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Preface

After the success of the first three volumes of this Special Issue, entitled “Obtaining and

Characterization of New Materials”, we have decided to create the fourth volume in order to collect

and publish a series of state-of-the-art research in the field of new materials and their understanding.

The fourth volume of this Special Issue, like the first three, covers a wide range of topics,

such as obtaining and characterizing new materials, from the nano- to macro-scale, involving new

alloys, ceramics, composites, biomaterials, and polymers, as well as procedures and technologies

for enhancing their structure, properties, and functions. In order to be able to select the future use

of the new materials, we first must understand their structure to understand their characteristics,

involving modern techniques such as microscopy (SEM, TEM, AFM, STM, etc.), spectroscopy (EDX,

XRD, XRF, FTIR, XPS, etc.), mechanical tests (tensile, hardness, elastic modulus, toughness, etc.), and

their behavior (corrosion, thermal—DSC, STA, DMA, magnetic properties, biocompatibility—in vitro

and in vivo), among many others.

Andrei Victor Sandu

Editor
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Fabrication of Lead–Zinc Tailings Sintered Brick and Its Effect
Factors Based on an Orthogonal Experiment
Hang Lin, Rui Li and Su Li *
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* Correspondence: lisu1996@csu.edu.cn

Abstract: The existence of lead-zinc tailings threatens the social and ecological environment. The
recycling of lead–zinc tailings is important for the all-round green transformation of economic society.
In this study, the possibility of fabricating sintered ordinary bricks with lead–zinc tailings was
studied based on orthogonal experimentation, and the phase composition and micromorphology
of sintered products were analyzed by X-ray diffraction (XRD) and scanning electron microscope
(SEM). With lead–zinc tailings as the main material, and clay and fly ash as additives, the effect
of clay content, forming pressure, sintering temperature, and holding time on physical properties
of sintered bricks was analyzed. The results show that clay content and sintering temperature
have a major effect on compressive strength, while sintering temperature and holding time play
an important role in water absorption. During sintering, mica, chlorite, and other components
in lead–zinc tailings are decomposed to form albite, hematite, maghemite, and anhydrite, which
play a role in the strength of bricks. The optimal process parameters were found to be a ratio of
lead–zinc tailings:clay:fly ash = 6:3:1, forming pressure of 20 MPa, firing temperature of 1080 ◦C,
and holding time of 60 min. The corresponding compressive strength and water absorption were
34.94 MPa and 16.02%, which meets the Chinese sintered ordinary bricks standard (GB/T 5101-2017).

Keywords: lead–zinc tailings; sintered ordinary brick; orthogonal experiment; compressive strength

1. Introduction

China’s lead–zinc ore production accounts for more than 40% of the world’s total
production. Lead–zinc tailings are the residual parts of lead–zinc ore after grinding and
flotation, which are very representative in China’s solid ore waste dumps [1]. Tailings
storage is the most direct disposal method at present. The annual production of tailings
in China is about 1.5 billion tons, and there are more than 7000 tailings ponds in China.
However, after being disturbed, tailings reservoirs may cause geological disasters such as
debris flows, landslides, and ground collapse, resulting in heavy casualties and property
losses [2,3]. Furthermore, long-term accumulation will lead to the leaching of harmful
components containing heavy metal ions such as Pb2+, Zn2+, and Cd2+, threatening the
environmental safety of water and soil near the mining area [4]. Therefore, there is an
urgent need to carry out research on the reutilization of lead–zinc tailings, which is of great
significance to improve resource utilization efficiency, improve environmental quality, and
promote the comprehensive green transformation of economic and social development.

At present, the comprehensive utilization of lead–zinc tailings mainly has two aspects.
First, lead–zinc tailings are selected as secondary resources to recover the valuable com-
ponents and improve the recovery rate. The second is the direct utilization of lead–zinc
tailings, mainly including the production of building materials and backfill materials. The
grades of lead, zinc, sulfur, and fluorite in lead–zinc tailings are relatively high, and these
components have a high recovery value. At present, the secondary recovery of lead–zinc
tailings is achieved by a variety of processes, including chemical leaching, microbial leach-
ing, magnetizing roasting–magnetic separation, and flotation technology [5–9]. However,
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the existence of difficult-to-recover metals in tailings will result in secondary tailings,
which will also threaten human society. Therefore, the direct utilization of tailings without
reselection value should be considered.

Using tailings as the main raw material to produce building materials can not only
consume a large quantity of tailings, but also bring good economic benefits to min-
ing enterprises. This direction has already attracted the extensive attention of schol-
ars [10,11]. Guo et al. [12] studied the preparation of ceramic bricks from tungsten tailings.
Kim et al. [13] and Wei et al. [14] studied the possibility of fabricating bricks from gold
tailings. Luo et al. [15] used iron tailings, sludge, and other materials to prepare sintered
bricks, systematically analyzed the influence of many factors on the properties of the sin-
tered bricks, and proposed the optimal process parameters. In addition, other scholars
have conducted extensive research on the use of tailings to prepare ceramics [16,17], filling
materials [18,19], cement material [20–23], etc.

Due to the low grade of lead–zinc ore in China, the output of lead–zinc tailings is
usually more than ten times that of lead–zinc concentrate. The disposal of lead–zinc tailings
has become a key problem restricting the development of the lead–zinc industry. Si, Al,
and other elements contained in lead–zinc tailings are essential components of building
materials production [24,25]. Therefore, if lead–zinc tailings can be used as a substitute
for building materials, this can solve the problem of tailings storage and maximize the
effective utilization of resources [26,27]. In recent years, many scholars have carried out
research on the use of lead–zinc tailings as raw materials to fabricate building materials.
Liu et al. [28–30] fabricated foam ceramics from lead–zinc tailings, red mud, and fly ash, and
studied the influence of various process parameters on ceramic performance. By studying
the geopolymers with lead–zinc tailings, Zhao et al. [31] found that the curing rates of Zn2+,
Pb2+, and Cd2+ were all higher than 97.80%, and the leaching concentrations only fluctuated
within the limited environmentally acceptable range. In addition, Wang et al. [32] analyzed
the fixation behavior of heavy metal ions in the sintering process of lead–zinc tailings brick
and found that a high temperature (over 1050 ◦C) can play a positive role in the fixation of
heavy metal ions. Li et al. [33] and Zhang et al. [34] studied the leaching behavior of heavy
metal ions when lead–zinc tailings were used as raw materials to prepare building materials.
Wang et al. [35] studied the use of lead–zinc tailings to prepare ultra-high-performance
concrete and found that the addition of lead–zinc tailings can significantly reduce the
early auto-shrinkage of concrete and is conducive to the development of its microstructure.
By studying the effect of temperature on the performance of foam ceramics mixed with
lead–zinc tailings, Liu et al. [28] found that foam ceramics with sintering temperature at
970 ◦C had the best performance, with higher porosity (76.2%), higher mechanical strength
(5.3 MPa), and lower thermal conductivity (0.21 W/(m K)). In summary, the current use of
lead–zinc tailings as raw materials to prepare ceramics, cementing materials, and fillers has
been widely reported. However, there are few reports on the fabrication of sintered bricks
with lead–zinc tailings.

In this study, lead–zinc tailings were used as primary raw materials, and clay and
fly ash as auxiliary materials, to fabricate sintered bricks that reached the highest strength
grade in the Chinese sintered ordinary bricks standard (GB/T 5101-2017 [36]). The ap-
proximate range of the raw material ratio was determined by the single-factor test. The
effects of clay content, forming pressure, sintering temperature, and holding time on the
properties of sintered bricks were analyzed based on orthogonal experiments. The brick
sintering process was studied with XRD, SEM, and thermogravimetry/differential scan-
ning calorimetry technology (TG-DSC). The research results are expected to realize the
secondary utilization of lead–zinc tailings and reduce the environmental and safety threats
caused by the accumulation of lead–zinc tailings.

