

}
2k

(4)

Setting Equation (4) to zero leads to the following:

0 = 0.2(L + 0.71)−0.65λD(L + 0.71)4+0.33λ2D2(L + 0.71)7 (5)

Solving Equation (5) using algebra, the L = Lcr can be expressed in terms of D and λ
by the following equation:

Lcr = 3

√
0.382
λD

−0.71 (6)

The Lcr obtained from Equation (6) indicates the unstable growth regime of cracks
emanating from flaw tips. Replacing L in Equation (3) with the Lcr determined from
Equation (6) and setting KI = KIC, a new model describing the rock failure that accounts
for the triaxial condition is proposed as given by Equation (7). This proposed model
predicts the λ and therefore the failure strength σf .

kIcλ
σ3

√
πa = 1√

3
×
{
(1 − λ)

(
1+μ2)1/2 − (1 + λ)μ

}
+

√
2D×

((
3
√

0.382
λD −0.71

)
+α

)
π

×
√√√√{[1− 8

πDλ

((
3
√

0.382
λD −0.71

)
+α

)3
][

1− 2
πDλ

((
3
√

0.382
λD −0.71

)
+α

)3
]} (7)

Substituting the α = 0.71 [21], Equation (7) is simplified to Equation (8):
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kIcλ

σ3
√
πa

=
1√
3
×
{
(1 − λ)

(
1+μ2

)1/2 − (1 + λ)μ

}
+

√
2D×

(
3
√

0.382
λD

)
π

×
√{[

1− 8
π

Dλ × 0.382
λD

][
1− 2

π
Dλ × 0.382

λD

]}
(8)

Further simplifying Equation (8) results in the following:

kIcλ

σ3
√
πa

=
1√
3
×
{
(1 − λ)

(
1+μ2

)1/2 − (1 + λ)μ

}
+

√
2D×

(
3
√

0.382
λD

)
π

×
√√√√{1 − 3.19Dλ

0.382
λD

+1.632λ2D2 0.382
λD

2
}

(9)

Rearranging Equation (9) leads to the following:

kIcλ

σ3
√

πa
=

1√
3

(
(1 − λ)

(
1 + μ2

)1/2 − (1 + λ)μ

)
+

0.927
√

D
π

6

√
0.382
λD

(10)

Solving the λ value by equating the two sides of Equation (10), the maximum stress σ1
can be determined according to the corresponding confining pressure since λ = σ3/σ1.

2.3. Determination of the Model Parameters

For a practical application of the proposed model given by Equation (10), we will
need the model parameters: a, KIc, D, and μ. The KIc is assumed to be 1.27 MPa

√
m,

based on experimental results of type-I fracture toughness tests conducted on 34 sandstone
samples collected from three wells drilled in Piceance Basin, Garfield County, Colorado
using short-rod specimens [26]. The μ is calculated as tanϕ, where ϕ is the internal friction
angle of the rock, or the average μ can be generally assumed as 0.55, based on experimental
measurements of friction angle for different sandstones [27].

For the determination of a, the basic form of crack initiation in confined rocks appears
in the literature with the form given by Equation (11):

σ1 = c1 σ3 − σo (11)

where c1 and σo are material properties, and σ1 and σ3 are the axial stress and confining
pressure, respectively. According to Nemat-Nasser and Horri [28] and Ashby and Hal-
lam [22], cracks initiate when the stress intensity at the crack tip KI reaches the KIC of the
rock. The stress (σ1) at cracks initiation is detected experimentally by the start of Acoustic
Emissions (AE), the first non-linearity of the stress–strain curve, or by the dilation of the
sample [28] and can be calculated according to Equation (12):

σ1 =

(
1 + μ2)1/2

+ μ

(1 + μ2)
1/2 − μ

σ3 −
( √

3

(1 + μ2)
1/2 − μ

)(
KIC√

πa

)
(12)

By fitting the linear relationship between confining pressure and the axial crack initia-
tion stress represented in Equation (12) with experimental data of crack initiation detected
by the start of acoustic emissions, the parameter a can be determined [27]. Experimental
data of acoustic emissions for crack initiation is plotted on the axis of σ1 and σ3 with σ1
representing the Y-axis and σ3 representing the X-axis to allow for comparison with the
crack initiation criterion to give (a) as the intercept of the linear relationship. Results
of crack initiation of triaxial compression experiments conducted on medium-grained
Buntsandstone by Gowd and Rummel [27] showed that 2a is 2 mm.

For the determination of D, Ashby and Sammis [29] developed a microcrack damage
evolution model in brittle solids based on the initiation and propagation of microfractures
from preexisting cracks and described the evolution of damage with strain. The same
experimental data are fitted in the damage model proposed by Ashby and Sammis [29] to
produce a D of 0.15. This value is based on a specific sandstone formation and may not be
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representative of all sandstones; however, a parametric study is presented in Section 4 of
this paper to show how sensitive the Lcr is to the D.

Substituting the constants of the proposed model (i.e., KIc, a, μ, and D), the λ can be
calculated from Equation (10), through which the failure strength σf can be determined
under different σ3. By adopting the proposed model, no experimental tests are required to
determine the model parameters in the prediction of the rock failure strength.

2.4. Validation of the Proposed Model
2.4.1. Triaxial Test Data on Sandstone from Wyoming

To evaluate the performance of the proposed model in predicting rock compressive
strength, an extensive database of triaxial compression test results on different sandstone
formations obtained from our experimental program and collected from published litera-
ture was developed. The failure of compressive strengths σf estimated using the proposed
model are compared with the corresponding measured σf from triaxial experiments. Sand-
stone cores collected from Wyoming, USA were used for a series of triaxial compressive
tests. The dry density of the rock specimens varies from 2.153 to 2.659 g/cm3. Macroscale
defects on specimens were not observed before testing [30]. ASTM D7012 (2014) stan-
dard [31] was adopted for the triaxial compression tests at the engineering laboratory at the
University of Wyoming as shown in Figure 1a. Tested specimens after failure are shown in
Figure 1b.

Figure 1. (a) Triaxial testing system at the University of Wyoming, and (b) Tested specimen.

Each triaxial test was conducted in two stages. In the first stage, a target confining
pressure was increased at a rate of 5 MPa/min. In the second stage, deviatoric stress
was applied until the specimen failed or reached a 5% axial strain limit. Before testing,
Linear Variable Differential Transformers (LVDTs) were instrumented on each specimen to
measure the axial and radial LVDT to measure the radial strain. Figure 2 shows an example
of a stress–strain plot of Arikaree Sandstone showing the axial, volumetric, and radial
strain curves.

The sandstone formation, geological age, core depth, physical properties, and strength
properties of the tested rock samples from Wyoming are summarized in Table 1. The
samples were tested under confinements ranging from 4 to 10 MPa since they were collected
from shallow depths and have a compressive strength ranging from 14.00 to 143.53 MPa.

171



Materials 2024, 17, 5973

Table 1. Summary of triaxial compression test results of sandstones from Wyoming.

Sample ID Formation
Geological

Age
Depth

m
n 1

%
σ3

2

MPa
σf

3

MPa
c4

MPa
ϕ 5

Degree

16 Flathead Cambrian
4.76 2.20 4 95.59

20.34 375.85 3.50 8 120.12
19 Aspen Cretaceous 6.10 3.43 10 98.89 5.38 49
23 Lance Cretaceous Surface 12.18 4 36.50 11.00 8
31 Tensleep Pennsylvanian Surface 13.20 4 59.88 13.10 48
32 Arikaree Lower Miocene Surface 11.70 4 45.86 2.76 51

33 Arikaree Lower Miocene Surface
12.20 4 46.49

3.10 5411.10 10 111.03

39 Hanna Paleocene
44.15 13.10 4 33.19

2.48 4644.60 15.20 10 70.72

41 Hanna Paleocene
23.32 14.80 4 31.47

2.34 4424.09 16.80 6 42.96

43 Wind River Eocene Surface
14.50 4 14.00

8.96 5614.00 10 21.11

49 Bridger Eocene Surface
27.20 4 34.68

4.48 2924.20 10 42.44
50 Fort Union Paleocene Surface 12.20 4 31.48 1.38 47

51 Fort Union Paleocene Surface
3.92 4 143.53

5.52 555.92 10 53.79

56 Casper Permian Surface
11.10 4 72.56

7.93 5310.20 10 132.23

1 Porosity in percentage, 2 confining pressure in MPa, 3 failure strength in MPa, 4 cohesion in MPa, 5 internal
friction angle in degree.

Figure 2. Axial, radial, and volumetric strain curves for Arikaree sandstone.

2.4.2. Triaxial Test Data on Sandstone from the Published Literature

Experimental data of different sandstones under triaxial compression were collected
from the literature and used in this validation study. Nine different sandstone formations
collected from the surface and various depths and have porosities ranging from 1.5 to
23% were included in this study to create a wide representative dataset in order to better
evaluate the performance of the proposed model on predicting the failure strength σf . These
sandstones have porosities ranging from 1.5 to 23% and were tested under confinements
ranging from 3 to 60 MPa with compressive strengths ranging from 58 to 241.81 MPa.
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Table 2 summarizes the formation, porosity, and strength properties of sandstones from the
literature.

Table 2. Summary of triaxial compression test results of sandstones from the literature.

Formation
(Location)

n 1

%
σ3

2

MPa
σf

3

MPa
c 4

MPa
ϕ 5

Degree
Reference

Vosges, (France) 22.00 10–60 83.00–178.00 21.50 35.00 [32]
Red sandstone, (China) 8.90 5–35 115.10–236.10 22.42 37.80 [2]

Hawkesbury, (Australia) 13.00 4–25 58.00–116.00 16.50 28.00 [33]
Gosford, (Australia) 16.00 10–30 109.90–172.40 22.60 31.50 [34]
Jurassic sandstone - 3–7 84.00–169.00 2.96 63.89 [35]

Black sandstone, (NA) 6 1.50 10–60 131.86–241.81 22.50 31.97
[36]

Red sandstone, (NA) 6 2.00 10–60 93.40–131.49 13.00 26.25
- - 5–25 95.50–220.50 - 67.50 [37]
- 8.70 5–25 116.50–202.00 26.40 36.47 [38]
- 16.24 5–15 105.50–126.00 33.10 21.10 [39]

1 Porosity in percentage, 2 confining pressure in MPa, 3 compressive strength in MPa, 4 cohesion in MPa, 5 internal
friction angle in degree, 6 not Available.

3. Discussion

Four failure criteria that have gained wide acceptance in rock engineering are selected
for comparison with the proposed model in the prediction of the compressive strength of
sandstone. The four criteria are the Hoek–Brown criterion, Griffith criterion, Renshaw and
Schulson criterion, and Wiebols and Cook criterion. Hoek–Brown and Griffith’s criteria
are widely accepted criteria for rock engineering. Renshaw and Schulson’s criterion was
expanded from the wing crack model, which is similar to our proposed model, except
that they take into consideration the slenderness ratio of the secondary crack rather than
the density of preexisting cracks. The Wiebols and Cook criterion requires measured
parameters, such as the internal friction angle and UCS for the determination of the failure
strength. The main difference between our proposed model and the selected failure criteria
is the derivation of the failure strength, as each criterion includes different parameters to
estimate σ1.

The performances of the proposed model and four failure criteria in predicting σf are
evaluated based on the RMSE and MAD values determined from Equations (13) and (14),
respectively, where y(i) is the measured failure strength, ŷ(i) is the predicted failure strength,
and num is the number of data points. It is desirable to have a small RMSE and MAD for
a reasonable candidate model. The RSME and MAD values are inserted in Figure 3 for
comparison. In addition, their performances are evaluated based on the data scatteredness
along the 1:1 lines of the plots comparing measured to predicted σ1 in Figure 3. A total of
67 triaxial compression test data on sandstones were used to evaluate the performances
of the proposed model and the other four failure criteria. Among the 67 data, 46 triaxial
sandstone data were collected from literature and 21 triaxial data were determined for
sandstones from Wyoming.

RMSE =

√√√√√∑
(

y(i) −
^
y(i)

)2

num
(13)

MAD =
∑
∣∣∣∣y(i) −

^
y(i)

∣∣∣∣
num

(14)

173



Materials 2024, 17, 5973

Figure 3. Measured strength versus predicted for (a) our proposed model, (b) HB criterion, (c) Griffith
criterion, (d) Renshaw and Schulson criterion, and (e) Wiebols and Cook criterion.

3.1. Our Proposed Model

Based on the statistical results of predicted strength, our proposed model gives the
best prediction of σf based on the lowest RMSE and MAD values of 36.95 and 30.93,
respectively, with 52% of the data points above the 1:1 line and 48% of the data points
under the 1:1 line, as shown in Figure 3a, indicating that the model slightly overestimates
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the compressive strength σf . This is attributed to the moderate to high range of confining
pressures under which the rocks are tested (i.e., σ3 ∼20–60 MPa) that results in higher
measured to predicted strength ratio and therefore, overestimated σf . The mean measured
to the predicted ratio equals 1.06, indicating a good estimation of the σf .

Figure 4 shows the ratio of measured to predicted ratio versus the confining pressure
for all sandstones from Wyoming and the literature. The measured-to-predicted ratio
decreases with the increase in confining pressure, indicating that higher confinements
result in an overestimation of the predicted σf using Equation (10) that indicates higher
failure strength under a higher stress ratio λ. For Wyoming sandstones collected from
surface and shallow depths and tested at lower confining pressures ranging from 4 to
10 MPa, the strength ratios are mostly lower than 1.0, indicating the overprediction of σf
from the proposed model. Although these sandstones were tested under relatively low
confinements, they have high internal friction angles (i.e., Average ϕ = 45

◦
). This explains

the higher predicted σ1 due to the proportional relationship between the failure strength
and the friction coefficient according to Equation (10).

Figure 4. Measured to predicted strength ratio versus confining pressure [37–39].

3.2. Hoek Brown Criterion

The Hoek–Brown (HB) criterion is widely accepted for estimating the strength of
jointed rock masses [21]. The Hoek and Brown criterion is developed empirically by fitting
the results of triaxial tests conducted on intact rock samples and used to describe the
nonlinear increase in the peak strength with confinement. The HB criterion for intact rock
is expressed in terms of major and minor principal stresses (σ1 and σ3), respectively, by
Equation (15):

σ1 = σ3 + σci

√
mi

σ3

σci
+ 1 (15)

where σci is the rock UCS, and mi is a material constant for intact rock. Letting mi = 17 for
sandstone [40] and using test data from one uniaxial and triaxial compression tests, the
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failure strength σf can be predicted using this criterion. The HB criterion overpredicts the
σf under high confinements (i.e., σ3 > 40 MPa), as shown in Figure 3b and as seen in the
case of Black and Red sandstones [41]. As shown in Figure 3b, the HB criterion overpredicts
76% of the σf data with having higher predicted strength than the measured, especially
at higher confinements, according to Equation (15), which states that the failure strength
is proportional to the confining pressure; therefore, higher confinement results in higher
calculated strength.

Due to the adequacy of strength prediction and the convenient application of this
criterion, the material constants are determined empirically and there is no fundamental
relationship between them and the rock’s physical properties [42]. Moreover, the HB
criterion requires the estimation or measurement of the rock UCS, which is not required in
the proposed model.

3.3. Griffith Criterion

Griffith theory is one of the most significant advances in rock fracture mechanisms
that is physically plausible and developed to derive a failure criterion under compressive
stresses [43]. The Griffith criterion has been applied to triaxial compression tests in the
form of the following:

(σ1 − σ3)
2 − 8 To (σ1 + σ3) = 0 (16)

where To is the uniaxial tensile strength or σt. According to the original Griffith theory,
the rock’s compressive strength is eight times the tensile strength σc

σt
= 8, where σc is the

uniaxial compressive strength. Using test data from one uniaxial and triaxial compression
tests, the failure strength σf can be predicted using this criterion, given by Equation (16).
The Griffith criterion underpredicts the failure strength for 60 data points, which represents
90% of the dataset as shown in Figure 3c. The poor performance of the Griffith criterion
in predicting σf is attributed to the limitation of the failure envelope curvature coefficient
(n) to ½, which depends on the mechanical properties of the rock [44]. The application of
this criterion requires the measurement of the UCS of the rock while the proposed model
does not require the measurement of the UCS. However, Griffith’s criterion yields the
second-best estimate of σf with an RMSE value of 42.11.