2. Materials and Experiments

The lead–zinc tailings used in this study are tailings waste residues after reconcen-
tration of tailings, which are from the Sanguikou lead–zinc tailings of Ulat Houqi Zijin
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Mining Co, Inner Mongolia, China (Figure 1). Clay and fly ash, the auxiliary materials,
were purchased from the market.
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2.1. Physicochemical Properties Test

The phase composition of lead–zinc tailings was determined by XRD (Bruker D8
ADVANCE, Bruker, Mannheim, Germany, angular accuracy is 0.0001◦), and the chemical
compositions of three raw materials (lead–zinc tailings, clay, and fly ash) were examined
by an X-ray fluorescence spectroscopy analyzer (XRF, Bruker S2 PUMA, Bruker, Germany).
The thermodynamic characteristics of lead–zinc tailings were analyzed through TG-DSC
(Netzsch/STA 449 F5 Jupiter, Netzsch, Germany, balance resolution is 0.1 µg and tempera-
ture resolution is 0.001 K). The surface morphology and pore structure of lead–zinc tailings
particles at different sintering temperatures were scanned by SEM (MIRA3 LMH eds: One
Max 20, Tescan, Czech Republic). A laser particle size analyzer (LPSA, Mastersizer 2000
with Hydro2000M, Malvern, UK) was adopted to analyze the particle size distribution
of lead–zinc tailings. According to the provisions of the liquid–plastic limit combined
test method in the Standard for geotechnical testing method (GB/T50123-2019 [37]), the
plasticity index (the difference between the liquid limited water content and the plastic lim-
ited water content) of lead–zinc tailings was measured by a liquid–plastic limit combined
device. The particle size should be less than 0.5 mm, and the plasticity index was calculated
from the average of three parallel tests. The tailings bodies fabricated with different levels
of forming moisture were fully dried and a uniaxial compression test was carried out. The
drying performance of lead–zinc tailings with different levels of forming moisture was
studied by analyzing the shape and strength changes of the tailings bodies, and then the
appropriate forming moisture was determined (the corresponding forming moisture of
tailing bodies with a smaller shape change and higher strength).

The uniaxial loading experiments of sintered bricks were carried out on a HUALONG
WHY-300/10 test system (Hualong, Shanghai, China, relative error of force is less than
0.5%). The maximum load is 300 kN, and the measurement range is 2–100% fullscale,
which meets the experimental requirements. According to the Test Method for Wall Bricks
(GB/T2542-2012 [38]), the loading method adopts force control and the loading rate is set
at 0.8 kN/s. Based on the Chinese sintered ordinary bricks standard (GB/T 5101-2017 [36]),
the strength requirements of sintered bricks are divided into five grades named M10, M15,
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M20, M25, and M30, and the corresponding uniaxial compressive strengths are 10, 15, 20,
25, and 30 MPa, respectively. The phase composition and microstructure of the sintered
bricks with lead–zinc tailings prepared by optimal process parameters were analyzed by
XRD and SEM.

2.2. Specimen Preparation

Figure 2 shows the process flow and sintering scheme of sintered bricks from lead–zinc
tailings. Before preparation began, all raw materials were dried to remove moisture and
impurities. As can be seen in Figure 2a, the dried tailings, clay, and fly ash were first
screened through a 65-mesh sieve, and then evenly mixed based on the set ratio. According
to the set forming moisture, a certain amount of water was added to the mixture to be stirred,
and the evenly mixed mixture was put into a sealed bag and aged at room temperature
(25 ◦C) for 24 h. The aged mixture was placed into a Φ50 × 50 mm mold, and compacted
to different molding pressures at the loading rate of 0.1 kN/s and maintained for 100 s
after forming. The molded bricks were placed at room temperature (25 ◦C) for 24 h, then
placed in a thermostatic drying oven (Supor 101 s, Supor, China, maximum temperature is
300◦ C and temperature resolution is 0.1 ◦C) and dried at 105 ◦C for 12 h. After drying, the
bricks were put into a box-type resistance furnace (Yiheng SX2-10-12NP, Yiheng, Shanghai,
China, maximum temperature is 1200 ◦C and temperature resolution is 1 ◦C) for sintering.
After rising to the specified sintering temperature in a certain sintering process, it was
kept warm for a certain time, and finally cooled naturally to room temperature. Figure 2b
shows the sintering scheme of sintered bricks from lead–zinc tailings, which is divided into
four stages: low temperature dehydration stage, stable heating stage, high temperature
sintering stage, and natural cooling stage.
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2.3. Experimental Scheme

The loading experiment was divided into two parts: a single-factor experiment and
an orthogonal experiment. For the single-factor experiment, the content of different raw
materials is shown in Table 1. The proportion of fly ash was fixed at 10% and the clay
content was 0%, 10%, 20%, 30%, and 40%, in order. The forming parameters were as follows:
forming moisture was 12.5% and forming pressure was 15 MPa. The sintering parameters
were: sintering temperature was 1050 ◦C and holding time was 60 min. In addition, the
results were compared with those of specimens with pure lead–zinc tailings. The ID was
given using a-b-c, where a, b, and c, respectively, represented the proportion of tailings,
clay, and fly ash.

Table 1. Mass ratio of different raw materials (unit: %).

Specimen ID Lead–Zinc Tailings Clay Fly Ash

10-0-0 100 0 0
9-0-1 90 0 10
8-1-1 80 10 10
7-2-1 70 20 10
6-3-1 60 30 10
5-4-1 50 40 10

The orthogonal experiment selected four important parameters in the fabrication
process, which were clay content, forming pressure, sintering temperature, and holding
time. For each process parameter, four different levels were set, which are shown in
Table 2. According to Wang et al. [32], when the sintering temperature is higher than
1050 ◦C, the leaching rate of Pb and Zn tends to 0. Therefore, the sintering temperature
in this experiment was equal to or greater than 1050 ◦C. According to different process
parameters and corresponding levels, the L16 (44) orthogonal test table was used to fabricate
sintered brick specimens from lead–zinc tailings. The name of each specimen represents its
corresponding process parameters. For example, the corresponding process parameters of
specimen A3B1C3D4 are that the clay content is 30%, the forming pressure is 15 MPa, the
sintering temperature is 1110 ◦C, and the holding time is 120 min.

Table 2. Process parameters and corresponding values of orthogonal experiment.

Level A: Clay Content (%) B: Forming
Pressure (MPa)

C: Sintering
Temperature (◦C) D: Holding Time (min)

1 20 15 1050 30
2 25 20 1080 60
3 30 25 1110 90
4 35 30 1140 120

3. Result Analysis
3.1. Raw Materials Characteristics

From Table 3, the lead–zinc tailings used in this study belong to the SiO2–Al2O3–metal
oxide system, which is similar to the clay used in traditional sintered bricks. Clay and fly
ash were added as auxiliary materials to make sintered bricks with good performance. The
chemical compositions of clay and fly ash selected in this study are also shown in Table 3.
The clay is brown-yellow and the fly ash is gray. Both of them are mainly powdery particles
with a size less than 2 mm, which meet the requirements for fabricating sintered bricks and
can be directly mixed with lead–zinc tailings.

In Figure 3, the XRD pattern of lead–zinc tailings shows that the main phase composi-
tions are quartz, mica, chlorite, and calcite, in addition to dolomite and pyrite, which are
consistent with the main chemical composition obtained by XRF analysis. Among them,
the diffraction peaks of quartz and mica are sharp and clear, indicating that they have
higher content and better crystallinity. Quartz, mica, chlorite, and calcite can be used as raw
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materials for sintered building materials, which proves the feasibility of applying lead–zinc
tailings to the fabrication of sintered ordinary bricks.

Table 3. Main chemical compositions of raw materials (unit: %).

Materials SiO2 Al2O3 Fe2O3 MgO CaO K2O P2O5 Na2O MnO2 TiO2 ZnO Others

Tailings 48.17 10.79 14.15 4.14 4.20 3.01 / 0.456 0.73 0.312 0.493 13.55
Clay 61.37 14.32 4.74 2.36 12.40 2.59 0.21 1.03 / / / 0.98

Fly ash 48.80 26.26 4.87 1.84 4.95 2.00 0.15 1.67 / / / 9.46
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The particle size distribution of lead–zinc tailings is shown in Figure 4. It can be seen
that the particle size of lead–zinc tailings is relatively fine, and the maximum particle size
is less than 1 mm. The cumulative proportion of particles with size less than 75 µm reaches
61%, the average particle size is 89.5 µm, and the median particle size is 43.2 µm. The
particle size composition of lead–zinc tailings used in this study meets the granularity
requirement for preparing sintered ordinary bricks.
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The plasticity index of lead–zinc tailings is shown in Figure 5. It can be seen that the
average plasticity index is 10.4, and the index ranges from 7 to 15, which indicates medium
plasticity. The plasticity index of tailings meets the requirements of fabricating sintered
ordinary brick, and a better molding effect can be achieved when assisted by clay.
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Figure 5. Plasticity index of lead–zinc tailings.

Figure 6 shows the morphology of the tailings body before and after drying, and the
strength variation of the tailings body with different levels of forming moisture. It can
be seen that the appearance of the tailings body has no obvious change, and the volume
shrinkage is basically less than 1%. Forming moisture has a certain influence on the strength
of the lead–zinc tailings body. As shown in Figure 6b, with forming moisture ranging from
5% to 17.5%, the uniaxial compressive strength presents a trend of first increasing and
then decreasing, and is at a relatively high level in the range of 12.5% to 15%. Generally,
the strength variation in the tailings body is relatively stable. When the forming moisture
ranges from 12.5% to 15%, the drying performance is relatively good.
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uniaxial compressive strength and forming moisture.
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3.2. Analysis of Single-Factor Experiment

Figure 7 shows the influence of clay content on the main performance indices (com-
pressive strength, water absorption, bulk density, and mass loss rate) of sintered ordinary
bricks from lead–zinc tailings. In Figure 7a, the addition of fly ash can improve the per-
formance of sintered ordinary bricks, but the improvement is weak. The addition of clay
obviously improves the performance of sintered ordinary brick. When the clay content
reaches 10%, the compressive strength of the sintered brick is 10.5 MPa and the water
absorption rate is 18.7%, which meets the requirements of the MU10 strength level and
water absorption in the Chinese sintered ordinary bricks standard (GB/T 5101-2017). With
a further increase in clay content, the strength of sintered brick gradually increases, and
the water absorption gradually decreases. When the clay content is 30%, the compressive
strength of the sintered brick is 22.4 MPa, which reaches the strength level of MU20 in
the Chinese sintered ordinary bricks standard (GB/T 5101-2017). Figure 7b shows the
influence of raw material ratio on bulk density and mass loss rate of sintered ordinary
brick. It can be seen that the addition of fly ash slightly reduces the bulk density, but the
subsequent bulk density continues to increase with the increase in clay content. In addition,
the mass loss rate of sintered brick decreases continuously, and is less than 15% under six
raw material ratios.
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3.3. Analysis of Orthogonal Experiment

The performance indices of 16 specimens fabricated according to the orthogonal
experiment table are shown in Table 4. It can be seen that the compressive strength of
specimen A4B2C3D1 is the highest, which is 34.43 MPa. When used as a load-bearing brick,
it meets the requirements of the MU30 level in the Chinese sintered ordinary bricks standard
(GB/T5101-2017). When used as road bricks, it also meets the strength requirements of the
MX category in the Chinese fired paving unit standard (GB/T26001-2010 [39]). Considering
the requirements of environmental protection and construction in mining areas, the sintered
bricks with lead–zinc tailings can replace the pavement bricks around the mining area.
For all specimens, except for the slightly larger water absorption of A1B1C1D1, A1B2C2D2,
and A2B1C2D3, the water absorption values of other specimens are all less than 17%, and
thus meet the requirement. It can be found that the change in process parameters has little
influence on mass loss rate and bulk density. Mass loss rate is mainly concentrated in the
range of 9%~11%, and the bulk density is between 1.67 g/cm3 and 1.81 g/cm3.
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Table 4. Performance indices of sintered ordinary bricks from lead–zinc tailings.

Specimen ID Compressive
Strength/MPa

Water
Absorption/% Mass Loss Rate/% Bulk

Density/(g/cm3)

A1B1C1D1 9.40 18.38 7.64 1.69
A1B2C2D2 25.37 17.16 9.60 1.73
A1B3C3D3 22.91 14.92 10.75 1.74
A1B4C4D4 11.16 4.26 10.40 1.68
A2B1C2D3 23.50 18.48 10.09 1.67
A2B2C1D4 25.65 16.97 10.03 1.71
A2B3C4D1 16.33 9.55 10.84 1.76
A2B4C3D2 22.6 14.57 10.64 1.73
A3B1C3D4 32.17 12.39 10.97 1.79
A3B2C4D3 26.15 4.62 11.15 1.76
A3B3C1D2 32.01 16.67 9.20 1.73
A3B4C2D1 30.66 15.99 9.20 1.76
A4B1C4D2 31.89 6.08 10.84 1.81
A4B2C3D1 34.43 16.55 10.10 1.71
A4B2C2D4 33.96 15.20 10.18 1.71
A4B4C1D3 31.95 16.53 9.33 1.74

3.3.1. Mean Value Analysis

Figure 8 shows the trend of the mean value of performance indices with the variation in
each process parameter. In Figure 8a, the strength of sintered ordinary brick is significantly
affected by clay content, and the average compressive strength increases linearly with clay
content. When clay content is 35%, the uniaxial compressive strength reaches 33 MPa. The
average compressive strength of sintered ordinary bricks increases and then decreases with
the variation in the three other parameters. The influence of these three process parameters
on compressive strength is relatively low, and the maximum points are 1080 ◦C, 20 MPa,
and 60 min, respectively. When the sintering temperature is greater than 1080 ◦C, the main
reason that the strength will gradually decrease is that the increasing sintering temperature
leads to the increase in liquid phase content, which results in the degradation of the bricks’
skeleton structure.
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In Figure 8b, the mean water absorption of sintered bricks decreased significantly
with the variation in sintering temperature, and the decreasing trend is more obvious
with the increasing sintering temperature. When the sintering temperature increases from
1050 ◦C to 1140 ◦C, the mean water absorption decreases from 17.1% to 6.1%. With the
increase in temperature, lead–zinc tailings continue to melt, and liquid phase in sintered
brick accumulates, which continuously fills the pores and reduces the porosity of sintered
bricks, and finally leads to the weakening of water absorption. The influence of clay
content, forming pressure, and holding time on water absorption of sintered bricks is
relatively weak, and average water absorption decreases slightly with the increase in the
three factor levels.

The variation trends of mean bulk density with the four factor levels are shown in
Figure 8c. It is not difficult to see that the bulk density is more affected by sintering
temperature and clay content. With the increase in sintering temperature and clay content,
the bulk density shows an increasing trend. With the increase in sintering temperature,
the amount of liquid phase increases, which filles the pores in sintered bricks and results
in the increase in bulk density. When the sintering temperature reaches 1040 ◦C, the bulk
density of sintered brick reaches 1.75 g/cm3. Compared with lead–zinc tailings, clay
contains a higher proportion of silicon oxides, which melt during the sintering process.
The increase in clay content will produce more molten substances, resulting in smaller
pores and higher bulk density of sintered bricks. Bulk density was less affected by forming
pressure and holding time, which shows a slowly decreasing trend with the increase in
these two process parameters.

Figure 8d shows the trend of mass loss rate with the variation in four different factors.
During the high-temperature sintering process, raw materials undergo complex physical
and chemical reactions. The decomposition of calcite and dolomite produces gas, and
water evaporation occurs during the decomposition of mica. These behaviors will result in
mass loss of sintered bricks. With the increase in sintering temperature and holding time,
the decomposition action will be more complete, and the mass loss rate of sintered brick
will increase. When the sintering temperature is 1140 ◦C, the mass loss rate of sintered
brick with lead–zinc tailings reaches 10.8%. With the increase in sintering temperature and
holding time, the reaction between chemical components of raw materials will gradually
reach completion. This explains why the trend of mass loss rate gradually flattens with
the increase in sintering temperature and holding time. In addition, the forming pressure
has almost no effect on mass loss rate, which was always maintained near 10% with the
increase in forming pressure.

3.3.2. Range Analysis

Ranges of the influences of the four process parameters on the performance index of
sintered bricks are shown in Figure 9. It can be seen that the order of the influence of
the four parameters on compressive strength of sintered brick is clay content > sintering
temperature > holding time > forming pressure. The order of the influence of the four param-
eters on water absorption is sintering temperature > holding time > clay content > forming
pressure. Careful selection of clay content and sintering temperature can optimize sintered
bricks with better performance. The order of the influence of the four parameters on mass loss
rate is sintering temperature > holding time > clay content > forming pressure. The sensitivity
order of the four parameters on bulk density is clay content > sintering temperature > holding
time > forming pressure. However, there is little difference between the range of these four
parameters on mass loss rate and bulk density, indicating that the difference in the influence
of these four parameters on mass loss rate and bulk density is not obvious. Overall, the
sensitivity of the four performance indices to the variation in process parameters is in the
order of compressive strength > water absorption > mass loss > volume density.
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3.3.3. Variance Analysis

The variance analysis of the four process parameters on performance indices of sin-
tered bricks with lead–zinc tailings are shown in Tables 5 and 6. The significance level
α = 0.05 is used in this study, that is, the confidence probability is 95%. When the F-ratio of
a parameter is greater than the threshold, it indicates that this parameter has a significant
impact on the performance index.