3.4. Renshaw and Schulson Criterion

Renshaw and Schulson [7] proposed a failure criterion based on the brittle behavior
of crystalline materials such as ice and rocks. The criterion is based on the concept of
secondary cracks emanating from primary cracks creating a parallel set of microcolumns.
Considering a primary crack of length 2c inclined at 45◦ to the major principal stress
direction (σ1), as shown in Figure 5, the length of secondary cracks is h with the spacing
between them referred to as w. The slenderness ratio of the microcolumns is governed by
the length and spacing of microcolumns and is equal to α = h/w. Schulson et al. [17] have
shown in experimental observations conducted on ice (which is used as a model material
for rocks) that the slenderness ratio α ranges between 3.1 and 7.2; therefore, an average α
value of 5.2 is adopted in this study.

The onset of failure is triggered by the bending-induced failure of these microcolumns.
This bending and failure of microcolumns happen due to sliding along the primary crack,
which is like the break of teeth in a comb under a sliding thumb. The frictional sliding
along the primary crack will occur if the confinement ratio λ = σ3

σ1
< (1−μ)

(1+μ)
, since higher

confinement suppresses the frictional sliding and leads to ductile failure. The failure
strength σf using this criterion is predicted as follows:

σf
√

c
KIc

=
2⎧⎨

⎩
√√

1+
(

1 − μ
(1+λ)
(1−λ)

)2/3−1

⎫⎬
⎭
{√

1 + 3 μ2α2(1 − λ)2
} (17)
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Figure 5. Microcracks emanating from pre-existing flaws.

Renshaw and Schulson [7] have adopted a value of 1 mm for 2c and a value of
1 MPa

√
m for the KIc of sandstone. Substituting the value of μ = 0.5 based on an ex-

perimental study conducted by Barnes et al. [45], where they reported that the μ for ice
under −10 ◦C and sliding velocity of around 10−5 m/s and substituting α = 5.2, the σf
can be predicted for different confinements. The scatteredness of the results shown in
Figure 3d is attributed to the approximation adopted for the criterion parameters, such as
the slenderness ratio of the microcolumns, and the μ, since this criterion was developed
originally for ice, which slightly differs in nature from rocks. The RMSE and MAD values
using Renshaw and Schulson criteria were the highest among the other failure criteria in
this study with 69.07 and 56.41 for RMSE and MAD, respectively.

3.5. Modified Wiebols and Cook Criterion

Zhou [46] proposed a failure criterion which is an extension of the circumscribed
Drucker–Prager criterion with features similar to the criterion of Wiebols and Cook [47].
This criterion describes the sliding microcrack surfaces that cause failure when the stress
condition meets the frictional criterion. The failure criterion proposed by Zhou predicts
rock failure strength when

J1/2
2 = A + B J1+C J2

1 (18)

where J1 is the mean effective confining pressure and equals 1
3 × (σ1 + σ2 + σ3), and

J1/2
2 =

√
1
6 (σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2. The parameters A, B and C are determined
by Equations (19), (20) and (21), respectively, such that Equation (18) is constrained by rock
strengths under biaxial (σ 1 = σ2) and triaxial conditions (σ 2 = σ3).

A =
Co√

3
− Co

3
B−Co

2

9
C (19)

C =

√
27

2 C1 + (q − 1)σ3 − Co
×
(

C1 + (q − 1) σ3 − Co

2C1+2(q + 1) σ3 − Co
− q − 1

q + 2

)
(20)

B =

√
3 (q − 1)
q + 2

− C
3
(2 Co + (q + 2)σ3

)
(21)
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where Co is the UCS of the rock, q = tan2(π
4 + ϕ/2

)
, and C1 = (1 + 0.6μo)Co.

The predicted strength using Wiebols and Cook criterion was determined for each
rock under triaxial condition (σ 2 = σ3), by first calculating the constants A, B and C using
Equations (19), (20) and (21), respectively. Knowing the measured UCS for each rock, the
J1/2
2 is calculated using Equation (18), through which σf can be estimated. The estimated

strength using the Wiebols and Cook criterion was calculated based on the measured
friction angle and UCS; however, our proposed model does not require UC tests for the
determination of UCS and predicting the failure strength. Despite this, it still resulted in
a lower RMSE and slightly higher MAD values of the predicted strength, which better
validates our proposed model.

The modified Wiebols and Cook criterion tends to overpredict the failure strength as
shown in Figure 3e. The fitting of this criterion is good for a low range of σ3 (i.e., σ3~4–10 MPa),
while others present a poor fit due to the varying dependence of the intermediate stress
σ2 under different σ3. However, this criterion is the third best fit of experimental data after
our proposed model and Griffith criterion based on the RMSE and MAD values of 43.62
and 31.39, respectively.

4. Parametric Study

Under triaxial compression with moderate confining pressure, local tensile stresses
develop leading to microcracks generation [48]. However, under higher confinement,
stress variations are within a purely compressive stress field. Therefore, higher confining
pressure suppresses the growth and interaction of cracks, as shown in Figure 6, where the
Lcr decreases as the confining pressure increases. For example, when the confining pressure
increases from 10 to 50 MPa, the normalized critical crack length decreases from 2.02 to
0.89, indicating a 56% decrease. The failure strength increases as the confining pressure
increases due to the strengthening effect of confinement on the rock strength.

Figure 6. Relationship between the failure strength and normalized critical crack length.
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Referring to Equation (6), two parameters that influence the Lcr are the λ and D. To
determine the qualitative effect of λ, the initial constant D is assumed for a given rock type
in this study. Figure 7 shows that the Lcr decreases as the λ increases and decreases with
the increase in D at the same λ. In other words, the failure strength of the rock increases
with the increase in the Lcr. In addition, increasing the λ leads to an increase in the failure
strength. However, the increase in D decreases the failure strength.

Figure 7. Relationship between the normalized critical crack length and stress ratio under constant
damage levels.

For example, at a constant D of 0.15, the Lcr decreases from 2.23 to 1.63 when λ
increases from 0.1 to 0.2, indicating a 27% decrease in the Lcr. On the other hand, at a
constant λ of 0.1, the Lcr decreases from 1.63 to 1.14 when the initial D increases from 0.15
to 0.30, indicating a 30% decrease in the Lcr, and therefore, a decrease in the failure strength.
This finding is consistent with a study by Zhang et al. [20] where they proved that the
confining pressure has a significant effect on long-wing cracks based on polyaxial and true
triaxial compression tests conducted on jointed rock masses. They indicated that it is hard
to form long-wing cracks under high confinement because tensile fractures are suppressed
under high confining pressure compression.

5. Conclusions

The present study investigated the mechanical and fracture behavior of sandstone
under triaxial compression. A new analytical model was proposed to determine the
normalized critical crack length (Lcr), through which the failure strength can be estimated
based on fracture mechanics applied to wing cracks emanating from the tips of pre-existing
cracks. Many earlier studies have focused on conducting expensive and time-consuming
laboratory tests to capture the mechanical and fracture behavior of rocks, while other studies
focused on the uniaxial compression condition only ignoring the effect of confinement
on the mechanical behavior of rocks. Therefore, this study was motivated by the need to
develop a reliable analytical model to describe the mechanical behavior of rocks under
triaxial compression using easily measured parameters. However, it is important to note
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that the proposed wing crack model is mostly applicable to rocks with Ψ angles less than
30◦ that guarantees a tension failure mode. The main findings drawn from this study are
as follows:

1. The proposed model describes that the Lcr decreases as the λ and D of the rock
increase since higher confinements and higher levels of damage suppress the growth of
cracks. The parametric study indicated that at a constant D of 0.15, the Lcr decreases from
2.23 to 1.63 when λ increases from 0.1 to 0.2, indicating a 27% decrease in the Lcr. On the
other hand, at a constant λ of 0.1, the Lcr decreases from 1.63 to 1.14 when the D increases
from 0.15 to 0.30, indicating a 30% decrease in the Lcr, and therefore, a decrease in the
failure strength;

2. The proposed critical crack length is employed to predict the failure strength of
sandstone. The total stress intensity is set equal to the rock KIC and the normalized crack
length is set equal to the Lcr; therefore, the corresponding strength represents the predicted
rock failure strength. The proposed model describes that the failure strength increases as
the λ and KIC of the rock increases and decreases with the increase in D and the length of
the pre-existing crack;

3. The proposed model assumes a value of 1 mm, 1.27 MPa
√

m, and 0.15 for the a, KIC,
and D for sandstone. The only unknown is the confining pressure. Therefore, no laboratory
tests are required to determine the model parameters and predict the σf ;

4. The proposed model was compared with widely accepted failure criteria to de-
termine which parameters best describe the behavior of sandstone by minimizing the
difference between the predicted and measured failure strength. The comparative study
showed that our proposed model provides a better prediction of compressive strength
based on the lowest RMSE and MAD values;

5. The HB and the modified Weibols and Cook criteria overpredict the failure strength,
the Griffith criterion underpredicted the strength of 90% of the sandstones, and the Renshaw
and Schulson criterion yields the greatest scatteredness of the strength prediction with the
highest RMSE and MAD of 69.07 and 56.41, respectively.
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List of Abbreviations

μ Coefficient of friction
c Cohesion
σ3 Confining pressure
Ψ Crack inclination angle
σf Failure compressive strength
a Half-length of the preexisting crack
l Crack length
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D Initial level of damage
ϕ Internal friction angle
σ1 Major principal stress
mi Material constant for intact rock
J1 Mean effective confining pressure
Lcr Normalized critical crack length
NA Number of initial cracks per unit area
n Porosity
KI Stress intensity factor due to crack initiation
KI

I Stress intensity factor due to crack interaction
λ Stress ratio
σci Rock uniaxial compressive strength
KIC Type-I fracture toughness
To Uniaxial tensile strength
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Abstract: Large-scale rock formations, referred to as “rockmasses”, consist of intact rock separated by
pre-existing discontinuities (i.e., joints). The mechanical behavior of rockmasses is difficult to directly
test in the laboratory due to the required specimen scale. Instead, Synthetic Rockmass Modeling
(SRM) is often used to simulate field-scale rockmass behavior. SRM requires a calibrated discrete
element model (DEM) of intact rock combined with a Discrete Fracture Network (DFN). While the
SRM concept has been informally determined to provide reasonable results based on practitioner
experience, detailed and peer-reviewed validation is lacking. The goal of this study was to evaluate
the predictive capabilities of the SRM method. Previously available data on intact and rockmass
analog laboratory specimens of Blanco Mera granite containing DFNs with two joint sets were used
as a basis for the SRM created in this study. Specifically, the intact DEM was a Bonded Block Model
(BBM), generated to match the grain structure and composition of Blanco Mera granite and the
model’s input parameters were calibrated so that the behavior of the BBM matched that of the intact
laboratory specimens. The predictive capabilities of the model were evaluated by recreating the DFN
from the jointed laboratory specimens within the intact BBM and comparing the behavior of the
jointed models back to the jointed laboratory specimens, which has not been previously studied in
the literature. The BBM was found capable of approximately predicting the behavior of rockmass
analog specimens containing a pre-existing DFN without further calibration, which shows potential
for the use of SRM in both industry and academia. Specifically, the BBM predicted the strength,
dilatancy, and microfracturing behavior of the jointed laboratory specimens.

Keywords: rockmass behavior; numerical modeling; mechanical properties; triaxial testing; bonded
block models; UDEC Voronoi; artificially jointed specimens; forward prediction; prediction model;
synthetic rockmass model

1. Introduction

Excavation of rock is necessary for the construction of many engineering structures
like deep foundations, road cuts, and surface and underground mines. At scales relevant
to these engineering structures, rock is not a homogeneous, intact material; it contains
pre-existing structural discontinuities like joints, shear zones, etc. These structural disconti-
nuities reduce the strength of the material compared to purely intact rock and also change
other aspects of its mechanical behavior [1]. Rockmasses can be characterized mechanically
by attributes such as strength, stiffness, and brittleness. Such material attributes can be
estimated through laboratory testing on representative rockmass specimens.

However, since field-scale rock formations (i.e., rockmasses) are composed of sec-
tions of intact rock separated by a network of pre-existing discontinuities (e.g., joints,
faults), direct experimental research on rockmass mechanical behavior is limited due to
the large sampling scale necessary to adequately represent most rockmasses. Although
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large-scale laboratory apparatus exist, they typically allow for specimens up to only 1 m in
diameter [2–5]. Additionally, such large-scale testing is expensive and difficult to perform.

Due to these scale limitations, two alterative techniques for researching rockmass
behavior have been used in the literature: (1) testing of laboratory-scale rockmass analog
specimens (pre-existing joints sawed/cured into small-scale intact rock/material core),
where the influence of pre-existing joints on mechanical behavior can be directly evaluated
in the laboratory [6–11] and (2) Synthetic Rockmass Modeling (SRM), which uses numerical
models to simulate rockmasses at the field-scale [12–14].

SRM avoids the practical limitations associated with laboratory testing as rockmasses
with any joint geometry and properties can be easily simulated using numerical models.
The concept of SRM involves the use of a calibrated discrete element model of intact
rock, typically calibrated based on laboratory data (at the decimeter scale) [15]. A discrete
fracture network (DFN) of pre-existing joints is incorporated within the calibrated intact
material and used to predict the behavior of the rockmass at large scales and/or with
the presence of pre-existing joint sets [16]. SRM is based on the premise that if a model
can be calibrated so that the micromechanical damage mechanisms (i.e., inelastic yield
of blocks and the formation of cracks along block boundaries) occurring at a small-scale
in real rock, in addition to matching emergent material attributes (i.e., strength, stiffness,
dilatancy), then the model will act in a realistic manner under other conditions. Although
numerous SRMs have been developed in the literature that have applied the SRM approach
(as well as rock mechanics modeling studies more generally), they have either focused
on back-analysis/calibration [14,17–19] or practical forward modeling in field-scale case
studies [12,13,20–22]. Such studies have performed limited and/or qualitative comparison
to field data thus do not provide a rigorous evaluation of model predictive performance.
Typically, the DFNs used in literature are complex, modeled after in situ rockmasses (and
often after case studies) [20,21,23]. However, direct and controlled validation of these
large-scale and complex SRMs is not possible, as such rockmasses cannot be tested in the
laboratory. Accordingly, the goal of this study is to evaluate the predictive capabilities of
SRM using laboratory-scale rockmass analog specimens. Such an evaluation has not, to the
best of our knowledge, been documented in the literature.

The laboratory data from [24], a previously published study using rockmass analog
laboratory specimens of Blanco Mera granite containing smooth, saw-cut joints, have been
used as the basis for the SRM developed in this study. Bonded Block Modeling (BBM) was
the modeling method chosen for SRM development, as it has been demonstrated to be an
effective approach for modeling laboratory triaxial compression tests on intact rock [25–30].

Numerical models—both BBMs and otherwise—have been previously created and
calibrated to the Blanco Mera granite laboratory data from Ref. [24] [17–19,31–33]. However,
each of these studies calibrated their models to both intact and jointed specimen data
simultaneously, which does not ensure that the model is predictive under conditions
different from which the model was calibrated for [34] (see Section 3.5 for further discussion
on this topic). This method of using a single data set to both calibrate and evaluate the model
performance is common practice in other SRM scenarios as well, both at the laboratory-
scale [35,36] and the field-scale [14,17–19]. In contrast, the goal of the current study was to
create a BBM of intact Blanco Mera granite calibrated to intact laboratory data of [24] and
evaluate its predictive capabilities to match laboratory behavior of the jointed rockmass
analog specimens.

In this study, a BBM was generated to match the intact rock grain structure of Blanco
Mera granite and the model input parameters for two different models (with elastic or
inelastic blocks) were calibrated so that the behavior of the intact model matched that of
the intact laboratory data. Next, pre-existing smooth joints were added to the BBM in the
same locations and orientations as the joints in the jointed laboratory specimens from [24]
and no further calibration was performed. The mechanical behavior of the jointed models
was then compared to the behavior of the jointed laboratory specimens to evaluate the
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ability of the two different models (elastic and inelastic blocks) to predict rockmass analog
mechanical behavior outside the conditions for which the initial model was calibrated.

The remainder of this paper is organized into six main sections: (1) background
information related to the Bonded Block Modeling (BBM) method applied in this study;
(2) relevant information on previous laboratory testing and numerical modeling of Blanco
Mera granite; (3) an overview of the methods performed to generate and calibrate the
BBM; (4) the results of the BBM calibration; (5) the evaluation of the predictive capabilities
of the BBM for jointed specimen cases; and (6) discussion of the results and their future
implications. Ultimately, the comparison between model predictions and laboratory data
for the jointed specimen cases presents a direct evaluation of the predictive capabilities
of the type of BBMs created in this study, which has not been previously documented in
the literature.

We note that the development of the model geometry used in this study and details
of the calibration of the intact Blanco Mera granite BBM with elastic blocks presented in
this paper were previously presented by [37]. Critical aspects of this previous work are
summarized in this paper. The calibrated intact BBM with inelastic zones and the jointed
model results are fully unique to this study.

2. Background on Bonded Block Modeling (BBM)

A common discrete element modeling (DEM) approach used to represent intact rock
in SRMs is Bonded Block Modeling (BBM) [29,38–40]. BBMs have been demonstrated to
be effective for modeling laboratory triaxial compression tests on intact rock [25–28]. Due
to its ability to be used in both field-scale and laboratory-scale applications, BBM was the
chosen method used to develop the models in this study.

In BBMs, material is broken into a set of distinct, polygonal elements that are initially
bonded to and interact with each other via contacts. BBMs are effective at modeling the
mechanical behavior of intact rock because the polygonal blocks can be generated with
specified shapes and sizes that can reasonably approximate the grain structure of low-
porosity rocks [41,42]. At the laboratory-scale, blocks can be assigned as certain minerals
to match the composition of the real rock and therefore the interaction of the blocks with
adjacent ones is analogous to the interaction between mineral grains within real rock [25].
Contacts of blocks within BBMs can break, simulating the loss of strength that occurs at
grain-to-grain contacts in rock as damage accumulates. Therefore, BBMs simulate material
failure through the formation and propagation of grain-scale fractures along the block
boundaries [28].

The blocks in a BBM can be modeled as elastic or inelastic. Elastic blocks have been
most commonly used in the literature [25–27,30,42–45], but BBMs with inelastic blocks
have been found to more accurately replicate the behavior of intact rock, particularly in
the post-peak regime and under higher confinements [28,46]. This is because the use of
inelastic blocks allows the model to replicate the increased intragranular deformation and
damage that occurs under these conditions. As both block types can be reasonably used in
different scenarios (and the simpler elastic blocks are preferable in cases where they are
applicable), two BBMs were created for this study: one using elastic block and the other
using inelastic blocks.

As discussed previously, BBMs simulate material failure through the formation and
propagation of grain-scale fractures along the block boundaries (i.e., “contacts”). Both the
elastic and inelastic block BBMs in this study use an elastoplastic constitutive model to
define the deformation of the contacts (i.e., the boundary between two adjacent blocks).
The strength of the contacts is defined using the Mohr–Coulomb failure criterion and both
peak and residual strength properties are assigned to the contacts, where the strength of
the contacts instantaneously decrease to residual levels after their peak strength has been
reached (the “Coulomb Slip Model” per [47]). Please refer to [47] for a complete explanation
of the mechanisms involved in the Coulomb Slip Model and other constitutive models
available in UDEC.
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Deformation also occurs within blocks in a BBM. The difference between elastic and
inelastic blocks is the constitutive models used to define the deformation of the blocks,
which are governed by different sets of input parameters. Elastic blocks use an elastic,
isotropic model where the blocks can deform elastically but have infinite strength. This
constitutive model requires only density and elastic moduli as inputs. On the other
hand, inelastic blocks use an elastoplastic constitutive model, which requires density,
elastic moduli, strength, and post-yield dilation input parameters. Specifically, the Mohr–
Coulomb criterion was used to define the peak and residual strengths of the inelastic blocks
(the “Strain-Softening Mohr–Coulomb Model” per [47]). Per this elastoplastic constitutive
model, inelastic blocks will first deform elastically, defined by their elastic moduli inputs.
With further loading, blocks begin to experience inelastic (i.e., permanent) deformation
once the stress within the block becomes equivalent to its strength, as defined by the Mohr–
Coulomb strength criterion inputs. The block strength will decay to the residual level after
the plastic (i.e., permanent) shear strain in the block becomes equivalent to the critical shear
strain input parameter. Therefore, for BBMs with inelastic blocks, the overall deformation
of the model is controlled by the formation of grain-scale fractures along contacts as well
as the inelastic (i.e., permanent) deformation of blocks.

This study uses calibrated BBMs to simulate intact rock, and then joints were added
to these models to test the predictive capabilities of the model. Only two-dimensional
models were considered for this research due to simulation run-time limitations. Although
three-dimensional BBMs have been developed in the literature, large block sizes are used
in order to shorten the simulation run-times. Therefore, such BBMs do not approximate the
grain structure of the rock being was modeled [40,48–50].

3. Blanco Mera Granite: Previous Laboratory Testing and Numerical Modeling

Ref. [24] presented the first study to test laboratory-scale rockmass analog specimens
containing more than one degree of jointing with more than one joint set. Additionally,
their study was relatively unique in that the analog specimens prepared were composed of
real rock. This is in contrast to most other laboratory-scale rockmass analog studies using
non-rock materials like plaster and gypsum [8,9,51,52], which tend to exhibit less brittle
damage mechanisms than real rock [51,53].

In [24], compression tests were performed on specimens of Blanco Mera granite
containing smooth joints with two different geometries: (1) one sub-vertical joint with two
sub-horizontal joints and (2) two sub-vertical joints with three sub-horizontal joints. Trends
were analyzed regarding the specimens’ elastic moduli, peak and residual strengths, Mohr–
Coulomb and Hoek–Brown strength envelopes, and Geological Strength Index (GSI) values.
The data from these experiments were later analyzed by [54] for trends in pre-peak damage
thresholds and post-peak dilatancy. The relevant data from these two studies [24,54] are
summarized in the following subsections.

3.1. Petrology

Blanco Mera is a coarse-grained granite from Spain [11] containing predominantly
quartz, plagioclase, alkali feldspar, and mica mineral grains. Petrographic analysis was
performed on the rock by [55]. Refer to Table A1 in Appendix A for a summary of the
constituent mineral percentages in Blanco Mera granite and their grain sizes.

3.2. Mechanical Behavior of Intact Specimens

Blanco Mera granite has been thoroughly tested in the laboratory [11,24,54,55]. The
data from [24,54] were used as the basis for model calibration in this study, as they contain
the most complete data set. Refer to Table A2 in Appendix A for a summary of the
mechanical properties of intact Blanco Mera granite.
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3.3. Jointed Specimens

Two specimen types representing two different pre-existing fracture network densities
were tested by [24]: the 1 + 2 series, which contains 1 sub-vertical joint and 2 sub-horizontal
joints (see Figure 1a) and the 2 + 3 series, which contains 2 sub-vertical joints and 3 sub-
horizontal joints (see Figure 1b). All jointed were sawed into the granite at standardized
locations. The sub-vertical joints are oriented 78 degrees from the horizontal and the
sub-horizontal joints are oriented 23 degrees from the horizontal, as indicated in Figure 1.
The joints were found to have a friction angle of approximately 30 degrees per tilt testing
on the specimens. The confinement levels used for the triaxial tests on jointed specimens
were 0.5, 1, 2, 4, 6, 10, and 12 MPa [24].

Figure 1. Images of the two jointed specimen types tested in the laboratory: (a) 1 sub-vertical joint
and 2 sub-horizontal joints (1 + 2) and (b) 2 sub-vertical joints and 3 sub-horizontal joints (2 + 3).
The dip of the sub-vertical joints is labeled in red, sub-horizontal joints is labeled in blue, and the
angles between the two joint sets are labeled in green. Note that all joints are fully persistent. Photos
courtesy: Dr. Leandro Alejano, University of Vigo.

Figure 1 shows specimens with the joints oriented such that the angle between the
sub-vertical and sub-horizontal joints is approximately 79 degrees. An alternative geometry
of the 2 + 3 jointed specimens were also tested such that the angle between the two joint sets
was 55 degrees (i.e., both the sub-vertical and sub-horizontal joint sets dipped in the same
direction, rather than opposite directions as in Figure 1b). The authors of [24] found no
notable difference in mechanical behavior between the two types of 2 + 3 jointed specimens.

3.4. Mechanical Behavior of Jointed Specimens

The results of the triaxial tests performed on the jointed specimens demonstrated
that the presence of pre-existing joints notably influenced the mechanical behavior of the
rock (see Figure 2). The results of the previous studies on Blanco Mera granite found an
increase in jointing resulted in the following changes to mechanical properties, under all
confinement levels:

• Decrease in Young’s modulus;
• Increase in Poisson’s ratio;
• Decrease in peak strength;
• Decrease in CI and CD values;
• No change in residual strength;
• Increase in apparent ductility;
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• Decrease in Peak Dilation Angle;
• No change in Post-Peak Dilatancy at large strains.

More discussion on these trends can be found in [24,54].

 
Figure 2. Average stress–axial strain curves (a,c,e) and average stress–radial strain curves (b,d,f) of
Blanco Mera granite under various confinement levels, as tested in the laboratory [24]. Graphs
(a,b) show intact specimen behavior, (c,d) show 1 + 2 specimen behavior, and (e,f) show 2 + 3
specimen behavior.

3.5. Previously Calibrated Numerical Models of Jointed Blanco Mera Granite

Multiple numerical models have been developed to simulate the mechanical behavior
of the jointed rockmass analog laboratory specimens tested by [24]. However, none of
these studies have replicated all the mechanical attributes observed in the laboratory (see
Table 1).

Each of these prior studies have one common aspect of their calibration process:
a single calibration was performed to identify parameters that could replicate both the
intact and jointed specimen behavior. Ref. [34] has noted the issue with using this sort of
model for prediction purposes, where the model is calibrated to all known data without
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verification of the failure mode. For such models, its predictive capabilities outside the
condition of calibration (i.e., for different rockmass conditions) are uncertain [56].

Table 1. Previous studies that aimed to model the rockmass analog laboratory specimens with smooth
pre-existing joints from [24]. E = Young’s Modulus and v = Poisson’s Ratio. CI = Crack Initiation
Stress and CD = Crack Damage Stress [57–59]. BPM = Bonded Particle Model per [60,61].

----------------------Calibrated Material Attributes----------------------

Study Model Type E v CI/CD
Peak

Strength
Dilatancy

Residual
Strength

Calibrated to
Jointed Data?

[17] LS-SRM
(BPM) x x x x

[18] BBM x * x x
[19] BPM x x x ** x
[31] BBM x * x x
[32] BPM x * x x x

[33]

Discrete:
based on

zero
thickness
interface
elements

x x x x

Continuum:
based on a
multilami-
nate model

x x x x x

* Calibrated to secant Young’s Modulus rather than tangent Young’s Modulus. ** Did not match residual strength
under higher confinement levels.

With all this in mind, this study has aimed to develop Bonded Block Models of the
Blanco Mera granite specimens tested by [24] that accurately match the grain structure of
the real rock, and is calibrated to match material attributes (i.e., stiffness and strength) as
well as the micromechanical failure mechanism, as characterized by CI, CD, and post-peak
stress–strain behavior. This study has also used forward simulation to predict the behavior
of the jointed rockmass analog specimens. This process entails first back-calibrating an
intact BBM (e.g., with no pre-existing joints) to laboratory data, including the microme-
chanical failure processes. Next, pre-existing joints are added to the model and no further
calibration is performed. The degree of agreement (or disagreement) between the simulated
predictions for the jointed specimen mechanical behavior and the observed behavior is
representative of the predictive capabilities of the model.

4. Methods: Bonded Block Model (BBM) Development

A Bonded Block Model (BBM) with heterogeneous block and contact properties (by
mineral type) was the chosen model type used in this study due to its ability to replicate
the micromechanical behavior of real rock [28]. Details of BBM generation and calibration
are included in the subsequent subsections.

4.1. Voronoi Generation

A three-dimensional (3D) Bonded Block Model (BBM) of intact Blanco Mera granite
was generated using the software Neper Polycrystal v3.5 [62]. The blocks were stochasti-
cally generated using input parameters of mean diameter, standard deviation of diameter,
average sphericity, and standard deviation derived from petrographic analysis of real
Blanco Mera granite specimens [63]. Diameter inputs in Neper Polycrystal were deter-
mined using a statistical method that incorporated estimated standard deviations of grain
size diameters for each constituent mineral in Blanco Mera granite (refer to [37] for more
details on this process). A variety of sphericity values and their standard deviations were
tested to obtain an approximate visual match with the actual shapes of grains within Blanco
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Mera granite, where the grains of the model are relatively round like the real grains of
Blanco Mera granite, but many of the smaller grains are more rectangular in shape, which
is typical for micas. Figure 3 shows the BBM generated in Neper (trimmed to scale) beside
a photograph of real Blanco Mera granite for comparison.

    
Figure 3. Neper-generated geometry (left) vs. real Blanco Mera granite (right) with approximately
the same scale. The color-coding of the grains within the Neper model is arbitrary. Images from: [37].

Two-dimensional (2D) cross sections of the 3D Neper model were generated using
3DEC. AutoCAD was used to prepare these cross sections to be built in UDEC v6, the
software used to simulate compression tests.

4.2. Block Assignment to Mineral Groups

After the 2D Voronoi structure was built in UDEC, each block was assigned to a
mineral group. A statistical method was used to assign blocks to mineral groups to achieve
similar grain size distributions for each individual mineral in the model as in the real rock
(see [37] for more detail). A comparison of the sizes and proportions of blocks representing
different mineral groups within the BBM against those of the real Blanco Mera granite is
presented in Table 2.

Table 2. The final BBM’s average grain diameters (i.e., equivalent spherical diameter computed based
on the area of each block) and proportions for each mineral group compared to the real rock. Table
from: [37].

Mineral Group Rock Proportion BBM Proportion
Rock Average

Grain Diameter
(mm)

BBM Average
Block Diameter

(mm)

Plagioclase 37% 37.03% 3.5 3.50
Quartz 20% 20.18% 3.5 3.47

Alkali Feldspar 27% 27.12% 3.0 2.65
Mica 16% 15.67% 1.9 1.91

4.3. BBM with Pre-Existing Joints

In addition to the generation and calibration of an intact BBM of Blanco Mera granite,
this study generated BBMs in UDEC with pre-existing smooth joints similar to the rockmass
analog specimens tested in the laboratory (see Section 3.3). The exact locations of the
joints corresponding to the 1 + 2 (Figure 4a) and the 2 + 3 (Figure 4b) joint patterns
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were determined by visually approximating their locations on the laboratory specimens
(Figure 1). As discussed in Section 3.3, some jointed laboratory specimens were also tested
with an opposite joint orientation. Although [24] found no difference in the strengths of
these two specimen geometries, for completeness, the present study has also generated
BBMs with the opposite joint geometry for mechanical behavior analysis (see Figure 4c,d).

Figure 4. Bonded Block Models (BBMs) of Blanco Mera granite with the two joint patterns: (a,c) 1 + 2
and (b,d) 2 + 3. (a,b) are the main joint orientation geometry and (c,d) are the opposite joint orientation
geometry. Joints are smooth, like in the corresponding laboratory specimens (see Figure 1).

Once each block was assigned to one of the four mineral groups (plagioclase, quartz,
alkali feldspar, or mica), input parameters were assigned to each block, as well as each
corresponding contact, as depicted in Figure 5.

Figure 5. The BBM of Blanco Mera granite used in this study. It contains four mineral (block) types:
alkali feldspar (pink), quartz (blue), plagioclase (gray), and mica (black). Ten unique contact types
exist, labeled in yellow. Figure from: [64].

4.4. Compression Test Simulation

Two-dimensional UCS and triaxial test simulations were performed using the intact
and jointed BBMs. All blocks were zoned with a dense mesh. Even the smallest blocks
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(0.005 mm diameter) were meshed with at least three distinct zones. A boundary condition
restricting movement in the vertical direction was applied to the bottom of the model, which
represents the base platen used in real laboratory. A constant velocity boundary condition
of 0.01 m/s was applied to the top of the model in the vertical direction to simulate quasi-
static loading (note that this value is consistent with previous numerical studies and cannot
be directly compared to loading velocities used in physical laboratory tests [31,65,66]). A
uniformly distributed horizontal load was applied to the lateral boundaries to simulate
confining pressure. These boundary conditions represent the principal stress directions
(the first principal stress is the axial loading, and the third principal stress is the lateral
confining pressure). No boundary conditions were applied to the horizontal velocity stress
at the top and bottom of the model or the vertical velocity or stress at the sides of the model,
consistent with the actual conditions associated with compression testing.

During simulations, stress, axial strain, lateral strain, and the number of contacts failing
in tension and shear were tracked to monitor macroscopic properties of the stress–strain
behavior of the BBM. In the case of the inelastic block BBM, the number of zones yielding in
tension and shear were also monitored. Stress was determined by calculating the average
internal stress value within each zone of the BBM. Strains were calculated by computing the
average displacement of the edge points of the BBM (in both the axial and lateral directions)
from their original positions and then normalizing to the original corresponding dimension
of the specimen.