Table 5. Variance of parameters’ influences on compressive strength and water absorption.

Performance
Indices Parameters Sum of Square Degree of

Freedom F-Ratio Threshold of
F-Ratio (α = 0.05) Significance

Compressive
strength

Clay content 641.670 3 13.158

9.280

Significant
Forming pressure 39.604 3 0.812 None

Sintering temperature 128.322 3 2.631 None
Holding time 57.112 3 1.171 None

Error 48.77 3

Water absorption

Clay content 12.269 3 7.360

9.280

None
Forming pressure 3.653 3 2.191 None

Sintering temperature 316.063 3 189.600 Significant
Holding time 16.970 3 10.180 Significant

Error 1.67 3

Table 6. Variance of parameters’ influences on mass loss rate and bulk density.

Performance
Indices Parameters Sum of Square Degree of

Freedom F-Ratio Threshold of
F-Ratio (α = 0.05) Significance

Mass loss rate

Clay content 1.349 3 4.557

9.280

None
Forming pressure 0.470 3 1.588 None

Sintering temperature 7.890 3 26.655 Significant
Holding time 2.254 3 7.615 None

Error 0.30 3

Bulk density

Clay content 0.006 3 0.667

9.280

None
Forming pressure 0.000 3 0.000 None

Sintering temperature 0.004 3 0.444 None
Holding time 0.002 3 0.222 None

Error 0.01 3

Taking the compressive strength as an example, the sensitivity order of the four
process parameters on compressive strength i: clay content (13.158) > sintering temperature
(2.631) > holding time (1.171) > molding pressure (0.812). It can be concluded that this
order is consistent with that of the range analysis (Figure 9a). According to the significance
results in Tables 5 and 6, it can be seen that the clay content has a significant effect on
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the compressive strength of sintered ordinary bricks, sintering temperature and holding
time have a significant effect on water absorption, and sintering temperature also has a
significant effect on mass loss rate. The influence of all process parameters on bulk density
of sintered ordinary bricks is not significant. Considering that the compressive strength of
sintered ordinary brick is the main index affecting its performance, the clay content was
selected to be 30%. The average compressive strength of sintered ordinary bricks with this
clay content can meet the requirements of the highest strength grade, MU30, in the Chinese
sintered ordinary bricks standard (GB/T 5101-2017), and also ensure large utilization of
lead–zinc tailings. The optimal sintering temperature, holding time, and forming pressure
are determined according to the parameter levels corresponding to the maximum value of
each average strength curve. In summary, the optimal process parameters should be clay
content of 30%, forming pressure of 20 MPa, sintering temperature of 1080 ◦C, and holding
time of 60 min.

3.4. Verification and Mechanism Analysis
3.4.1. Verification of Optimal Process Parameters

According to the optimal process parameters of sintered ordinary bricks with lead–
zinc tailings determined in Section 3.3.3, corresponding specimens were prepared and
their main performance indices are shown in Table 7. Compared with the results of the
orthogonal experiment, the compressive strength of sintered brick with optimal process
parameters is the highest, which fully meets the requirements of the highest strength grade,
MU30, in the Chinese sintered ordinary bricks standard (GB/T5101-2017). According to
Wei et al. [14], the optimal strength of sintered brick containing gold tailings is 22.45 MPa.
It is clear that the strength of sintered brick fabricated in this study is higher. In terms of
raw material proportions, 35% clay is used in the research of Wei et al. [14], and the clay
content in this study is 30%. Fly ash and lead–zinc tailings can be regarded as solid waste.
Therefore, the strength and utilization rate of the tailings sintered bricks fabricated in this
study are competitive. For unfired bricks with lead–zinc tailings [25], the compressive
strength reaches 10 MPa (MU10 grade) when the proportion of tailings is 45%. It can be
seen that the mechanical properties of sintered bricks with lead–zinc tailings fabricated in
this study are superior. In addition, the measured water absorption, mass loss rate, and
bulk density of sintered ordinary bricks under this parameter combination also meet the
requirements.

Table 7. Performance indices of sintered brick with optimal process parameters.

Performance Indices Value

Compressive strength 34.94 MPa
Water absorption 16.02%

Mass loss rate 9.85%
Bulk density 1.75 g/cm3

3.4.2. Sintering Mechanism of Lead–Zinc Tailings

The thermogravimetry/differential scanning calorimetry (TG-DSC) curves of lead–
zinc tailings are shown in Figure 10. It can be seen from the TG curve that lead–zinc tailings
show a trend of weight loss during the sintering process, and the cumulative mass loss rate
is 14.72%. The mass loss process can be divided into four stages: (1) The temperature rises
from room temperature to around 370 ◦C during the first stage. The TG curve declines
slowly in this period, and the cumulative mass loss rate is only 0.24%. The mass loss
at this stage is mainly caused by the evaporation of adsorbed water and crystal water.
However, the specimen was dried before thermal analysis, and part of the adsorbed and
crystalline water was discharged, so the mass loss rate was small. (2) The second stage
corresponds to the range in the sintering temperature from 370 ◦C to about 575 ◦C. The
TG curve begins to decrease obviously, while the DSC curve shows obvious exothermic
and endothermic peaks. The exothermic peak at about 490.5 ◦C may be caused by the
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combustion of organics contained in lead–zinc tailings, and the endothermic peak at about
554.3 ◦C is mainly related to the decomposition of pyrite and silicate, and is also affected by
the quartz phase change. The quality of quartz does not change during the phase change,
but the combustion of organic matter, and the decomposition of pyrite and silicate, will
cause mass loss. (3) In the third stage, the sintering temperature rises from 575 ◦C to 870 ◦C.
The DSC curve shows an obvious peak, and mass loss rate of lead–zinc tailings at this stage
is the largest, about 8.99%. It is speculated that the exothermic peak is caused by the further
oxidation of pyrite decomposition products, and the endothermic peak is mainly caused by
the decomposition of carbonate minerals in lead–zinc tailings. Due to the high content of
carbonate minerals in lead–zinc tailings, the mass loss increases significantly at this stage.
(4) The sintering temperature above 870 ◦C corresponds to the fourth stage. In the early
part of this stage, the mass loss is relatively slow, and the DSC curve also increases slowly,
indicating that the internal changes in lead–zinc tailings are mainly melting, which stay in
a stable sintering process. However, when the sintering temperature is higher than 1150 ◦C,
the mass loss rate of tailings is intensified, and there exists an endothermic peak, which
may be caused by the decomposition of aluminosilicate minerals.
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Figure 10. TG-DSC curve of lead–zinc tailings.

3.4.3. XRD and SEM Analysis

XRD and SEM experiments were carried out on sintered ordinary bricks prepared
under the optimal combination of process parameters. The phase compositions of sintered
ordinary brick are shown in Figure 11. It can be found that the main minerals in sintered
ordinary bricks from lead–zinc tailings are quartz, anhydrite, albite, maghemite, and
hematite. Comparing pre- and post-sintering XRD patterns (Figures 2 and 11), it can be
seen that the diffraction peaks of mica, dolomite, pyrite, chlorite, and calcite in lead–zinc
tailings disappeared, while the diffraction peaks of anhydrite, albite, maghemite, and
hematite appeared. This indicates that chemical reactions occurred in minerals during the
sintering process. According to Table 2, raw materials contain Na2O, Al2O3, and SiO2, which
can be used to form NaAlSi3O8. Mica (KAl2(AlSi3O10)(OH)2) is mainly decomposed into
SiO2, Al2O3, K2O, and H2O. Dolomite is decomposed into CaO, MgO, and CO2. Pyrite is
oxidized to Fe2O3 and Fe3O4, and then Fe3O4 is eventually oxidized to γ-Fe2O3 (maghemite)
during the cooling process (around 220 ◦C). Chlorite (Al4Si4O10(OH)8) is decomposed into
Al2O3, SiO2, and H2O, and calcite is decomposed into CaO and CO2. The decomposed CaO
reacts with SO2 to form CaSO3, which is further oxidized to CaSO4. The minerals in the
sintered bricks are responsible for the mechanical properties. The mica in lead–zinc tailings
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is decomposed into SiO2 and Al2O3 during the sintering process, which participate in the
formation of quartz and albite to improve the uniaxial compressive strength of bricks. The
relevant chemical equations are expressed as:

CaMg(CO3)2(Dolomite)→ CaO + MgO + CO2 ↑ (1)

KAl2(AlSi3O10)(OH)2(Mica)→ SiO2 + Al2O3 + K2O + H2O ↑ (2)

FeS2(Pyrite) + O2 → Fe2O3(Hematite)/Fe3O4 + SO2 ↑ (3)

Fe3O4 + O2 → γ-Fe2O3(Maghemite) (4)

Al4Si4O10(OH)8(Chlorite)→ Al2O3 + SiO2 + H2O ↑ (5)

CaCO3(Calcite)→ CaO + CO2 ↑ (6)

CaO + SO2 → CaSO3 (7)

CaSO3 + O2 → CaSO4(Anhydrite) (8)
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Figure 11. XRD pattern of sintered brick with optimal process parameters.

Figure 12 shows SEM images of raw tailings, sintered tailings at different temperatures,
and sintered bricks fabricated according to the optimal process parameters (all magnified
by 5000 times). By comparison, raw tailings are characterized by a single particle with flaky
debris attached to its surface. From Figure 12a to Figure 12b, at a sintering temperature of
900 ◦C, the components of lead–zinc tailings are decomposed, the boundary of particles
is no longer clear, the surface is rough and presents dense tentacle-like particles, and the
micro-pores are very dense. Furthermore, there also exist large cloud-like particles. From
Figure 12b to Figure 12c, it can be found that short tentacle-like particles almost disappear,
which are replaced by cloud-like particles. Part of the lead–zinc tailings begins to turn into
molten liquid, but the amount is small, and micro-pores are still dense. From Figure 12c
to Figure 12d, sintered tailings at 1050 ◦C no longer show a uniform and dense porous
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structure, mainly because of the increasing molten liquid part, and the generated adhesive
material further fills the pores. In addition, the cloud-like particles transform into smaller
flocculent particles, and the crystalline boundary appears but is not smooth enough. Lath-
like particles also appear, which is due to the high temperature calcination; the particles are
fully developed through each other, the crystallization rate is accelerated, and eventually
lead to the formation of prismatic crystal phase. From Figure 12d to Figure 12e, when the
sintering temperature rises to 1100 ◦C, it can be seen that the number of lath-like crystals
increases greatly, the surface is smoother, and there is less flocculent debris. In addition,
micro-cracks can be observed in the figure, which are possibly shrinkage cracks created
under high-temperature sintering. The SEM image of sintered brick fabricated according
to the optimal process parameters is shown in Figure 12f. It can be seen that the surface
of the aggregate is smooth and has a relatively obvious boundary, and the pores are very
few, which is mainly attributed to the addition of clay and fly ash to fill the pores in the
sintering process. In addition, micro-cracks also appear in the SEM image of the sintered
brick, which may not be shrinkage cracks, but may also be caused by the force generated
in the loading experiment or grinding. In general, in the range of 900 ◦C to 1100 ◦C, with
the increase in sintering temperature, the reaction and crystallization of lead–zinc tailings
particles will be more adequate, there will be fewer micro-pores, and the particle boundary
will be smoother and clearer. Based on the SEM images, it can be determined that the
optimal sintering temperature should be above 1050 ◦C, which also proves the correctness
of setting the optimal sintering temperature to 1080 ◦C.
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4. Conclusions

In this study, lead–zinc tailings were used as the main material, and clay and fly ash
as the auxiliary materials, to prepare sintered bricks. Firstly, the effect of clay content on
the properties of sintered brick was studied via the single-factor test. On this basis, taking
clay content, molding pressure, sintering temperature, and holding time as the influencing
factors, an orthogonal experiment was carried out to obtain the optimal process parameters.
The main conclusions are as follows:
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1. The single-factor experiment shows that with the increase in clay content, uniaxial
compressive strength and bulk density increase continuously, while water absorp-
tion and mass loss rate decrease gradually. When the clay content is near 30%, the
performance of sintered ordinary brick is better.

2. Based on the orthogonal experiment, the mean value analysis shows that the compres-
sive strength increases with the increase in clay content, but increases first and then
decreases with the increase in other parameters. Water absorption decreases with the
increase in the four parameters, and is significantly affected by sintering temperature.
The range analysis shows that the clay content and sintering temperature are the main
factors affecting the performance of sintered brick. The variance analysis shows that
clay content is a significant factor affecting the compressive strength, while sintering
temperature and holding time are significant factors affecting water absorption.

3. According to the XRD pattern, during the sintering process, mica, pyrite, chlorite,
calcite, and dolomite are decomposed to form hematite, maghemite, anhydrite, and
albitite. Among them, mica with poor hardness is decomposed to SiO2 and Al2O3,
which participate in the formation of quartz and albite with higher hardness. SEM
images show that when the sintering temperature reaches more than 1050 ◦C, the
crystallization degree of sintered lead–zinc tailings is higher, the surface is smoother
and denser, and the porosity is reduced.

4. The optimal process parameters were obtained. That is, the raw material ratio is lead–
zinc tailings:clay:fly ash = 6:3:1, molding pressure is 20 MPa, sintering temperature is
1080 ◦C, and holding time is 60 min. Under this condition, the compressive strength
of sintered bricks is 34.94 MPa, which meets the requirements of the highest strength
grade of MU30 in “Chinese Sintered Ordinary Bricks” (GB/T5101-2017). The sintered
bricks with lead–zinc tailings can be used as pavement bricks around mining areas.

This study only investigated the compressive strength and other physical properties
of sintered bricks with lead–zinc tailings at room temperature. In fact, the stress conditions
and service environment of bricks are complex, and this manuscript does not consider the
fatigue characteristics of bricks (used as road bricks) and durability. Mines are often located
in high-altitude areas with harsh weather conditions, so the freeze–thaw resistance and
optimization of sintered bricks with tailings can be developed in the future. Furthermore,
considering environmental protection and energy conservation, the life-cycle management
of bricks with lead–zinc tailings in an environmental context, and determining how to
reduce energy consumption while fabricating bricks that fulfill the strength requirement,
are of practical significance.
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Abstract: This paper reports for the first time on a new layered magnetic heterometallic erbium
telluride EuErCuTe3. Single crystals of the compound were obtained from the elements at 1120 K
using CsI as a flux. The crystal structure of EuErCuTe3 was solved in the space group Cmcm
(a = 4.3086(3) Å, b = 14.3093(9) Å, and c = 11.1957(7) Å) with the KZrCuS3 structure type. In the
orthorhombic structure of erbium telluride, distorted octahedra ([ErTe6]9−) form two-dimensional lay-

ers (2
∞

{[
Er(Te1)e

2/2(Te2)k
4/2

]−})
, while distorted tetrahedra ([CuTe4]7−) form one-dimensionally

connected substructures (1
∞

{[
Cu(Te1)e

2/2(Te2)t
2/1

]5−}
) along the [100] direction. The distorted

octahedra and tetrahedra form parallel two-dimensional layers ( 2
∞

{
[CuErTe3]

2−
})

between which

Eu2+ ions are located in a trigonal-prismatic coordination environment ( [EuTe6]
10−
)

. The trigonal

prisms are connected by faces, forming chains (1
∞

{[
Eu(Te1)2/2(Te2)4/2

]2−}) along the [100] direc-
tion. Regularities in the variations in structural parameters were established in the series of erbium
chalcogenides (EuErCuCh3 with Ch = S, Se, and Te) and tellurides (EuLnCuTe3 with Ln = Gd, Er,
and Lu). Ab-initio calculations of the crystal structure, phonon spectrum, and elastic properties of
the compound EuErCuTe3 were performed. The types and wavenumbers of fundamental modes
were determined, and the involvement of ions in the IR and Raman modes was assessed. The
experimental Raman spectra were interpreted. The telluride EuErCuTe3 at temperatures below 4.2 K
was ferrimagnetic, as were the sulfide and selenide derivatives (EuErCuCh3 with Ch = S and Se). Its
experimental magnetic characteristics were close to the calculated ones. The decrease in the magnetic
phase transition temperature in the series of the erbium chalcogenides was discovered.