4.5. Evaluation of Model Outputs

The macroscopic mechanical behavior of each BBM from the beginning of loading
through peak strength was characterized using the following six material attributes for all
confining stresses evaluated: Young’s modulus, Poisson’s ratio, Crack Initiation (CI) and
Crack Damage (CD) parameters, peak strength, and peak dilation angle. The definition of
each attribute, including references with further details on specific methods for estimation
of values, are summarized in Table 3. The attributes were determined for the BBM using
the stress and strain data tracked during each simulation. In addition to these properties,
the stress–strain behavior post-failure was qualitatively assessed by visual assessment of
stress–strain plots. Evaluation of these attributes for each model and the comparison with
the corresponding laboratory data is part of the BBM calibration process (described in
Section 4.7).

4.6. Hoek–Brown Fits

For the strength parameters discussed in Section 4.5, a model was fit to the data as a
function of confinement using the Hoek–Brown failure envelope (Equation (1)).

σ1 = σ3 + σci ×
(

m × σ3

σci
+ s
)a

(1)

where σ1 is the maximum effective principal stress at a given strength threshold (either
peak strength, CI, or CD), σ3 is the minimum effective principal stress (confinement), σci is
the value of the given strength threshold (peak strength, CI, or CD) of the intact rock under
unconfined conditions, m is the Hoek–Brown material parameter, and s and a are rockmass
characteristic parameters.

For the intact specimen data, s was set equal to 1 and a was set equal to 0.5 [67]. σci
and m were fit to stress data (σ1) as a function of confinement (σ3) using a least-squares
fitting method. For the jointed models (1 + 2 and 2 + 3), σci was set equal to that of the
intact rock and s, m, and a were allowed to independently vary. All four Hoek–Brown fit
parameters are reported along with the results in Sections 5 and 6.
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Table 3. Summary of the material attributes used to quantify the mechanical behavior of the specimens
in this study. The definition, method of determination, and references are included for each attribute.

Material
Attribute

Method of Determination References

Young’s
Modulus

The slope of the axial stress–axial strain curve
within the linear elastic portions of the axial

strain data
[68]

Poisson’s
Ratio

The slope of the linear elastic portion of the lateral
strain–axial strain curve [69]

Crack Initiation (CI)
Threshold

The point of non-linearity in the lateral strain–axial
strain or lateral strain–axial stress plot [49,57,70,71]

Crack Damage (CD)
Threshold

The point of non-linearity in the axial stress–axial
strain plot [49,57,70]

Peak Strength The largest stress achieved -

Peak Dilation Angle
Maximum value of the dilation angle, where

dilation angle varies as a function of plastic shear
strain and confinement

[54,72,73]

Brittleness Slope of post-peak strength decrease; high rate = an
increased slope indicates more brittle behavior [74,75]

4.7. Model Calibration to Intact Specimen Laboratory Data

Both the elastic block and inelastic block BBMs were calibrated by iteratively adjusting
their input parameters. To ensure that the model’s behavior matched laboratory data under
the full range of confinement levels in which data are available, the behavior of the BBM
under unconfined and confined conditions with 12 MPa of confinement were analyzed for
each input parameter set used during the calibration process. Once the BBM was calibrated
to match the laboratory data of the lower and upper bounds of confinements, the BBM was
run under intermediate confinement levels to evaluate the match to all available laboratory
data under each confinement level.

Although most of the model input parameters cannot be determined directly from
laboratory testing or field measurements, a reasonable range of values for each input
parameter can be constrained based on the results of previous studies using BBMs. Starting
input parameters were selected from the literature, and efforts were made to avoid making
large changes to any individual input parameter.

Each time a model was run with a new set of input parameters, the mechanical
attributes described in Section 4.5 were determined and compared to laboratory data [24,54].
Once the emergent behavior matched that of the intact specimen laboratory data for
Blanco Mera granite, the calibration was deemed complete. The procedures followed for
calibration of both the elastic and inelastic block BBMs are documented in greater detail in
the following subsections.

The elastic block BBM was calibrated first, as it requires all the same inputs as inelastic
block BBMs other than block yield and dilation parameters. Therefore, the elastic block
and contact input parameters calibrated during elastic block BBM calibration were used as
the starting point for the inelastic block BBM calibration (more on this in Section 4.7.2).

4.7.1. Elastic Block BBM Calibration

For the elastic block BBM calibration, Young’s Modulus, Poisson’s Ratio, CI, CD,
and peak strength were matched to laboratory data. No attempt was made to reproduce
post-peak attributes, as post-peak behavior cannot be matched using elastic blocks. Elastic
block BBMs neglect the intra-granular fracturing process, which is an important damage
mechanism in the post-peak region of stress–strain curves, as well as for stress–strain
curves under higher confinement levels [28].
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Since the Blanco Mera BBM is heterogeneous, meaning that there is more than one
type of block (corresponding to the four mineral groups) and more than one type of contact
(see Figure 5), each type of block and contact can be assigned different values as input pa-
rameters. Therefore, an input parameter can be varied in the BBM by changing each type’s
value by the same amount so that the average value changes, or by changing each type’s
values systematically so that the spread of values changes (i.e., change in heterogeneity).
Refer to [64] for an in depth parametric study on BBM input parameter heterogeneity.

A summary of the elastic block BBM calibration process for Blanco Mera granite in
sequential order is as follows:

1. Poisson’s Ratio: Macroscopic Poisson’s Ratio is controlled by the block elastic moduli
and ratio of contact shear stiffness (jks) to contact normal stiffness (jkn). Using starting
block moduli values from other BBMs containing grains of the same mineral types, a
Poisson’s Ratio of 0.17 (see Table A2) could not be attained without modifying the jks
to jkn ratio to be outside the range reported by previous studies using elastic block
BBMs. Therefore, the jks to jkn ratio was set to 0.65, which is towards the upper bound
of what has been used in previous studies. Instead, the block moduli were lowered
until the correct Poisson’s Ratio was achieved.

2. Young’s Modulus: jks and jkn values were increased proportionally to maintain the
same ratio until the BBM replicated the macroscopic Young’s Modulus.

3. Crack Initiation (CI): CI corresponds to the onset of tensile fracturing, so this property
is predominantly controlled by the tensile strength of block contacts. Increasing the
contact tensile strength increases the value of CI under all confinements. Additionally,
the overall heterogeneity of the BBM (in terms of both blocks and contacts) can be
increased to decrease the value of CI [64].

4. Unconfined Peak Strength: UCS is primarily controlled by contact peak cohesion
of contacts where increasing peak cohesion increases the UCS of the BBM. Ref. [64]
also found that increasing the heterogeneity of contact peak cohesion decreased the
BBM’s UCS.

5. Crack Damage (CD): Since CD corresponds to the onset of shear fracturing, increasing
the shear strength of the contacts increases the CD value of the BBM. Therefore, CD
is controlled by contact peak cohesion and peak friction angle, where contact peak
cohesion has a greater influence on the unconfined CD and peak friction angle has a
greater influence on the confined CD. Additionally, both the heterogeneity of contact
peak cohesion and the overall heterogeneity of the BBM (in terms of both block and
contact properties) can be increased to decrease the value of CD [64].

6. Confined Peak Strength: Peak and residual contact friction angles predominately
control the confined strength of the BBM. It should be noted that increasing the peak
friction angle increases the confined peak strength but will also increase the CD of
the BBM. On the other hand, increasing contact residual friction angle increases the
confined peak strength of the BBM, but does not notably affect the model’s CD.

The calibrated block mineral group and contact input parameters are included in
Tables 4 and 5, respectively.

Table 4. Mineral group densities and elastic parameters assigned to blocks within the BBM. Table
from: [37].

Mineral Group Property Value Unit

Plagioclase

Density 2630 kg/m3

Young’s Modulus (E) 55 GPa
Poisson’s Ratio (ν) 0.18 -
Bulk Modulus (K) 28.65 GPa
Shear Modulus (G) 23.31 GPa
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Table 4. Cont.

Mineral Group Property Value Unit

Quartz

Density 2650 kg/m3

Young’s Modulus (E) 66 GPa
Poisson’s Ratio (ν) 0.06 -
Bulk Modulus (K) 25.00 GPa
Shear Modulus (G) 31.13 GPa

Alkali Feldspar

Density 2650 kg/m3

Young’s Modulus (E) 42 GPa
Poisson’s Ratio (ν) 0.15 -
Bulk Modulus (K) 20.00 GPa
Shear Modulus (G) 18.26 GPa

Mica

Density 3050 kg/m3

Young’s Modulus (E) 20 GPa
Poisson’s Ratio (ν) 0.18 -
Bulk Modulus (K) 10.42 GPa
Shear Modulus (G) 8.48 GPa

Table 5. Contact parameters of the calibrated elastic block BBM. Parameter abbreviations
are: jkn = joint normal stiffness, jks = joint shear stiffness, c = cohesion, φ = friction angle,
jt = tensile strength, cres = residual cohesion, jtres = residual tensile strength, Ψ = dilation angle.
Table from: [37].

Property
jkn

(GPa/m)
jks

(GPa/m)
c (MPa) Φ (0)

jt
(MPa)

cres

(MPa)
Φres (0)

jtres

(MPa)
Ψ (0)

Mica-Mica 1.7 × 106 1.1 × 106 38.3 60.0 23.6 0.0 10.0 0.0 10.0
Quartz-Quartz 3.6 × 106 2.4 × 106 62.2 65.0 32.6 0.0 10.0 0.0 10.0

Plagioclase-Plagioclase 3.2 × 106 2.1 × 106 53.6 64.5 34.5 0.0 10.0 0.0 10.0
Feldspar-Feldspar 3.0 × 106 1.9 × 106 52.6 64.5 32.6 0.0 10.0 0.0 10.0
Quartz-Plagioclase 3.0 × 106 1.9 × 106 43.0 62.0 19.6 0.0 10.0 0.0 10.0

Quartz-Mica 3.0 × 106 1.9 × 106 38.3 55.0 35.0 0.0 10.0 0.0 10.0
Plagioclase-Mica 3.0 × 106 1.9 × 106 25.8 55.0 20.9 0.0 10.0 0.0 10.0

Plagioclase-Feldspar 2.7 × 106 1.8 × 106 51.7 62.0 29.8 0.0 10.0 0.0 10.0
Feldspar-Mica 3.0 × 106 1.9 × 106 28.7 55.0 10.6 0.0 10.0 0.0 10.0

Feldspar-Quartz 3.5 × 106 2.3 × 106 36.4 62.0 26.3 0.0 10.0 0.0 10.0

4.7.2. Inelastic Block BBM Calibration

Inelastic block BBMs require all the same inputs as elastic block BBMs, but also require
block strength properties. The starting inelastic block parameters were taken from a
previously calibrated BBM of Creighton granite by [28]. The same set of inelastic parameter
values was assigned to all block types (i.e., mineral types), despite each type having unique
elastic moduli values, as it has previously been determined that heterogeneous inelastic
block parameters are not necessary to match all mechanical attributes at the laboratory-
scale [28]. Additionally, assigning each block type different values of inelastic block input
parameters would significantly increase the number of inputs in the model, making the
calibration process more difficult and increasing the potential for model non-uniqueness.

The iterative process of inelastic block BBM calibration by trial-and-error is identical
to that of the elastic block BBM calibration but involves more input parameters. Unlike
elastic block BBMs, inelastic block BBMs are able to match the post-peak behavior of rock,
where the inelastic block input parameters influence the post-peak behavior. In fact, for the
range of input parameter values tested during this calibration process, the inelastic block
parameters were not found to have a notable effect on pre-peak mechanical attributes of
the BBM (Young’s Modulus, Poisson’s Ratio, CI, or CD). Rather, these input parameters
only affected the peak strength, and post-peak behavior. Additionally, the elastic block and

195



Materials 2024, 17, 88

contact input parameters controlled the pre-peak mechanical attributes in the same way
as summarized in Section 4.7.1. Prior to final model calibration, Ref. [76] documented the
results of a sensitivity analysis evaluating the influences of inelastic block input parameter
on the peak strength and post-peak behavior of the Blanco Mera inelastic block BBM, which
are summarized in Table A3 in Appendix A.

During the inelastic block BBM calibration process, emphasis was placed on the
inelastic block input parameters rather than the contact input parameters. However,
contact input parameters were also varied in certain cases where the inelastic block input
parameters did not induce a large enough change on the model behavior. In particular,
contact residual friction angle and dilation angle were found to have an effect on the
post-peak behavior of the BBM, so these input parameters were frequently changed during
the calibration process in order to match the BBM’s post-peak brittleness to laboratory data.

The final values calibrated for the inelastic block BBM of Blanco Mera granite are
listed in Table 4 (block elastic moduli), Table 6 (block inelastic parameters), and Table 7
(contact parameters).

Table 6. Inelastic input parameters of the inelastic block BBM that match laboratory data from [24,54].
eps = critical plastic shear strain parameter, which dictates the shear strain at which zones within the
blocks decay from peak values to residual.

Inelastic Input Parameter Value Units

Peak Cohesion 100 MPa
Peak Friction Angle 57 Degrees

Peak Tensile Strength 40 MPa
Peak Dilation Angle 10 Degrees
Residual Cohesion 50 MPa

Residual Friction Angle 40 Degrees
Residual Tensile Strength 0.5 MPa
Residual Dilation Angle 5.0 Degrees

eps 0.2 -

Table 7. Contact parameters of the inelastic block BBM. Parameter abbreviations are: jkn = joint
normal stiffness, jks = joint shear stiffness, c = cohesion, φ = friction angle, jt = tensile strength,
cres = residual cohesion, jtres = residual tensile strength, Ψ = dilation angle.

Property
jkn

(GPa/m)
jks

(GPa/m)
c (MPa) Φ (0)

jt
(MPa)

cres

(MPa)
Φres (0)

jtres

(MPa)
Ψ (0)

Mica-Mica 1.7 × 106 1.1 × 106 35.0 60.0 23.6 0.0 3.0 0.0 7.5
Quartz-Quartz 3.6 × 106 2.4 × 106 33.1 65.0 32.6 0.0 3.0 0.0 7.5

Plagioclase-Plagioclase 3.2 × 106 2.1 × 106 34.9 64.5 34.5 0.0 3.0 0.0 7.5
Feldspar-Feldspar 3.0 × 106 1.9 × 106 38.7 64.5 32.6 0.0 3.0 0.0 7.5
Quartz-Plagioclase 3.0 × 106 1.9 × 106 37.4 62.0 19.6 0.0 3.0 0.0 7.5

Quartz-Mica 3.0 × 106 1.9 × 106 36.4 55.0 35.0 0.0 3.0 0.0 7.5
Plagioclase-Mica 3.0 × 106 1.9 × 106 25.8 55.0 20.9 0.0 3.0 0.0 7.5

Plagioclase-Feldspar 2.7 × 106 1.8 × 106 41.7 62.0 29.8 0.0 3.0 0.0 7.5
Feldspar-Mica 3.0 × 106 1.9 × 106 28.4 55.0 10.6 0.0 3.0 0.0 7.5

Feldspar-Quartz 3.5 × 106 2.3 × 106 35.5 62.0 26.3 0.0 3.0 0.0 7.5

4.8. Jointed Model Input Parameters

After the intact BBM was calibrated for both the elastic and inelastic block cases,
smooth pre-existing joints were added to the BBM in the same orientations as those in
the laboratory tests (see Section 4.3). As discussed previously, the input values for the
pre-existing joints were not calibrated but rather estimated from similar models in the
literature or taken directly from laboratory data. The pre-existing joints were modeled
using an elastic-plastic constitutive model with Coulomb slip. With this constitutive model,
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the strength of the joints is governed by the peak friction angle and does not decay to a
residual level with slip [47]. The cohesion and tensile strength of a pre-existing smooth
joint with no infilling are zero. Therefore, the required input parameters of the pre-existing
joints are: jkn, jks, cohesion, friction angle, and tensile strength. The values used for these
inputs are listed in Table 8.

Table 8. Input parameters of the pre-existing joints added to the BBM after the calibration process.
jkn = joint normal stiffness, jks = joint shear stiffness.

Input Parameter Value Units

jkn 750 GPa/m
jks 75 GPa/m

Cohesion 0 MPa
Friction Angle 30 Degrees

Tensile Strength 0 MPa

The jks and jkn values were taken from a previous study that modeled intact and
jointed Blanco Mera granite [19], as these values were within the middle of the range
of values used in all of the previous studies that modeled jointed Blanco Mera granite
and had comparable modeling methods including other BBMs [18,31] or Bonded Particle
Models [19]. A small sensitivity analysis was performed on the persistent joint jkn and
jks values for one of the 1 + 2 jointed BBMs. Stiffness values were varied from the values
listed in Table 8 to analyze the effect that joint stiffness values had on the model strength.
Increasing jkn from 500 to 1000 GPa/m and jks from 50 to 100 GPa/m resulted in an
increase in model strength by 10% under low confinement (1 MPa) and an increase in
model strength by 2% under high confinement (12 MPa). Although very large changes in
stiffness value magnitude (on the order of multiple magnitudes) are expected to notably
affect the model’s strength, such values are outside the range of those used by previous
studies and are not reasonable values to use for such joints.

A friction angle of 30 degrees was determined based on the basic friction angle of
joints as determined in the laboratory [24]. Note that no calibration was performed for the
jointed BBMs; all joint parameter values were estimated ahead of time based on values
documented in the literature, as might be the case in practical scenarios where a model is
being used to make forward predictions.

5. Intact BBM Calibration Results and Discussion

5.1. Mechanical Attributes Derived from Stress–Strain Curves

Figure 6 presents the stress–strain curves of the two intact BBMs (elastic and inelastic
blocks) under various confinement levels. Note on Figure 6a,c that all simulations exhibited
the same Young’s modulus regardless of the confining pressure. This trend is not consistent
with laboratory experiments (see Figure 2), which show an increasing Young’s modulus
with increasing confining pressure [24,54,55]. However, due to the inherent nature of
Voronoi tessellations, BBMs do not contain pre-existing discontinuities that are responsible
for the artificial reduction in the stiffness of the low-confinement laboratory specimens.

In addition to Young’s modulus and Poisson’s ratio, peak strength, CI, CD, and peak
dilation angle in both model types were matched to laboratory data, the results of which
are shown in Figure 7. The Hoek–Brown best fit parameters corresponding to the curves
plotted on Figure 7 are included in Table A4 in Appendix A.

Note that the calibration target for the strength of the unconfined BBMs (both with
elastic and inelastic blocks) was at the upper end of the range of laboratory data. Many
data points of unconfined strength are believed to be artificially low due to the presence of
small pre-existing fractures in the specimens, which are not modeled in the BBM. These pre-
existing fractures do not notably affect the strength of specimens tested under confinement
because the confining pressure closes these fractures prior to loading.
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Figure 6. Axial stress–axial strain (a,c) and axial stress–radial strain (b,d) curves of the intact elastic
block BBM (a,b) and the inelastic block BBM (c,d). Strain is plotted in milli-strain (mstrain).

Figure 7. (a) Peak strength, (b) CD, (c) CI, and (d) peak dilation angle of laboratory data (black
circles), the elastic block BBM (red triangles), and the inelastic block BBM (blue squares) of Blanco
Mera granite. Hoek–Brown fits are included where applicable. Note that peak dilation angle data
were not reported in [54] but were manually interpreted from the strain data provided.
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Considering the material attributes discussed so far (Young’s modulus, Poisson’s
ratio, CI, CD, peak strength, and peak dilation angle), both the elastic and inelastic block
BBMs are virtually identical. One exception is the peak strength envelope of the inelastic
block BBM. Although both the elastic and inelastic block BBMs were calibrated to the
same values of peak strength under no confinement and under 12 MPa of confinement,
the intermediate confinement simulations resulted in different peak strength values (see
Figure 7a). This is expected, as the elastic and inelastic block BBMs behave differently at
the grain-scale (e.g., inelastic blocks incur permanent deformation whereas elastic blocks
do not). The peak strength of the inelastic block BBM is larger than that of the elastic block
BBM under confinement levels of 2 MPa to 6 MPa. At larger confinements (10+ MPa), the
peak strengths of the two BBMs are virtually the same.

The main difference between the stress–strain results of the two BBMs occurs between
CD and peak strength, and into the post-peak. The elastic block BBM (Figure 6a) exhibits
significant strain hardening, where the peak strength is not reached until large values of
axial strain. Large amounts of strain hardening are commonly associated with elastic block
BBMs [25,28,66]. This amount of strain hardening does not exist for the inelastic block
BBM (see Figure 6c). As intragranular damage (zone yield) becomes more prevalent in
the model after CD, the strength of the model is reduced. The internal deformation of
blocks helps to decrease friction that is mobilized in the BBM as large sections of intact
material break off from one another along failed contacts, which decreases the extent of
strain hardening. The behavior of the inelastic block BBM is akin to that of the real Blanco
Mera granite, which is brittle in behavior and does not exhibit so much strain hardening
(see Figure 2). The post-peak brittleness of the inelastic block BBM (see Figure 6c) is realistic,
where the unconfined simulation was relatively brittle (i.e., had a sharp drop in strength
following the peak strength) and the sharpness of the drop in strength generally decreased
with increasing confinement. On the other hand, the elastic block BBM did not exhibit
brittle post-peak stress–strain behavior due to the previously described excessive strain
hardening phenomenon.

5.2. Damage Mechanisms

As discussed in Section 4, the behavior of a BBM must replicate the micromechanical
failure of real rock to be fully calibrated, as well as to be predictive. Brittle rock under low
confinement tends to form tensile fractures, which dilates the specimen. Such rocks fail by
axial splitting [77]. As the rock is placed under higher confinement levels, the formation of
tensile fractures is suppressed, shear fractures become more prevalent, and less dilation
occurs [78]. Such rocks fail by shear banding, which is a less brittle failure mechanism [75].
This switch from tensile fracture dominated failure to shear fracture dominated failure is
captured by both the elastic and inelastic block BBMs, as indicated in Figure 8 where each
model is shown at its peak strength.

Axial splitting occurs in both the elastic block and inelastic block BBMs under zero
confinement conditions (indicated by the yellow arrows in the top left panel of Figure 8).
There is large dilatancy caused by separation along the axially oriented fractures. On the
other hand, under 12 MPa of confinement, less separation occurs along the fractures, which
results in less dilation.

Although a macroscopic failure plane under higher confinements is not obvious in
Figure 8, significant en echelon shearing has occurred (indicated by the yellow arrows in the
top right panel of Figure 8) within both the elastic and inelastic block BBM, characterized by
both shear fracture formation and, in the case of the inelastic block BBM, shear zone yield
of the blocks. In the models under zero confinement, notably more tensile fractures (and
tensile zone yield) exist compared to shear. In the models under 12 MPa of confinement,
the number of tensile and shear fractures (and zone yield, in the case of the inelastic
block BBM) are nearly equivalent. As such, the models are also behaving like real rock,
where tensile fracture formation and propagation is suppressed by confinement and shear
failure dominates.
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Figure 8. Intact BBMs at failure (peak strength) showing the location of macroscopic fractures with
visible separation. At (top left) is the elastic block BBM under unconfined conditions, (top right)
is the elastic block BBM under 12 MPa of confinement, (bottom left) is the inelastic block BBM
under unconfined conditions, and the (bottom right) is the inelastic block BBM under 12 MPa of
confinement. Inelastic models indicate the location of zones that have yielded. Yellow arrows are
included to highlight the tensile fracturing (top left) and shear en echelon fracturing (top right).
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Ref. [28]’s study on elastic and inelastic block BBMs previously found that inelastic
block yield was more important for the replication of brittle rock behavior under higher
confinement levels than under lower confinement levels. When comparing the elastic and
inelastic block BBMs’ failure modes under 0 MPa of confinement (left panels on Figure 8),
there is not a notable difference in the pervasive failure pathways between the two model
types. However, when comparing the elastic and inelastic block BBMs’ failure modes under
12 MPa of confinement (right panels on Figure 8), the inelastic block BBM exhibited notably
less fracture separation and macroscopic coalescence. Instead, the inelastic block yield
contributed to the model’s pervasive failure pathways.

6. Jointed BBM Results and Discussion

6.1. Mechanical Attributes Derived from Stress–Strain Curves

The stress–strain results of the jointed BBMs are presented in Figures 9 and 10 for
the 1 + 2 and 2 + 3 models, respectively. The most representative set of stress–strain
curves of each of the two jointed models (Figure 4) are included for simplicity. Both joint
orientations were found to produce similar macroscopic stress–strain responses in the
BBMs have been included as Figures A1 and A2 in Appendix A, for the 1 + 2 and 2 + 3
jointed models, respectively.

When comparing the elastic regions of the stress–strain curves of the intact BBM
(Figure 6) to the jointed BBMs (Figures 9 and 10), it is noted that the slope of this linear
region of the stress–axial strain curves (i.e., Young’s modulus) decreases as a function of
increasing jointing. This same trend was noted for the laboratory specimens as well (see
Figure 2). The pre-existing joints in the jointed BBMs decrease the stiffness of the overall
model. This effect becomes less extreme with increased confinement, which increases
the normal stress on the joints and inhibits slip, which thus increases the model’s overall
stiffness. The BBMs were able to match this decrease in Young’s modulus, as well as the
slight increase in Poisson’s ratio as a function of increased jointing (see Figure 11). Note
that the results of both joint geometries (see Figure 4) are included in Figure 11.

Figure 9. Axial stress–axial strain (a,c) and axial stress–radial strain (b,d) curves of the 1 + 2 elastic
block BBM (a,b) and the inelastic block BBM (c,d). All curves correspond to the 1 + 2 jointed model
geometry shown in Figure 4a. Strain is plotted in milli-strain (mstrain).
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Figure 10. Axial stress–axial strain (a,c) and axial stress–radial strain (b,d) curves of the 2 + 3 elastic
block BBM (a,b) and the inelastic block BBM (c,d). The curves on panels a and b correspond to the
2 + 3 jointed model shown in Figure 4b. The curves on panels c and d correspond to the 2 + 3 jointed
model shown in Figure 4d. Strain is plotted in milli-strain (mstrain).

Figure 11. (a) Young’s modulus and (b) Poisson’s ratio of the elastic (red triangle) and inelastic (blue
square) BBMs compared to laboratory data (black circles). The results intact, 1 + 2, and 2 + 3 series are
included as well as both joint geometries (see Figure 4). Note that the laboratory Young’s modulus
data only includes data under 12 MPa of confinement.

Both the elastic and inelastic block BBMs were able to predict the Young’s modulus
and Poisson’s ratio of Blanco Mera granite equally well. The models with joint geometries
shown in Figure 4c,d were found to have higher values of Poisson’s ratio than their
geometric counterparts shown in Figure 4a,b. Although this difference in Poisson’s ratio
was small for the 1 + 2 models, this difference is more noticeable for the 2 + 3 models, where
the two groups in data points on Figure 11b correspond to the two different geometry types.
However, the Poisson’s ratio values of both model joint geometries fall within the range of
values of the laboratory specimens.
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Peak strength, CI, CD, and peak dilation angle values of models of both joint geome-
tries are shown in Figures 12 and 13 for the 1 + 2 and 2 + 3 joint cases, respectively. The
Hoek–Brown best fit parameters corresponding to the curves plotted on Figures 12 and 13
are included in Tables A5 and A6 in Appendix A, respectively. No trend was observed re-
garding the effect of the jointed model geometry (see Figure 4) on the mechanical attributes
plotted in Figures 12 and 13. As such, data points of both model geometries are included in
Figures 12 and 13 and the Hoek–Brown best fit lines were created using all of the data.

Per Figures 12 and 13, both the elastic and inelastic block BBMs were able to reasonably
predict the behavior of the jointed laboratory specimens in terms of strength, cracking
thresholds, and dilatancy. Although the exact values of each material attribute were
not able to be predicted, the BBMs exhibited similar trends in values as a function of
confinement (the Hoek–Brown fits). One exception is the 1 + 2 jointed specimens under
higher confinement levels (10 MPa of confinement and higher). Both BBMs underpredicted
the trend (i.e., the Hoek–Brown fit) of peak strength and CD by as much as 20% in the case
of the elastic block BBM and 27% in the case of the inelastic block BBM.

Regarding the post-peak behavior, the inelastic block BBM was able to better repli-
cate the increase in apparent post-peak ductility as a function of increased jointing (see
Figures 6c, 9c and 10c for BBM curves and Figure 2a,c,e for the corresponding laboratory
curves). Due to the excessive strain hardening of the elastic block BBM, this increase in
apparent ductility as a function of increased jointing is not clear (see Figures 6a, 9a and 10a).
As discussed in Section 5, inelastic blocks are required to match the post-peak behavior
of brittle rock. Per Figure 7, inelastic blocks were also required to match the post-peak
behavior of the jointed laboratory specimens. The stress–strain curves of the inelastic block
BBM exhibit less strain hardening, which better matches laboratory data (see Figure 2).

Figure 12. (a) Peak strength, (b) CD, (c) CI, and (d) peak dilation angle of laboratory data (black
circles), the elastic block BBMs (red triangles), and the inelastic block BBMs (blue squares) of Blanco
Mera granite containing the 1 + 2 joint pattern (see Figure 4). Hoek–Brown fits are included where
applicable. The two BBM data points per confinement level correspond to the two joint orientations
per Figure 4. Note that peak dilation angle data were not reported in [54] but were manually
interpreted from the strain data provided.
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Figure 13. (a) Peak strength, (b) CD, (c) CI, and (d) peak dilation angle of laboratory data (black
circles), the elastic block BBM (red triangles), and the inelastic block BBM (blue squares) of Blanco
Mera granite containing the 2 + 3 joint pattern (see Figure 4). Hoek–Brown fits are included where
applicable. The two BBM data points per confinement level correspond to the two joint orientations
per Figure 4. Note that peak dilation angle data were not reported in [54] but were manually
interpreted from the strain data provided.

Although the inelastic block BBM better predicts the post-peak behavior of Blanco
Mera granite, elastic block BBMs require notably less run-time, which makes the elastic
block BBM the most favorable for predictive purposes where accurately representing
post-peak behavior is not necessary.

6.2. Damage Mechanisms

The presence of the pre-existing joints influenced the failure mechanisms of the labo-
ratory specimens, where the rock failed via a mixed mode of intact brittle material failure
and slip along the joints [24]. The intact brittle material fails via the same fracturing pro-
cesses described in Section 5: material fails via axial splitting induced by the formation of
tensile fracturing when the confinement level is low, and material fails via shear banding
induced by the formation of shear fractures when the confinement level is high. However,
the overall jointed specimens fail by both intact material failure as well as slip along the
joints. The BBMs were able to replicate both the intact material failure, as well as slip
along the pre-existing joints, as shown in Figures 14 and 15 for the 1 + 2 and 2 + 3 jointed
models, respectively.

Figure 14 shows the 1 + 2 jointed models failing largely through intact material failure,
where the low confinement models exhibited axially oriented tensile fracturing and the
high confinement models exhibited the same en echelon shear fracturing as noted in the
intact BBMs (Figure 8 in Section 5). Also like the intact BBMs, the inelastic 1 + 2 jointed
BBMs (bottom panels in Figure 14) exhibited zone yield in lieu of some of the contact
fracturing seen in the elastic BBMs. The pervasive failure pathway in the inelastic models
is composed of both fractures and zone yield.
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Figure 14. The 1 + 2 jointed BBMs at failure (peak strength) showing the location of macroscopic
fractures with visible separation: (top left) is the elastic block BBM under unconfined conditions,
(top right) is the elastic block BBM under 12 MPa of confinement, (bottom left) is the inelastic block
BBM under unconfined conditions, and the (bottom right) is the inelastic block BBM under 12 MPa
of confinement. Inelastic models indicate the location of zones that have yielded.
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Figure 15. The 2 + 3 jointed BBMs at failure (peak strength) showing the location of macroscopic
fractures with visible separation: (top left) is the elastic block BBM under unconfined conditions,
(top right) is the elastic block BBM under 12 MPa of confinement, (bottom left) is the inelastic block
BBM under unconfined conditions, and the (bottom right) is the inelastic block BBM under 12 MPa
of confinement. Inelastic models indicate the location of zones that have yielded.
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Different trends are observed in Figure 15, which shows the 2 + 3 jointed models
failing less through the formation of axial fracturing and more en echelon shearing than the
intact and 1 + 2 models (Figures 8 and 14, respectively), even under the low confinement
level. This decrease in brittle failure as a function of increased jointing has been noted
previously by [12] in the context of SRM and can also be observed from the Blanco Mera
granite laboratory results from [24]. The 2 + 3 jointed models also do not exhibit large,
pervasive failure pathways (formed by either fractures in the case of the elastic block
models or a mixture of fractures and zone yield in the case of the inelastic block models).
This indicates that the dominant mode of failure in these models is slip along the persistent
joints. Therefore, slip along the persistent joints becomes a more important component of
specimen failure as the degree of jointing increases.