Keywords: quaternary erbium telluride; synthesis; crystal structure; magnetic measurements;
DFT calculations

1. Introduction

Heterometallic chalcogenides based on erbium have been of constant interest to re-
searchers due to their structural possibilities, including their channel, tunnel, and layered
structures, as well as their potential valuable optoelectronic, magnetic, semiconductor,
and thermoelectric properties [1–13]. Doping erbium chalcogenides improves the optical
characteristics of the material in terms of conductivity, reduces the bandgap energy, and
enhances electrical conductivity and light absorption. Erbium-doped tellurides have found
potential applications in solar cell and optical devices [14]. New heterometallic erbium
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chalcogenides are formed in ternary systems, such as M2Ch–EuCh–Er2Ch3 (M = d-element
and Ch = chalcogen) [15–18], and they can combine the properties of corresponding binary
phases. Magnetic semiconductors based on europium chalcogenides are attractive due
to their wide range of magnetic properties, as they can be ferro-, meta-, or antiferromag-
netic [19]. They exhibit high saturation magnetization, a strong magneto-optical effect,
magnetoresistance, and spin filtration effects, all arising from the unusual combination of
electronic, magnetic, and optical properties in the europium chalcogenides [19–21]. Eu-
ropium chalcogenides have the potential to create new magnetoelectronic devices, including
magnetic random-access memory and magnetic tunneling transistors [19,20]. Bulk EuTe is
an antiferromagnetic Heisenberg II type with a Néel temperature of TN = 9.6 K [21–24] and
a wide bandgap semiconductor with a bandgap width of 2.5 eV [24]. The optical and mag-
netic properties of europium tellurides can be controlled by changing their sizes [21,24,25].
In isolated monolayers, both ferrimagnetic and antiferromagnetic phase transitions can oc-
cur [23], and nanoparticles exhibit pronounced superantiferromagnetic transitions between
2 K and 20 K [21].

The compounds EuErCuCh3 (Ch = S, Se, and Te) contain two magnetically active
cations, Eu2+ and Er3+, which contribute to the magnetic ordering of the chalcogenides.
The magnetic moment of the Er3+ ion (9.59 µB) is larger than that of the Eu2+ ion (7.94 µB),
suggesting that the EuErCuCh3 compounds exhibit ferrimagnetic properties [16,18]. Indeed,
the EuErCuCh3 compounds (Ch = S and Se) undergo a transition from ferrimagnetic to
paramagnetic states at 4.8 K [18] and 4.7 K [16], respectively. The synthesis and properties
of EuErCuTe3 have not been reported yet. However, based on the magnetic ions involved, a
ferrimagnetic transition can be expected in this compound. The orthorhombic EuErCuCh3
compounds (Ch = S and Se) crystallize in the space group Pnma (a structural type Eu2CuS3)
and the space group Cmcm (a structural type KZrCuS3), respectively. Thus, with an increase
in the chalcogen radius from ri(S2−) = 1.84 Å to ri(Se2−) = 1.98 Å [26], a change in the
space group to a higher symmetry can occur. According to L.A. Koscielski's review [17],
compounds of this type crystallize only in the Pnma and Cmcm space groups, and so it can
be assumed that despite a further increase in the chalcogen radius to ri(Te2−) = 2.21 Å [26],
the EuErCuTe3 compound will crystallize in the Cmcm space group. Quantum-mechanical
calculations have been previously performed for the EuErCuTe3 compound, assuming it
crystallizes in the KZrCuSe3 structural type [27,28].

Recently, the chalcogenidation of a multi-component oxide mixture obtained by the
thermolysis of co-crystallized nitrates [3,29–31] or commercial oxides [31,32] has been
actively used for the synthesis of quaternary chalcogenides, providing a high yield of
the target phase. However, the toxicity and instability of tellurium hydride limit the
applicability of this method for obtaining EuErCuTe3. In our opinion, the most effective
and safe method for obtaining this compound would be the halide flux method using
elements, which allows for the growth of single crystals in a sealed ampoule, with a
relatively low synthesis temperature, and the absence of impurities would enable the study
of the physical properties of the samples.

The aim of this study was to synthesize single crystals of the quaternary telluride
EuErCuTe3, determine its crystal structure, and investigate its magnetic and optical prop-
erties. In addition, computational studies were conducted to shed light on the optical
properties of EuErCuTe3.

2. Experimental
2.1. Materials

Eu (99.99%), Er (99.9%), CsI (99.9%), and Te (99.9%) were purchased from ChemPur
(Karlsruhe, Germany). Cu (99.999%) was obtained from Aldrich (Milwaukee, WI, USA).

2.2. Synthesis

Single crystals of EuErCuTe3 were synthesized by mixing stoichiometric amounts
of copper, tellurium, and lanthanide elements (1 Cu: 1 Eu: 1 Er: 3 Te) in the presence
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of an excess of CsI halide flux in a glovebox under an argon atmosphere. The weighing
of the samples into quartz ampoules was carried out in an inert atmosphere inside the
glovebox. The glovebox was used to prevent the interaction of the elemental substances
with the oxygen and carbon dioxide in the air and water vapors, which would lead to
the formation of thermodynamically stable oxides, carbonates, and hydroxycarbonates at
room temperature [33,34]. To prevent the formation of silicate oxides during the synthesis
process due to the interactions of the starting components with quartz, a pyrolytic thin
layer of amorphous carbon was applied to the inner wall of the quartz ampoules prior to
beginning. The quartz ampoules were evacuated to a pressure of 2 × 10−3 mbar, sealed,
and heated in a muffle furnace from room temperature to 1120 K. The heating was carried
out from room temperature to 1120 K for 30 h and kept at this temperature for 96 h, then
it was cooled to 570 K for 140 h, and finally, it was cooled to room temperature for 3 h.
The reaction product was purified from the residual flux using demineralized water. The
product consisted of black needle-like crystals of EuErCuTe3 with sizes of up to 500 µm
(Figure 1). The obtained crystals were suitable for single crystal X-ray diffraction analysis
and taking measurements of their magnetic and optical properties. Unfortunately, high-
quality powder diffraction patterns could not be obtained, as copper compounds are strong
absorbers of molybdenum radiation.
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Figure 1. Photograph of an EuErCuTe3 (in yellow circle) crystal placed in a capillary for the X-ray
diffraction analysis (the single crystal image was made using a Horiba XploRA Raman spectrometer
(HORIBA Scientific, Kyoto, Japan)).

2.3. X-ray Diffraction Analysis

The intensities from a single crystal of the EuErCuTe3 of 0.05 × 0.05 × 0.45 mm3

dimensions were collected at 293(2) K using a SMART APEX II single-crystal diffractometer
(Bruker AXS, Billerica, MA, USA) equipped with a CCD-detector, graphite monochromator,
and Mo-Kα radiation source. The parameters of the elementary cell were determined and
refined for a set of 11880 reflections. The parameters of the elementary cell corresponded to
the orthorhombic crystal system. The space group Cmcm was determined from the statistical
analysis of all the intensities. Absorption corrections were applied using the SADABS
(2008) program. The crystal structure was solved by direct methods using the SHELXS
(2013) program and refined in an anisotropic approximation using the SHELXL (2013)
program [35]. Structural investigations for the presence of missing symmetry elements
were conducted using the PLATON (2009) program [36]. The crystallographic data were
deposited in the Cambridge Crystallographic Data Centre. The data can be downloaded
from www.ccdc.cam.ac.uk/data_request/cif (accessed on 25 February 2024).

2.4. Electron-Beam Microprobe Analysis

The SEM (scanning electron microscopy) image of the EuErCuTe3 was acquired using
an electron-beam X-ray microprobe (SX-100, Cameca, Gennevilliers, France). The EDX
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(energy dispersive X-ray spectroscopy) spectra for several examples roughly confirmed the
1:1:1:3 stoichiometry of all the investigated EuErCuTe3 compounds.

2.5. Magnetic Measurements

Magnetic measurements were performed with a Quantum Design Magnetic Property
Measurement System (MPMS3), San Diego, CA, USA. The SOUID-magnetometer was used
to measure the temperature dependence of the EuErCuTe3 sample’s magnetic moment
under a magnetic field of 40 kA·m−1. These measurements took place in the temperature
range 2 to 300 K using the zero-field cooling (ZFC) and field cooling (FC) modes. The
isothermal magnetization of up to 4 MA·m−1 was measured at 2 K and 300 K.