7. Discussion and Implications for Future Work

The results of this study have quantitatively evaluated the concept of Synthetic Rock-
mass Modeling (SRM), where a DFN can be added to a calibrated discrete model of intact
rock to simulate rockmass behavior. Ultimately, we found that a well-calibrated BBM can be
used to predict the behavior of rock under jointing conditions that are different from those
for which the BBM was calibrated (i.e., intact rock). This BBM of Blanco Mera granite was
calibrated to intact laboratory data and its predictive capabilities were verified by adding
smooth, persistent joints to the model and comparing the behavior of the jointed models to
respective jointed laboratory specimen data. The BBM was able to replicate the behavior
of the rock under these new conditions (i.e., with smooth, persistent joints) because the
intact model was calibrated to reproduce the micromechanical failure mechanisms of the
real rock. As such, we expect that joints of other geometries (i.e., density, orientation) and
mechanical properties (i.e., persistence, roughness, infilling) could also be added to the
BBM and the model would still approximate the behavior of a real specimen with such a
joint network.

The intact BBM developed in this study is relatively unique, as it is uncommon for
models of intact rock to be calibrated to a large range of mechanical attributes (elastic
moduli, CI, CD, peak strength, dilatancy, and brittleness) over a wide range of confin-
ing stresses [13,25–29]. However, this rigorous calibration is required to ensure that
the micromechanical failure mechanisms of the model approximate those of the real
rock [25–29,44,50]. Many of the previous SRMs developed after the jointed Blanco Mera
granite specimens (see Table 1) were unable to capture some of the failure mechanisms
seen in the jointed Blanco Mera granite laboratory specimens [17–19,31,33], in contrast to
the more extensively calibrated models developed in this study. For example, in [18,31],
the models were not calibrated to match CI and CD thresholds. The results show that, in
fact, CD was nearly coincident with peak strength, and we interpret this to have led to a
greater confinement dependency of strength than was exhibited by the actual specimens;
because of this, peak strength was overestimated under higher confinement levels (6 MPa
and above).

Another example is the discrete model developed by [33], which failed predominantly
through displacement along the pre-existing joints, rather than through intact material
damage, as was observed in the jointed specimens of Blano Mera granite [24]. The strength
of the intact model was calibrated to be too high compared to the strength of the pre-existing
joints, which resulted in incorrect failure mechanisms of the jointed models.

As noted in Section 3.5, it is not possible to verify the predictive capability of these
previously developed models of jointed Blanco Mera granite because their intact and jointed
models were calibrated simultaneously. Validation is only possible when the models can be
calibrated to an intact data set and then validated using a second data set corresponding to a
different condition (i.e., the jointed specimen data). Looking beyond studies of Blanco Mera
granite, it is common practice in rock mechanics research to calibrate numerical models to a
complete laboratory data set without a separate validation [14,36,79–82]. Such an approach
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does not provide any evaluation of the model using data that were not considered as part
of the calibration.

There are cases (particularly field-scale scenarios) where a second data set is not
always available to verify a model’s predictive capability. In such cases, when utilizing
an SRM approach, it is recommended that the model for intact rock be calibrated to a
comprehensive set of mechanical attributes, which we interpret to be critical to ensuring
the predictive capabilities demonstrated in this study.

Note that this study has only considered one relatively brittle rock with negligible
porosity (Blanco Mera granite). The findings of this study will not necessarily apply to
more ductile rocks or rocks with non-negligible porosity. Additionally, the numerical
models created in this study are two-dimensional, which neglects out-of-plane stress and
strains. Further advances in computational capabilities and parallelization of modeling
software will make it increasingly feasible to conduct similar studies in three dimensions
in the future.

8. Conclusions

The idea that a mechanistically accurate numerical model will behave realistically
in other scenarios proved to be true for the BBMs created in this study. The addition
of pre-existing smooth joints to the intact BBM (with no further calibration) resulted in
model behavior that predicted the behavior of the jointed laboratory specimens after which
they were modeled without further calibration. Although the BBMs were not able to
predict exact values of material attributes, with the exception of a small (i.e., 27% or less)
underprediction of peak strength and CD in the case of the higher confinement level values
for the 1 + 2 jointing case, the predicted mechanical attribute values were typically within
10% of the model trend derived from the laboratory data.

Two types of BBMs were used in this study: one with blocks modeled via an elastic
constitutive model and one with blocks modeled via an inelastic constitutive model. Both
BBMs were able to reasonably predict pre-peak attributes and peak strength of the jointed
models. However, the pre-peak hardening and post-peak stress–strain behavior were
only able to be replicated using the inelastic block BBM. Although the dominant failure
mechanism of rock is the formation of fractures along grain boundaries, as significant dam-
age accumulates in rock (particularly after peak strength) intragranular damage becomes
increasingly common. This intragranular damage is represented in BBMs by block yield,
which is unique to inelastic blocks.

Although the inelastic block BBM was better able to predict the pre-peak hardening
and post-peak mechanical behavior of jointed Blanco Mera granite, the elastic and inelastic
block BBMs were found to equally predict pre-peak attributes and peak strength of the
jointed specimens. Elastic block BBMs are computationally less expensive than inelastic
block BBMs, so this is the preferred model type for prediction purposes in cases where
accurately simulating post-peak behavior is not critical.

Overall, this study has verified the concept of SRM, where the BBMs were able to
replicate the behavior of the rock under new conditions (i.e., with smooth, persistent joints).
This finding suggests that joints of other geometries and mechanical properties can also be
added to the BBM and the model will approximately predict the mechanical behavior of
such a specimen. Since creating rockmass analog laboratory specimens with heavily dense,
impersistent, rough, and infilled joints is difficult (if not impossible), the use of numerical
models to simulate varying rockmass conditions is a powerful tool for future research into
rockmass mechanical behavior.
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Appendix A

Table A1. Available data on average grain diameters or ranges of diameters for each mineral present
in Blanco Mera granite [63] and their proportion in the rock [55]. Note: chlorite exists as twinning
within biotite. Table from: [37].

Mineral Grain Diameter Data Proportion Percentage

Quartz 1–6 mm 20%
Plagioclase <6 mm 35%

Alkaline Feldspar ~3.0 mm 27%
Muscovite ~2.5 mm 7%

Biotite w/Chlorite ~1.5 mm 9%
Sericite <0.2 mm 1%

Accessory Minerals <0.1 mm 1%

Table A2. Mechanical properties of Blanco Mera granite from [24]. Density and tensile strength (σT)
were reported in [55] and the Crack Initiation (CI) and Crack Damage (CD) fit parameters as well as
Walton–Diederichs (WD) Dilation Parameters [83] were reported in [54]. Note: this value of Young’s
Modulus is an averaged value for rock specimens tested at confinements of 12 MPa, as values for
Young’s Modulus at lower confinements were interpreted to be artificially reduced by pre-existing
flaws within the specimens, induced during specimen extraction [74,84].

Property Average Value

Density Density (g/cm3) 2.6

Elastic Properties E (GPa) 47
ν 0.17

Tensile Strength σT (MPa) 6.12

Hoek–Brown Strength
Parameters

σci (MPa) 123.4
mi 41.7

GSI (peak) 100
GSI (residual) 41.7

Mohr–Coulomb Strength
Parameters

UCS (MPa) 132.9
ϕpeak (degrees) 59.5

cpeak (MPa) 18.1
Unconfined Residual Strength (MPa) 15.8

ϕresidual (degrees) 50.0
cresidual (MPa) 2.9
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Table A2. Cont.

Property Average Value

Hoek–Brown Crack Damage
(CD) Parameters

σci (MPa) 77.1
mi 18.6
GSI 100

Hoek–Brown Crack Initiation
(CI) Parameters

σci (MPa) 36.7
mi 19.6
GSI 100

Walton–Diederichs Dilation
Model Parameters

α 0–0.1
γm 1–4
β0 1.0
β’ 0.1
γ1’ −12.2
γ2’ 51.6

Table A3. Summary of [76] which investigated the effects of inelastic block input parameters on
emergent BBM behavior (an increase or decrease in value per the up or down arrows, respectively).
Input parameters not listed did not have notable or clear changes in values.

Effect on Material Attribute
(As a Function of Increasing the Block Input Value)

Inelastic Block Property
Unconfined

Strength
Inelastic Block

Property
Unconfined

Strength
Inelastic Block

Property

Peak Cohesion ↑ ↑ - -
Peak Friction Angle - ↑ - -

Peak Tensile Strength ↓ ↓ - -
Critical Plastic Shear Strain - ↑ - -

Residual Cohesion - - ↓ ↓
Residual Tensile Strength - - ↑ -

Table A4. Hoek–Brown fit parameters for intact Peak Strength, Crack Damage (CD), and Crack
Initiation (CI) parameters for fits shown in Figure 7.

LAB

Strength CD CI
σci 132.2 82.3 38.9
s 1 1 1

mi 36.5 16.1 17.3
a 0.5 0.5 0.5

ELASTIC BBM

Strength CD CI
σci 116.4 72.2 45.0
s 1 1 1

mi 46.9 20.8 16.2
a 0.5 0.5 0.5

INELASTIC BBM

Strength CD CI
σci 167.3 69.3 40.3
s 1 1 1

mi 24.4 24.1 15.4
a 0.5 0.5 0.5
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Table A5. Hoek–Brown fit parameters for 1 + 2 Peak Strength, Crack Damage (CD), and Crack
Initiation (CI) parameters for fits shown in Figure 12.

LAB

Strength CD CI
σci 132.2 82.3 38.9
s 1 1 1

mi 36.5 16.1 17.3
a 0.5 0.5 0.5

ELASTIC BBM

Strength CD CI
σci 116.4 72.2 45.0
s 0.1 0.6 0.3

mi 20.8 6.5 3.9
a 0.3 0.8 1.0

INELASTIC BBM

Strength CD CI
σci 167.3 69.3 40.3
s 0.0 0.3 0.3

mi 6.2 12.5 3.5
a 0.3 0.4 0.8

Table A6. Hoek–Brown fit parameters for 2 + 3 Peak Strength, Crack Damage (CD), and Crack
Initiation (CI) parameters for fits shown in Figure 13.

LAB

Strength CD CI
σci 132.2 82.3 38.9
s 0.0 0.2 0.3

mi 10.9 6.1 2.6
a 0.4 0.7 1.0

ELASTIC BBM

Strength CD CI
σci 116.4 72.2 45.0
s 0.0 0.0 0.0

mi 10.9 9.0 2.6
a 0.4 0.3 0.4

INELASTIC BBM

Strength CD CI
σci 167.3 69.3 40.3
s 0.0 0.0 0.0

mi 5.5 6.8 2.7
a 0.4 0.3 0.4
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Figure A1. Axial stress–axial strain (a,c,e,g) and axial stress-radial strain (b,d,f,h) curves of the 1 + 2
elastic block BBM (a–d) and the inelastic block BBM (e–h). Strain is plotted in milli-strain (mstrain):
(a–d) correspond to the model shown in Figure 4a (e–h) correspond to the model shown in Figure 4c.
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Figure A2. Axial stress–axial strain (a,c,e,g) and axial stress-radial strain (b,d,f,h) curves of the 2 + 3
elastic block BBM (a–d) and the inelastic block BBM (e–h). Strain is plotted in milli-strain (mstrain):
(a–d) correspond to the model shown in Figure 4b (e–h) correspond to the model shown in Figure 4d.
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Abstract: Our nanomineralogical investigation of melt inclusions in corundum xenocrysts from the
Mt. Carmel area, Israel has revealed seven IMA-approved new minerals since 2021. We report here
four new oxide minerals and one new alloy mineral. Magnéliite (Ti3+

2Ti4+
2O7; IMA 2021-111) occurs

as subhedral crystals, ~4 μm in size, with alabandite, zirconolite, Ti,Al,Zr-oxide, and hibonite in corun-
dum Grain 767-1. Magnéliite has an empirical formula (Ti3+

1.66Al0.13Ti4+
0.15Mg0.10Ca0.01Sc0.01)Σ2.06

(Ti4+
1.93Zr0.08)Σ2.01O7 and the triclinic P1 Ti4O7-type structure with the cell parameters:

a = 5.60(1) Å, b = 7.13(1) Å, c = 12.47(1) Å, α = 95.1(1)◦, β = 95.2(1)◦, γ = 108.7(1)◦, V = 466(2) Å3,
Z = 4. Ziroite (ZrO2; IMA 2022-013) occurs as irregular crystals, ~1–4 μm in size, with badde-
leyite, hibonite, and Ti,Al,Zr-oxide in corundum Grain 479-1a. Ziroite has an empirical formula
(Zr0.72Ti4+

0.26Mg0.02Al0.02Hf0.01)Σ1.03O2 and the tetragonal P42/nmc zirconia(HT)-type structure
with the cell parameters: a = 3.60(1) Å, c = 5.18(1) Å, V = 67.1(3) Å3, Z = 2. Sassite (Ti3+

2Ti4+O5;
IMA 2022-014) occurs as subhedral-euhedral crystals, ~4–16 μm in size, with Ti,Al,Zr-oxide, mul-
lite, osbornite, baddeleyite, alabandite, and glass in corundum Grain 1125C1. Sassite has an
empirical formula (Ti3+

1.35Al0.49Ti4+
0.08Mg0.07)Σ1.99(Ti4+

0.93Zr0.06Si0.01)Σ1.00O5 and the orthorhom-
bic Cmcm pseudobrookite-type structure with the cell parameters: a = 3.80(1) Å, b = 9.85(1) Å,
c = 9.99(1) Å, V = 374(1) Å3, Z = 4. Mizraite-(Ce) (Ce(Al11Mg)O19; IMA 2022-027) occurs
as euhedral crystals, <1–14 μm in size, with Ce-silicate, Ti-sulfide, Ti,Al,Zr-oxide,
ziroite, and thorianite in corundum Grain 198-8. Mizraite-(Ce) has an empirical formula
(Ce0.76Ca0.10La0.07Nd0.01)Σ0.94(Al10.43Mg0.84Ti3+

0.60Si0.09Zr0.04)Σ12.00O19 and the hexagonal P63/mmc
magnetoplumbite-type structure with the cell parameters: a = 5.61(1) Å, c = 22.29(1) Å, V = 608(2)
Å3, Z = 2. Yeite (TiSi; IMA 2022-079) occurs as irregular-subhedral crystals, 1.2–3.5 μm in size, along
with wenjiite (Ti5Si3) and zhiqinite (TiSi2) in Ti-Si alloy inclusions in corundum Grain 198c. Yeite has
an empirical formula (Ti0.995Mn0.003V0.001Cr0.001)(Si0.996P0.004) and the orthorhombic Pnma FeB-type
structure with the cell parameters: a = 6.55(1) Å, b = 3.64(1) Å, c = 4.99(1) Å, V = 119.0(4) Å3, Z = 4.
The five minerals are high-temperature oxide or alloy phases, formed in melt pockets in corundum
xenocrysts derived from the upper mantle beneath Mt. Carmel.

Keywords: magnéliite; Ti3+
2Ti4+

2O7; ziroite; ZrO2; sassite; Ti3+
2Ti4+O5; mizraite-(Ce); Ce(Al11Mg)O19;

yeite; TiSi; new minerals; corundum; Mt. Carmel; Israel

1. Introduction

Worldwide, super-reduced mineral assemblages are commonly associated with ex-
plosive volcanic events such as kimberlites, alkali basalts, and tholeiitic basalts, as well

Materials 2023, 16, 7578. https://doi.org/10.3390/ma16247578 https://www.mdpi.com/journal/materials217



Materials 2023, 16, 7578

as in ophiolites linked to deep subduction along continental plate margins [1–3]. The
origins of these assemblages have sparked debate, with some attributing them to human
activities [4]. However, the extensively documented xenoliths and xenocrysts discovered
in small Cretaceous volcanoes and Plio-Pleistocene gem placer deposits at Mt. Carmel,
Israel, play a crucial role in this discussion. The geological context, along with thorough
geochemical analysis and precise geochronological data, effectively refute any plausible
notion of human interference [3,5,6]. Many super-reduced minerals are identified as in-
clusions within xenoliths composed of corundum aggregates. The relationships between
these different phases within melt inclusions have been crucial in interpreting the genesis
of super-reduced magma-fluid systems.

A nanomineralogical investigation of melt inclusions found in corundum xenocrysts
coming from volcanic centers and associated alluvial deposits in the Mt. Carmel area,
Israel, has allowed us to discover seven IMA-approved new minerals since 2021: griffinite
(Al2TiO5), magnéliite (Ti3+

2Ti4+
2O7), ziroite (ZrO2), sassite (Ti3+

2Ti4+O5), mizraite-(Ce)
(Ce(Al11Mg)O19), toledoite (TiFeSi), and yeite (TiSi) [7–13]. All of them have been approved
by the IMA-CNMNC (Commission on New Minerals, Nomenclature and Classification)
as requested before naming and reporting the finding of a new mineral phase. Griffinite
has been already published in detail [14]. Toledoite will be published in a separate paper.
Reported here are another five new minerals, adding more information on the origin of
reduced high-temperature minerals from the upper mantle.