2.6. Spectroscopy of the Raman Scattering

Raman spectra of the single crystal sample of EuErCuTe3 were acquired using a
Horiba XploRa spectrometer (HORIBA Scientific, Kyoto, Japan). The excitation light at a
wavelength of 532 nm was used. The acquisition conditions were as follows: filter—10,
hole—300, slit—100, and resolution—2400.

2.7. DFT Calculations

Calculations were performed at the theoretical level DFT (density functional the-
ory)/B3LYP. In this approach, we took into account the nonlocality of the exchange interac-
tion, which was necessary for describing the compounds with ionic and covalent bonds.
The calculations were carried out in the program CRYSTAL17 [37]. For the rare-earth
ions, quasi-relativistic pseudopotentials with attached basis sets were used. We used the
pseudopotentials ECP53MWB and ECP57MWB with attached basis sets of the TZVP type
for the outer shells (5s25p6) [38]. The all-electron basis set “Cu_86-4111(41D)G_doll_2000”
was used for the copper [37]. For the tellurium, an all-electron basis was also used [39].
Any diffuse functions with exponents smaller than 0.1 were deleted from the basis sets.
A self-consistent field was calculated with an accuracy of 10−9 a.u. The Monkhorst-Pack
mesh used was 8 × 8 × 8.

The use of the pseudopotential for the inner shells of a rare-earth ion reduced the cost
of the computer resources and allowed us to calculate the structure and the dynamics of
the crystal lattice adequately [15].

The elastic constants and phonon spectrum were calculated for the previously opti-
mized crystal structure.

3. Results
3.1. Crystal Structures of the EuErCuTe3

According to the X-ray crystallographic analysis of the single crystals, the com-
pound EuErCuTe3 crystallized in the orthorhombic space group Cmcm with a KZrCuS3
structural type. The crystallographic data, data collection details, atomic coordinates,
thermal displacement parameters, bond lengths, and valence angles are presented in
Tables 1–4. A similar structural type was observed in the erbium quarter selenide com-
pound EuErCuSe3 [16,40]. The lattice constants obtained from the DFT calculations
a = 4.3401 Å, b = 14.2459 Å, and c = 11.2309 Å were in good agreement with those de-
termined experimentally (Table 1).
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Table 1. Main parameters of the processing and refinement of the EuErCuTe3 sample.

EuErCuTe3

Molecular weight 765.56
Space group Cmcm

Structure type KZrCuS3
Z 4

a (Å) 4.3086(3)
b (Å) 14.3093(9)
c (Å) 11.1957(7)

V (Å3) 690.25(8)
ρcal (g/cm3) 7.367

µ (mm−1) 36.369
Reflections measured 6748

Reflections independent 477
Reflections with Fo > 4σ(Fo) 411

2θmax (◦) 27.48
h, k, l limits −5 ≤ h ≤ 5, −18 ≤ k ≤ 18, −14 ≤ l ≤ 14

Rint 0.070
Refinement results

Number of refinement parameters 24
R1 with Fo > 4σ(Fo) 0.026

wR2 0.056
Goof 1.084

∆ρmax(e/Å3) 1.438
∆ρmin(e/Å3) −1.386

Extinction coefficient, ε 0.0026(2)
CSD-number 2261647

Table 2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters
of the EuErCuTe3 sample.

Atom x/a y/b z/c Ueq (Å2)

Eu 0 0.75485(6) 1/4 0.0288(3)
Er 0 0 0 0.0229(2)
Cu 0 0.47077(14) 1/4 0.0287(4)
Te1 0 0.08068(6) 1/4 0.0204(3)
Te2 0 0.35822(5) 0.06307(6) 0.0218(2)

Table 3. Atomic displacement parameters (Å2) of the EuErCuTe3 sample.

U11 U22 U33 U12 U13 U23

Eu 0.0153(4) 0.0231(5) 0.0480(5) 0 0 0
Er 0.0155(3) 0.0205 (4) 0.0328(4) 0 0 −0.0041(3)
Cu 0.0261(10) 0.0263(10) 0.0337(10) 0 0 0
Te1 0.0166(5) 0.0177(5) 0.0269(5) 0 0 0
Te2 0.0149(3) 0.0185(4) 0.0320(4) 0 0 −0.0028(3)

Table 4. Bond lengths (d/Å) and bond angles (∠/◦) in the crystal structures of the EuErCuTe3.

Bond lengths

Eu–Te1 i 3.294(1) Er–Te1 3.0277(4) Cu–Te2 2.641(1)
Eu–Te1 ii 3.294(1) Er–Te1 v 3.0277(4) Cu–Te2 x 2.641(1)
Eu–Te2 iii 3.3479(6) Er–Te2 vi 3.0423(5) Cu–Te1 ii 2.667(1)
Eu–Te2 i 3.3479(6) Er–Te2 vii 3.0423(5) Cu–Te1 i 2.667(1)
Eu–Te2 ii 3.3479(6) Er–Te2 viii 3.0423(5)
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Table 4. Cont.

Bond angles

Te1 i–Eu–Te1 ii 81.68(3) Te1–Er–Te1 v 180.0 Te2–Cu–Te2 x 104.84(7)
Te1 i–Eu–Te2 iii 139.03(2) Te1–Er–Te2 vi 87.72(2) Te2–Cu–Te1 ii 111.08(1)
Te1 ii–Eu–Te2 iii 85.03(1) Te1 v–Er–Te2 vi 92.28(2) Te2 x–Cu–Te1 ii 111.08(1)
Te1 i–Eu–Te2 i 85.03(1) Te1–Er–Te2 vii 92.28(2) Te2–Cu–Te1 i 111.08(1)
Te1 ii–Eu–Te2 i 139.03(2) Te1 v–Er–Te2 vii 87.72(2) Te2 x–Cu–Te1 i 111.08(1)
Te2 iii–Eu–Te2 i 127.56(3) Te2 vi–Er–Te2 vii 180.00(2) Te1 ii–Cu–Te1 i 107.74(8)
Te1 i–Eu–Te2 ii 139.03(2) Te1–Er–Te2 viii 92.28(2)
Te1 ii–Eu–Te2 ii 85.03(1) Te1 v–Er–Te2 viii 87.72(2)
Te2 iii–Eu–Te2 ii 77.38(2) Te2 vi–Er–Te2 viii 89.84(2)
Te2 i–Eu–Te2 ii 80.10(2) Te2 vii–Er–Te2 viii 90.16(2)
Te1 i–Eu–Te2 iv 85.03(1) Te1–Er–Te2 ix 87.72(2)
Te1 ii–Eu–Te2 iv 139.03(2) Te1 v–Er–Te2 ix 92.28(2)
Te2 iii–Eu–Te2 iv 80.10(2) Te2 vi–Er–Te2 ix 90.16(2)
Te2 i–Eu–Te2 iv 77.38(2) Te2 vii–Er–Te2 ix 89.84(2)
Te2 ii–Eu–Te2 iv 127.56(3) Te2 viii–Er–Te2 ix 180.00(2)

Symmetry codes: (i) x − 1/2, y+1/2, z; (ii) x+1/2, y+1/2, z; (iii) x+1/2, y+1/2, −z+1/2; (iv) x − 1/2, y+1/2, −z+1/2;
(v) −x, −y, −z; (vi) −x+1/2, −y+1/2, −z; (vii) x − 1/2, y − 1/2, z; and (viii) x+1/2, y − 1/2, z; (ix) −x − 1/2,
−y+1/2, −z; (x) x, y, −z+1/2.

The crystal structure of EuErCuTe3 has a layered-block structure (Figure 2).
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Figure 2. Crystal structure of the EuErCuTe3.

The cations Eu2+, Er3+, and Cu+ occupy independent crystallographic positions. In
the EuErCuTe3 compound, the structure was formed by distorted tetrahedra ([CuTe4]

7–),
octahedra ( [ErTe6]

9–
)

, and trigonal prisms ( [EuTe6]
10–
)

. The sums of the valence forces
for the EuErCuTe3 compound, taking into account coordination, were Eu (1.64), Er (2.99),
and Cu (1.42).