Magnéliite (IMA 2021-111), Ti3+
2Ti4+

2O7 (simply Ti4O7), is a new Ti-oxide mineral
that corresponds to the first member of the homologous series of Ti-oxides (with TinO2n−1),
known also as Magnéli phases [15]. The name is in honor of Arne Magnéli (1914–1996), for
his pioneering work on the structural chemistry of transition-metal oxides.

Ziroite (IMA 2022-013), ZrO2, is a new Zr-oxide mineral with the P42/nmc zirconia(HT)-
type structure. The name is derived from its composition.

Sassite (IMA 2022-014), Ti3+
2Ti4+O5 (simply Ti3O5), is another new Ti-oxide mineral

with the Cmcm pseudobrookite-type structure. The name is in honor of Eytan Sass (b.
1932), a geologist at the Freddy and Nadine Herrmann Institute of Earth Sciences, Hebrew
University of Jerusalem. He performed the excellent mapping work on Mt. Carmel that
identified the various volcanic centers.

Mizraite-(Ce) (IMA 2022-027), Ce(Al11Mg)O19, is a new Ce-rich oxide mineral be-
longing to the magnetoplumbite-group [16], with the P63/mmc magnetoplumbite-type
structure. The name is after the Mizra river in the Mt. Carmel region, where some corun-
dum xenocrysts investigated in this study (including Grain 198-8) come from alluvial
deposits. The tributary Mizra river flows into the Kishon River.

Yeite (IMA 2022-079) is a new alloy mineral, TiSi, with the Pnma FeB-type structure.
The name is in honor of Danian Ye (b. 1939), a mineralogist at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, for his many contributions to mineralogy and
crystal chemistry.

2. Materials and Methods

The corundum xenoliths hosting the new minerals as inclusions occur in the pyroclastic
ejecta from small Cretaceous basaltic volcanoes on Mt. Carmel and from placer gemstone
deposits found in the terraces of the Paleocene to Pleistocene proto-Kishon river; the
modern Kishon River drains Mt. Carmel and the tributary Mizra river and enters the sea
near Haifa in northern Israel [2]. Much of the xenolith material in the paleoterrace deposits
probably also is derived from Miocene and Pliocene basalt outcroppings in the drainage
area of the Kishon River. The xenoliths occur as aggregates of skeletal corundum crystals
that enclose melt pockets containing reduced mineral assemblages [1,2,17,18].

All the type materials are deposited in the mineralogy collection of the Università
degli Studi di Milano, Via Mangiagalli, 34-20133 Milano, Italy.

The type magnéliite in corundum Grain 767-1 from Mt. Carmel mount Corundum-SY
is under the registration number MCMGPG-H2022-001.
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The type ziroite in corundum Grain 479-1a from Mt. Carmel mount Corundum-18-1 is
under the registration number MCMGPG-H2021-003.

The type sassite in corundum Grain 1125C1 from Mt. Carmel mount Corundum-18-1
is under the registration number MCMGPG-H2021-004.

The type mizraite-(Ce) in corundum Grain 198-8 from Mt. Carmel mount Corundum-
18-1 is under the registration number MCMGPG-H2022-005.

The type yeite in corundum Grain 198c from Mt. Carmel mount Corundum-18-1 is
under the registration number MCMGPG-H2021-002. This corundum grain also hosts the
type griffinite (Al2TiO5; IMA 2021-110; [14]).

In order to characterize the composition and structure of the new minerals and as-
sociated phases, we used an electron probe microanalyzer (EPMA) and a high-resolution
scanning electron microscope (SEM) with an X-ray energy dispersive spectrometer (EDS)
and electron backscatter diffraction (EBSD). A ZEISS 1550VP Field-Emission SEM (ZEISS
Group, Oberkochen, Germany) with an Oxford X-Max EDS was used for backscatter elec-
tron (BSE) imaging and fast elemental analysis. Quantitative WDS elemental microanalyses
of the new minerals were carried out using a JEOL 8200 EPMA (JEOL Ltd., Tokyo, Japan)
(15 kV and 10 nA, focused beam) and processed with the CITZAF correction procedure [19].
The focused electron beam is ~150 nm in diameter.

EBSD analyses at a submicrometer scale were performed using methods described
by [20,21] for studies of micron-sized new minerals. An HKL EBSD system on the ZEISS
1550VP Field-Emission SEM was operated at 20 kV and 6 nA in focused beam mode with a
70◦ tilted stage and in a variable pressure mode (25 Pa). The EBSD system was calibrated
using a single-crystal silicon standard. Experimental EBSD patterns allowed the collection
of structural information and cell constants that were derived by matching with those of
the structures of synthetic phases from the ICSD (Inorganic Crystal Structure Database).

Due to the small size of the samples, most of the physical properties (optical, hardness,
fracture, cleavage, habit, density, etc.) were impossible to obtain.

3. Results

3.1. Magnéliite

Magnéliite occurs with alabandite, zirconolite, Ti,Al,Zr-oxide, and hibonite in one
inclusion from corundum Grain 767-1 (Figure 1). Other inclusions in this corundum grain
contain hibonite and osbornite. It is transparent, occurring as subhedral crystals ~4 μm
in size. The Gladstone–Dale relationship [22] gives n = 2.423, obtained from the chemical
composition and calculated density.

The chemical composition of magnéliite using EPMA (Table 1) shows an empirical for-
mula (based on 7 O pfu) of (Ti3+

1.66Al0.13Ti4+
0.15Mg0.10Ca0.01Sc0.01)Σ2.06(Ti4+

1.93Zr0.08)Σ2.01O7.
The simplified formula is (Ti3+,Al)2Ti4+

2O7. The ideal formula is Ti3+
2Ti4+

2O7, which re-
quires Ti2O3 47.36, TiO2 52.64, total 100 wt%.

Table 1. EPMA analytical results (in wt%, n = 7) for magnéliite.

Constituent Mean Range SD (σ) Probe Standard

TiO2 * 53.54 53.28–53.93 0.17 TiO2

Ti2O3 * 38.63 38.44–38.84 0.12 TiO2

ZrO2 3.02 2.86–3.20 0.11 zircon

Al2O3 2.20 2.03–2.26 0.08 anorthite

MgO 1.36 1.26–1.51 0.09 forsterite

CaO 0.19 0.17–0.20 0.01 anorthite

Sc2O3 0.22 0.20–0.23 0.01 ScPO4

Total 99.16

* Total titanium has been partitioned between Ti3+ and Ti4+ for charge balance to make ideal stoichiometry.
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Figure 1. BSE images showing magnéliite (Ti4O7) in corundum Grain 767-1. The rectangular area in
(a) is enlarged in (b).

The EBSD patterns can be indexed only by the P1 Ti4O7-type structure and match the
synthetic Ti4O7 cell from [23] (Figure 2), with a mean angular deviation of
0.32◦–0.35◦, revealing the following cell parameters: a = 5.60(1) Å, b = 7.13(1) Å, c = 12.47(1) Å,
α = 95.1(1)◦, β = 95.2(1)◦, γ = 108.7(1)◦, V = 466(2) Å3, and Z = 4. The calculated density
is 4.30 g·cm−3 using the empirical formula and the unit-cell volume estimated from the
EBSD data.

Magnéliite (Ti3+
2Ti4+

2O7) is a new Ti-oxide mineral. It belongs to the so-called Magnéli
phases, i.e., a series of Ti-oxides homologous with TinO2n−1 (with n = from 4 to 10). The
first member of the series, synthetic Ti4O7, is well known (e.g., [23–25]). The crystal
structure of magnéliite can be considered to be derived from the structure of rutile TiO2
by crystallographic shear of the (121)rutile plane with a 1/2[0–11]rutile vector every four
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octahedra of rutile [26]. The resulting structure has chains of edge-sharing TiO6 octahedra
truncated every four octahedra by the crystallographic shear planes (Figure 3). At room-T,
Ti3+ and Ti4+ are disordered among the eight symmetrically independent positions, while
at T < 120 K, Ti3+ and Ti4+ are arranged in an ordered fashion to form a Ti3+-Ti4+ pair
(bipolarons) and the material becomes a nonmagnetic insulator. Recent data by [26] show
that even at room-T some local ordering of Ti3+–Ti3+ and Ti4+–Ti4+ pairs exists.

Figure 2. (left) EBSD patterns of the magnéliite crystal in Figure 1 at different orientations, and (right)
the patterns indexed with the P1 Ti4O7-type structure. Blue cross marks the pattern center.

Figure 3. Detail of the structure of magnéliite (using the atom coordinates form Marezio and Dernier,
1971) projected onto (−556), showing the chains of four-member units of edge-sharing Ti-centered
octahedra. Figure obtained using Vesta 3.0 [27].

3.2. Ziroite

Ziroite occurs with baddeleyite, Ce-rich hibonite, and Ti,Al,Zr-oxide in inclusions in
corundum Grain 479-1a (Figure 4). Other inclusions in this corundum grain are MgAl-

221



Materials 2023, 16, 7578

spinel, fluorbritholite-(Ce), osbornite, and hapkeite (Fe2Si). It occurs as irregular crystals
~1–4 μm in size. It is transparent and shows a brownish black tint. The Gladstone–Dale
relationship gives n = 2.342.

Figure 4. BSE images showing ziroite (ZrO2) in corundum Grain 479-1a. The rectangular area in (a)
is enlarged in (b). The rectangular area in (b) is enlarged in (c).

The chemical composition of ziroite (Table 2) gives rise to an empirical formula (based
on 2 O pfu) of (Zr0.72Ti4+

0.26Mg0.02Al0.02Hf0.01)Σ1.03O2. The simplified formula is (Zr,Ti)O2.
The ideal formula is ZrO2.
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Table 2. EPMA analytical results (in wt%, n = 8) for ziroite.

Constituent Mean Range SD (σ) Probe Standard

ZrO2 78.52 76.06–79.92 1.18 zircon

TiO2 18.21 16.68–20.47 1.18 TiO2

HfO2 1.43 1.35–1.54 0.08 Hf metal

MgO 0.70 0.62–0.75 0.05 forsterite

Al2O3 0.87 0.81–0.95 0.05 anorthite

Total 99.73

The EBSD patterns can be indexed only by the tetragonal P42/nmc zirconia (HT)-
type and match the synthetic ZrO2 cell values of [28] (Figure 5), with a mean angular
deviation of 0.30–0.36◦, revealing the following cell parameters: a = 3.60(1) Å, c = 5.18(1) Å,
V = 67.1(3) Å3, and Z = 2. The calculated density is 5.53 g·cm−3 using the empirical formula
and the unit-cell volume estimated from the EBSD data.

Figure 5. (left) EBSD patterns of the ziroite crystals in Figure 4, and (right) the patterns indexed with
the P42/nmc zirconia(HT)-type. Blue cross marks the pattern center.

Ziroite is a tetragonal polymorph of baddeleyite (monoclinic ZrO2). Synthetic ZrO2
with the P42/nmc zirconia (HT)-type structure is well known (Figure 6) (e.g., [28–30]).
Reported here is the first natural occurrence of tetragonal ZrO2.

3.3. Sassite

Sassite occurs with Ti,Al,Zr-oxide, mullite, osbornite, baddeleyite, alabandite, and
Si-rich glass in melt pockets trapped in corundum Grain 1125C1 (Figure 7). The mineral
occurs as subhedral-euhedral crystals ~4–16 μm in size. It is transparent with a brown
color. The Gladstone–Dale relationship gives n = 2.16.
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Figure 6. The structure of ziroite. Figure obtained using Vesta 3.0 [27].

Sassite (Table 3) shows an empirical formula (based on 5 O pfu) of
(Ti3+

1.35Al0.49Ti4+
0.08Mg0.07)Σ1.99(Ti4+

0.93Zr0.06Si0.01)Σ1.00O5. The simplified formula is (Ti3+,
Al)2Ti4+O5. The ideal formula is Ti3+

2Ti4+O5, which requires Ti2O3 64.29, TiO2 35.71, total
100 wt%.

Table 3. EPMA analytical results (in wt%, n = 13) for sassite.

Constituent Mean Range SD (σ) Probe Standard

Ti2O3 * 45.32 44.81–45.94 0.30 TiO2

TiO2 * 37.32 36.90–37.83 0.24 TiO2

Al2O3 11.73 10.22–13.02 0.83 anorthite

ZrO2 3.70 3.05–5.04 0.68 zircon

MgO 1.29 0.97–1.66 0.24 forsterite

SiO2 0.24 0.15–0.46 0.08 anorthite

MnO 0.15 0.10–0.20 0.04 Mn2SiO4

CaO 0.07 0.05–0.12 0.02 ScPO4

Total 99.82

* Total titanium has been partitioned between Ti3+ and Ti4+ for charge balance to achieve ideal stoichiometry.

The EBSD patterns can be indexed only by the orthorhombic Cmcm pseudobrookite-
type structure and match the synthetic β-Ti3O5 cell from [31] (Figure 8), with a mean
angular deviation of 0.31◦–0.35◦, revealing the following cell parameters: a = 3.80(1) Å,
b = 9.85(1) Å, c = 9.99(1) Å, V = 374(1) Å3, and Z = 4. The calculated density is 3.81 g·cm−3

using the empirical formula and the unit-cell volume estimated from the EBSD data.
Sassite (Ti3+

2Ti4+O5) is a new member of the pseudobrookite group, joining pseu-
dobrookite (Fe2TiO5), armalcolite [(Mg,Fe2+)Ti2O5], and griffinite (Al2TiO5; IMA 2021-
110) [14]. Synthetic Ti3O5-pseudobrookite is well known (e.g., [31,32]). It is also known
as β-Ti3O5 because several polymorphs of Ti3O5 have been described so far. α–Ti3O5
has monoclinic symmetry, C2/m, with a = 9.752(1), b = 3.802(1), c = 9.442(1) Å, and
β = 91.55(1)◦ [33]. β-Ti3O5 has orthorhombic symmetry, Cmcm, a =3.798(2), b = 9.846(3),
c = 9.988(4) Å [31], which corresponds to sassite. γ-Ti3O5 has the monoclinic V3O5-type
structure, with a = 10.115, b = 5.074, c = 7.182 Å, β = 112◦, and C2/c space group [34], which
corresponds to the mineral kaitianite, recently described in Allende CV3 carbonaceous
chondrite [35]. δ–Ti3O5 has a monoclinic structure and P2/a space group, with lattice pa-
rameters a = 9.9651(7), b = 5.0604(4), c = 7.2114(5) Å, and β = 109.3324(9)◦, and is related to
γ-Ti3O5 by decreasing temperature [36,37]. λ–Ti3O5 is monoclinic C2/m with a = 9.8357(11),
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b = 3.7935(2), c = 9.9863(7) Å, β = 90.976(6)◦, and is related to α–Ti3O5 by a second-order
phase transition [38].

Figure 7. BSE images showing sassite (Ti3+
2Ti4+O5) in corundum Grain 1125C1. The rectangular area

in (a) is enlarged in (b). The rectangular area in (b) is enlarged in (c).
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Figure 8. (left) EBSD patterns of two sassite crystals in Figure 7, and (right) the patterns indexed
with the Cmcm pseudobrookite-type Ti3O5 structure. Blue cross marks the pattern center.

Kaitianite was first discovered in association with tistarite and rutile together with
other refractory phases of corundum, xifengite, mullite, osbornite, and a new Ti,Al,Zr-oxide
mineral in the Allende meteorite [35]; most of these minerals are also found in the melt
pockets in corundum from Mt. Carmel. Ti3+-rich phases are common in melt inclusions in
those corundum xenocrysts, including tistarite (Ti2O3), magnéliite (Ti3+

2Ti4+
2O7), sassite

(Ti3+
2Ti4+O5), and grossmanite. Sc-bearing sassite was identified in the SaU 290 CH3

chondrite as an ultrarefractory phase, labeled as “anosovite,” among the first solids formed
in the solar system [39]. While low-temperature α–Ti3O5 is highly ordered (three octahe-
drally Ti sites, with <Ti–O> = 2.015 Å, 2.033 Å, and 2.033 Å), both sassite and kaitianite
show higher degrees of disorder (two crystallographically independent Ti sites, labeled
Ti1 and Ti2, are octahedrally surrounded by oxygen atoms, having <Ti1–O> = 2.0271 Å
and <Ti2–O> = 2.0385 Å in sassite [31] and <Ti1–O> = 2.0334 Å and <Ti2–O> = 2.0331 Å
in kaitianite [34]). In sassite, the TiO6 octahedra are linked by sharing edges and corners,
building up a characteristic row extending along the c axis, which is joined to an adjacent
row along [100] by sharing edges (Figure 9).

3.4. Mizraite-(Ce)

Mizraite-(Ce) occurs with Ce-silicate and Ti-sulfide in melt pockets between corun-
dum and spinel within Grain 198-8 (Figure 10). Other inclusions in this corundum grain
contain Ti,Al,Zr-oxide, ziroite, baddeleyite, thorianite, osbornite, zangboite (TiFeSi2),
wenjiite (Ti5Si3), and a [(Mn,Fe,Ti,V,Cr)4Ti2]Si5 alloy. The mineral occurs as euhedral
crystals < 1–14 μm in size. It is transparent with a light bluish-green color. The Gladstone–
Dale relationship gives n = 1.828.

Mizraite-(Ce) (Table 4) exhibits an empirical formula (based on 19 O pfu) of
(Ce0.76Ca0.10La0.07Nd0.01)Σ0.94(Al10.43Mg0.84Ti3+

0.60Si0.09Zr0.04)Σ12.00O19. The simplified for-
mula is (Ce,Ca,La)(Al,Mg,Ti3+)12O19. The ideal formula is Ce(Al11Mg)O19, which requires
Ce2O3 21.45, Al2O3 73.28, MgO 5.27, total 100 wt%.
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Table 4. EPMA analytical results (in wt%, n = 8) for mizraite-(Ce).

Constituent Mean Range SD (σ) Probe Standard

Al2O3 69.75 69.41–70.07 0.23 Al2O3

Ce2O3 16.30 16.13–16.50 0.14 CePO4

* Ti2O3 5.67 5.64–5.75 0.04 TiO2

MgO 4.45 4.37–4.51 0.04 forsterite

La2O3 1.47 1.40–1.56 0.06 LaPO4

SiO2 0.72 0.69–0.79 0.03 anorthite

CaO 0.71 0.69–0.73 0.02 anorthite

ZrO2 0.67 0.43–0.81 0.12 zircon

Nd2O3 0.29 0.25–0.35 0.04 NdPO4

Total 100.02

* Titanium has been assigned to be Ti3+ for charge balance to achieve best stoichiometry.

The EBSD patterns can be indexed only by the hexagonal P63/mmc magnetoplumbite
structure and match the Ce-bearing hibonite cell of [40] (Figure 11), with a mean angular de-
viation of 0.32◦–0.37◦, revealing the following cell parameters: a = 5.61(1) Å, c = 22.29(1) Å,
V = 608(2) Å3, and Z = 2. The calculated density is 4.16 g·cm−3 using the empirical formula
and the unit-cell volume estimated from the EBSD data.

Figure 9. Detail of the structure of sassite (using atom coordinates form Onoda 1998) projected onto
(010), showing the chains of TiO6 octahedra along [001] sharing edges and vertexes. Figure obtained
using Vesta 3.0 [27].
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Figure 10. BSE images showing mizraite-(Ce) in corundum Grain 198-8. The rectangular areas in (a)
are enlarged in (b,c).
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Figure 11. (left) EBSD patterns of two mizraite-(Ce) crystals in Figure 10, and (right) the patterns
indexed with the P63/mmc hibonite structure. Blue cross marks the pattern center.

Mizraite-(Ce) is the Ce-analog of hibonite, and is a new member of the magneto-
plumbite group (A[B12]O19; [16]); it is the first member presenting the heterovalent sub-
stitution A2+ + B3+ → A3+ + B2+ (Ca2+ + Al3+ → REE3+ + Mg2+) as the dominant species-
defining exchange. Whenever another magnetoplumbite REE-dominant mineral is de-
scribed, it would represent a new subgroup along with the magnetoplumbite (A = Pb),
hawthorneite (A = Ba), and hibonite (A = Ca) subgroups. Hibonite has a general formula of
(Ca,Ce)(Al,Ti,Mg)12O19 and an ideal formula of CaAl12O19. Synthetic Ce(Al11Mg)O19 is not
reported, whereas La(Al11Mg)O19, La(Al11Mn)O19, and La(Al11Ni)O19 with the hibonite
structure have been synthesized [41–43]. Terrestrial hibonite often contains minor Ce and
other REEs and has a general formula of (Ca,Ce)(Al,Ti,Mg)12O19 [40,44]. Reported here
is the first natural occurrence of Ce(Al11Mg)O19, although zoned “hibonite” grains with
REE-rich cores (ΣREE > 0.6 atoms per formula unit) have been described by [45] where
kalsilite, leucite, and hibonite occur together with spinel, corundum, sphene, perovskite,
Ti-phlogopite, and K-feldspar in a granulite-facies gneiss in the Punalur district in Kerala,
southern India. The structure of mizraite-(Ce) has the topology of the magnetoplumbite
group minerals with Ln3+(Al11M2+)O19 stoichiometry and is made of two structural layers:
the hexagonal close-packed R-block, containing the Ln3+ site, the trigonal bipyramidal M2
site, and the octahedral face-sharing M4 site; and the cubic close-packed S-block, containing
layers of M5 octahedra interspaced by the M3 tetrahedra and the M1 octahedra (Figure 12).
The spinel blocks contain most of the Al3+ in the M1 and M5 sites, and M2+ cations are
distributed among the octahedral and tetrahedral sites. The Ln3+ and remaining Al3+

cations are localized in mirror planes, whereas M4 octahedra containing high-charge small
cations lie on both sides of the mirror plane (Figure 12). The separation between the two
Ln3+ sites of the same mirror plane is equal to the a unit cell parameter (ca. 5.6 Å), whereas
between two different mirror planes it is approximately 11 Å.
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Figure 12. Detail of magnetoplumbite-type structure of mizraite-(Ce), showing the interlayering of
S- and R-blocks. Ln3+ cations are located in the R-blocks along with the M2 and M4 sites. Figure
obtained using Vesta 3.0 [27].

3.5. Yeite

Yeite occurs with wenjiite (Ti5Si3) and zhiqinite (TiSi2) in Ti-Si alloy inclusions in
corundum Grain 198c (Figure 13). Other inclusions in this corundum grain contain type
griffinite (Al2TiO5) [14], rutile, baddeleyite, hibonite, osbornite, khamrabaevite, Ti,Al,Zr-
oxide, zirconolite, and jingsuiite. Yeite occurs as irregular-subhedral crystals 1.2–3.5 μm in
size. It is opaque and shows a black color.

The chemical composition of yeite (Table 5) gives rise to an empirical formula (based
on 2 atoms pfu) of (Ti0.995Mn0.003V0.001Cr0.001)(Si0.996P0.004). The simplified formula is TiSi.
The ideal formula is TiSi, which requires Ti 63.04, Si 36.96, total 100 wt%. Associated
wenjiite has an empirical formula (Ti3.70Mn0.43Cr0.07V0.02)Si3.68. Zhiqinite has an empirical
formula Ti0.99Si2.01.

Table 5. EPMA analytical results (in wt%, n = 7) for yeite.

Constituent Mean Range SD (σ) Probe Standard

Ti 62.34 62.11–62.71 0.21 Ti metal

Si 36.59 36.47–36.78 0.10 Si metal

P 0.18 0.13–0.25 0.05 GaP

Mn 0.18 0.14–0.31 0.06 Mn2SiO4

Cr 0.08 0.00–0.13 0.04 Cr metal

V 0.06 0.00–0.17 0.06 V metal

Fe 0.00 0.00 0.00 Fe metal

Total 99.43

The EBSD patterns of yeite can be indexed only by the orthorhombic Pnma FeB-type
structure and match the synthetic TiSi cells of [46,47] (Figure 14), with a mean angular
deviation of 0.23◦–0.32◦, revealing the following cell parameters: a = 6.55(1) Å, b = 3.64(1) Å,
c = 4.99(1) Å, V = 119.0(4) Å3, and Z = 4. The calculated density is 4.24 g·cm−3 using the
empirical formula and the unit-cell volume estimated from the EBSD data.
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Figure 13. BSE images showing yeite (TiSi) with wenjiite (Ti5Si3) and zhiqinite (TiSi2) in corundum
Grain 198c. The rectangular areas in (a) are enlarged in (b,c).
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Figure 14. (left) EBSD patterns of yeite in Figure 13 at different orientations, and (right) the patterns
indexed with the Pnma TiSi structure. Blue cross marks the pattern center.

In the structure of yeite, each Si atom is coordinated with seven Ti atoms, forming
SiTi7 polyhedra (capped trigonal prism, <Si-Ti> = 2.638 Å, distortion index = 0.01259) that
share edges, building up a three-dimensional framework (Figure 15). The structure can be
also described as TiSi7 polyhedra (<Si-Ti> = 2.636 Å, distortion index = 0.01245), with an
odder shape, sharing edges.

Figure 15. The structure of yeite (using the atom coordinates published by [46]). SiTi7 capped
triangular prims in blue. The polyhedra share edges. Figure obtained using Vesta 3.0 [27].

Yeite is natural TiSi with the Pnma FeB-type structure. Synthetic TiSi with the Pnma
FeB-type structure is well known [46,47]. To our knowledge, yeite is not related to other
minerals. Other Ti-Si minerals include zhiqinite with an orthorhombic Fddd TiSi2-type
structure [48], kangjinlaite (Ti11Si10) with a tetragonal I4/mmm Ho11Ge10-type structure [49],
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and a special wenjiite (Ti5Si3) with a hexagonal P63/mcm Mn5Si3-type structure identified
in this study.

4. Discussion

The oxide minerals described here are high-temperature phases. They crystallized
from melts that were trapped in intracrystalline and interstitial voids in aggregates of
corundum crystals [2]. The whole suite of corundum xenoliths is characterized by oxygen
fugacity (f O2) below the levels normally encountered in Earth’s upper mantle or crust (IW
to IW-9; [50]). We recognize three broad paragenetic types.

Crn-A: these are hopper to skeletal crystals showing strong zoning in Ti due to the
uptake of Ti3+ during rapid crystal growth [51]. The composition of the trapped melts is
Ca-Mg-Al silicates showing high contents of S as well as incompatible elements. Phase
assemblages reflect low f O2, with all Ti as Ti3+ (e.g., tistarite).

Crn-B: these are large homogeneous (unzoned) corundum crystals, which typically
show Ti contents > 1 wt%. In these crystals, interstitial pockets contain small amounts of
glass, which are typically high in REE, Zr, and other incompatible elements. In phenocrysts,
Ti is present as both Ti3+ and Ti4+.

Crn-C: these are texturally similar to Crn-B; however, the Ti contents in corundum are
typically low (<0.5 wt% Ti). Rare glasses are rich in LREE and Ba. The presence of more
Ti4+ phases (rutile, griffinite) suggests higher mean f O2 than in Crn-A and Crn-B. Hibonite
occurs in all three parageneses; in Crn-A and Crn-B, it contains high levels of Ti3+, whereas
in Crn-C, the Ti3+ contents are very low.

Magnéliite, sassite, and ziroite are members of a large population of Ti-Al-Zr phases,
which include carmeltazite, griffinite, tistarite, rutile, “Allende-like” Ti-Zr-Al oxide [35],
kaitianite [52], and many as yet undescribed minerals (Figure 16). Part of this variety is
due to the presence of Ti as both Ti3+ and Ti4+, reflecting the differences in f O2 among the
three parageneses. Individual phases may show large ranges in solid solution, reflecting
substitutions of trivalent (Ti3+, Al) and quadrivalent (Ti4+, Zr) ions.

Figure 16. Ti-Al-Zr triplot showing phases from melt inclusions in corundum xenocrysts from the Mt.
Carmel area, from [52].

Magnéliite shows some solid solution of both ZrO2 and Al2O3 (Table 1); it has crys-
tallized from a glass, residual after the crystallization of large hibonite crystals. The type
magnéliite is associated with alabandite, which suggests that both crystallized during
the ascent of the xenoliths as decreasing pressure led to lower solubility of sulfur in the
melt. This assemblage and the low Ti in corundum (0.4 wt% Ti) are characteristic of
paragenesis Crn-C.
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Sassite is clearly a liquidus phase (Figure 4) together with a Ti-Al-Zr oxide and corun-
dum; the reconstructed melt in these interstitial pockets is low in Si and Ca and very high
in Ti, while the residual melt is Al, Si-rich. Sassite shows a very wide range of solid solution
toward griffinite (Al2TiO5 [14]; Figure 16). The presence of alabandite and baddeleyite
suggests quench crystallization during ascent of the xenolith, which is consistent with the
quench crystallization of mullite at low P. This is a typical Crn-B paragenesis.

Ziroite can have a significant solid solution of TiO2 (Table 3; Figure 16). The ability
of ziroite to take up Ti can explain the coexistence of ziroite and baddeleyite (Figure 7), as
the latter does not appear to take up much Ti. Like sassite, the type ziroite has crystallized
from a Ca-Mg-Al-silicate glass, residual after the crystallization of hibonite and a Ti-Al-Zr
oxide, in a typical Crn-B paragenesis.

Mizraite-(Ce) is also clearly a liquidus phase, crystallizing from a residual melt high
in LREE and S. Its occurrence as interstitial to large exsolved spinel grains suggests that
it belongs to paragenesis Crn-B, although the low Ti content of the adjacent corundum
(0.4 wt%) is more characteristic of Crn-C.

The study of mixed-valence phases in paragenesis Crn-B, and possibly in Crn-C,
provides new information on the interpretation of the origins of the Mt. Carmel corundum-
aggregate xenoliths. While the different parageneses share many common features, it has
proven difficult to establish common lines of descent between them.

The alloy phases, including yeite as described here, appear as inclusions in aggregates
of corundum crystals; they represent trapped melts, melts + crystals, and subsolidus
assemblages that formed from the melts on cooling, both prior to eruption and during
quenching upon eruption of the host basalts [6]. The immiscible separation of these
melts from the coexisting silicate melt under highly reducing conditions allowed the
crystallization of Fe-free phases from the silicate melt(s). The chemistry and evolution of
these melts through multiple stages of immiscibility have been described in [6]; yeite adds
more detail to this picture.

Yeite occurs in spheroidal balls (Figure 13) interpreted as immiscible melts coexisting
with the silicate melt from which the enclosing corundum was crystallizing. The smooth,
straight, or irregular boundaries between yeite, wenjiite, and zhiqinite suggest that the
original melt may have decomposed into mutually immiscible melts or crystallized into
the three coexisting phases. However, examination of the phase diagram for the Ti-Si Si
binary [53] suggests that the situation was more complex (Figure 17).

This binary is separated into two subsystems by a thermal divide at Ti3Si2; the
assemblage TiSi+TiSi2 appears (crystallizes) at a eutectic point (1743 K) on the Si side
of the divide, while wenjiite crystallizes from melts on the Ti side of the divide from
2400 K to a eutectic (L → Ti + Ti5Si3) at 1613 K. There is no point at which TiSi coexists with
Ti5Si3. However, the average reconstructed composition of the melts in Figure 13 lies near
several cotectics (1773–1673 K) in the Fe-Ti-Si ternary system (Figure 18) [54], making it
probable that three phases may have crystallized from the melt over a very short T range
in the high-temperature part of this ternary system. As noted by [6], the temperatures in
the natural system beneath Mt. Carmel probably were lower than those in the synthetic
systems due to the coexistence of a fluid phase rich in H2, which can lower temperatures in
metallic systems by up to several hundred degrees [55].

These alloy minerals thus illustrate the wide range of immiscible-melt compositions
and crystallization conditions captured in the xenoliths from Mt. Carmel and give some
new insights into processes in this highly reduced magmatic system. This highly reduced
corundum-related assemblage is not simply a one-locality oddity; very similar associations
have been reported from the Luobusa ophiolite in SE Tibet [48,49] and from many other
localities in intraplate and subduction-zone tectonic settings [2,6]. These occurrences imply
a significant role for mantle-derived CH4+H2 fluids in magmatic processes.

234



Materials 2023, 16, 7578

Figure 17. Calculated Ti-Si phase diagram from [53].

Figure 18. Liquidus projection for Fe-Si-Ti, modified from [54].

5. Conclusions

Reported here is the discovery of five new minerals, magnéliite (Ti3+
2Ti4+

2O7), ziroite
(ZrO2), sassite (Ti3+

2Ti4+O5), mizraite-(Ce) (Ce(Al11Mg)O19), and yeite (TiSi), in melt in-
clusions in corundum xenocrysts from the Mt. Carmel area, Israel. The description of
their chemical composition and the crystal structures of the synthetic analogues that match
the EBSD data is provided. Many physical properties cannot be obtained because of the
extremely reduced dimensions of the grains (nano scale), but the data are sufficient to
support their correct identification. These minerals are high-temperature oxide or alloy
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phases formed under extremely reduced conditions in the upper mantle, and provide new,
important insights into the natural origin of super-reduced mineral assemblages.
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