Distorted tetrahedra form chains ( 1
∞

{[
Cu(Te1)e

2/2(Te2)t
2/1

]5–
})

along the [100] di-

rection through shared vertex atoms (Te1) (Figure 2). In the tetrahedra, the distances
d(Cu–Te) are equal to 2.641(1) Å and 2.667(1) Å (Table 4), indicating a deviation from the
theoretical value of d(Cu–Te) = 2.81 Å (calculated based on ri(Cu+) = 0.6 Å, coordination
number (C.N.) = 4; ri(Te2−) = 2.21 Å) [26]), which is associated with an increase in the
covalent component of the chemical bond.

The values of the valence angles ∠(Te–Cu–Te) deviated from the value of the ideal
tetrahedral angle (Table 4). The distortions of the tetrahedra in the EuErCuTe3 structure
were evaluated using the τ4 descriptor [41]. The value of τ4 was 0.978, indicating a
distortion in the coordination geometry around the Cu+ by 15% from an ideal tetrahedral
structure to a trigonal-pyramidal structure. The degree of distortion in the tetrahedral
polyhedra in the telluride EuErCuTe3 was higher than that in the selenide EuErCuSe3 [16]
and sulfide EuErCuS3 [15], for which the values of τ4 were 0.984 and 0.986, and the
distortion indexes were 11% and 9%, respectively.

Between the chains of tetrahedra, there were distorted octahedra ([ErTe6]9−) with
bond lengths of 3.0277(4) Å and 3.0423(5) Å (Table 4) compared to the theoretical value
of d(Er–Te) = 3.1 Å (ri(Er3+) = 0.89 Å, C.N. = 4) [26]. The values of the valence angles
∠(Te–Er–Te) deviated from the value of the ideal octahedral angle (Table 4). The dis-

torted octahedra formed two-dimensional layers (2
∞

{[
Er(Te1)e

2/2(Te2)k
4/2

]−}
) through

the shared vertex atoms (Te1) along the [001] direction and the shared edges (Te2Te2). The dis-
torted octahedra and tetrahedra formed parallel two-dimensional layers

(
2
∞

{
[CuErTe3]

2−
})

in the [101] plane. Between these layers, there were trigonal prisms that were connected
by the faces Te2Te2Te1, forming chains ( 1

∞

{[
Eu(Te1)2/2(Te2)4/2

]2−}) along the [100]

direction. The theoretical value of d(Eu–Te) is 3.38 Å (ri(Eu2+) = 0.89 Å, C.N. = 4) [26]. In
the EuErCuTe3 structure, six Eu–Te distances were shorter than 3.35 Å, while the seventh
and eighth distances were larger than the theoretical value and measured 3.86 Å, which
was not accounted for in the coordination polyhedron due to weak interactions.
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Thus, the three-dimensional crystal structure of EuErCuTe3 was formed by two-
dimensional layers consisting of octahedra and tetrahedra in the bc plane separated by
one-dimensional chains of trigonal prisms.

In the series of erbium chalcogenides (EuErCuCh3 (Ch = S, Se, and Te)), a change in the
space group from Pnma (EuErCuS3) to Cmcm (EuErCuSe3 and EuErCuTe3) and a change in
structural type from Eu2CuS3 to KZrCuS3, respectively, were observed. As the chalcogen
radius increased in the compounds (EuErCuCh3 (Ch = S [15], Se [16], and Te (Table 1))), an
increase in the unit cell parameters was observed, as follows:

aPnma(cCmcm) = 10.1005(2) Å (aEuErCuS3)→ 10.4602(7) Å (cEuErCuSe3)→ 11.1957(7) Å (cEuErCuTe3);
bPnma(aCmcm) = 3.91255(4) Å (aEuErCuS3)→ 4.0555(3) Å (cEuErCuSe3)→ 4.3086(3) Å (cEuErCuTe3);
cPnma(bCmcm) = 12.8480(2) Å (aEuErCuS3)→ 13.3570(9) Å (cEuErCuSe3)→ 14.3093(9) Å (cEuErCuTe3).

Correspondingly, the volume of the unit cell increased as follows: 507.737(14) Å3

(EuErCuS3) [15]→ 566.62(6) Å3 (EuErCuSe3) [16]→ 690.25(8) Å3 (EuErCuTe3) (Table 1).
A regular increase in the average metal-chalcogen bond lengths was also observed in

the chalcogenide series. For example, we observed the following:

d(Eu–Ch): 3.060 Å (Ch = S)→ 3.130 Å (Ch = Se)→ 3.330 Å (Ch = Te);
d(Er–Ch): 2.723 Å (Ch = S)→ 2. 730 Å (Ch = Se)→ 3.037 Å (Ch = Te);
d(Cu–Ch): 2.350 Å (Ch = S)→ 2.468 Å (Ch = Se)→ 2.654 Å (Ch = Te).

Thus, the increase in the chalcogen radius led to the transformation of the local
geometry around the Eu2+, resulting in a change in the type of its coordination polyhedron
from a one-capped trigonal prism in EuErCuS3 [15] to a trigonal prism in EuErCuSe3 and
EuErCuTe3, a change in the structural type and space group in the series of EuErCuCh3
compounds, and an increase in structural parameters.

When comparing the structural parameters of the EuErCuTe3 compound with the already
known europium tellurides EuGdCuTe3 and EuLuCuTe3 [42], their decrease was observed with a
decrease in the ionic radius of Ln3+ (ri(Gd3+) = 0.938 Å > ri(Er3+) = 0.89 Å > ri(Lu3+) = 0.861 Å) [26].
The unit cell parameters of EuLnCuTe3 (Ln = Gd [42], Er (Table 1), Lu) [42] changed
as follows:

aPnma(cCmcm) = 11.3761(7) Å (aEuGdCuTe3)→ 11.1957(7) Å (cEuErCuTe3)→ 11.1174(7) Å (cEuLuCuTe3);
bPnma(aCmcm) = 4.3405(3) Å (aEuGdCuTe3)→ 4.3086(3) Å (cEuErCuTe3)→ 4.2937(3) Å (cEuLuCuTe3);
cPnma(bCmcm) = 14.3469(9) Å (aEuGdCuTe3)→ 14.3093(9) Å (cEuErCuTe3)→ 14.2876(9) Å (cEuLuCuTe3).

The volume of the unit cell decreased from 708.42(8) to 682.02(8) Å3 in the EuLnCuTe3
(Ln = Gd, Er, and Lu). Additionally, a consistent decrease in the average metal-tellurium
bond length was observed in this series. Thus, we observed the following:

d(Eu–Te): 3.377Å→ 3.330 Å→ 3.332 Å;
d(Ln–Te): 3.081 Å→ 3.037 Å→ 3.017 Å;
d(Cu–Te): 2.666 Å→ 2.654 Å→ 2.648 Å.

Thus, the decrease in the lanthanide radius in the series of EuLnCuTe3 compounds
(Ln = Gd, Er and Lu) was accompanied by a change in the structural type and space group,
as well as decreases in the structural parameters.

3.2. Magnetic Properties of the EuErCuTe3

The experimental field dependence of the magnetic moment of the sample at a tem-
perature of 300 K had a linear form, characteristic of paramagnetic materials (Figure 3a).
From this dependence, assuming the validity of the Curie law m = HCT−1, the Curie
constant C300K = 0.232 m3 K·kmol−1 and the corresponding effective magnetic moment
µ300K = 12.14 µB were calculated.
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Figure 3. Field-dependent magnetization at 300 K (a) and temperature-dependent specific mag-
netization and reciprocal molar magnetic susceptibility at 40 MA m−1 (b,c) of EuErCuTe3 sample.
The measurements’ temperature-dependent magnetizations were performed in the zero-field cooled
(ZFC) and nonzero-field cooled (FC) modes.

Given the experimental data on the temperature-dependent magnetic moment of the
EuErCuTe3 sample, the temperature-dependent inverse molar magnetic susceptibility (Figure 3b,c)
was calculated. Taking as a first approximation the Curie-Weiss law (χ−1 = C−1(T − θp)) at
temperatures from 50 to 300 K, the Curie constant C50–300K = 0.241 m3·K·kmol−1 and the
Weiss constant (Curie paramagnetic temperature) θp = −4.0 K, as well as the effective
magnetic moment µ50–300K = 12.39 µB, were obtained.

The paramagnetic parameters of the EuErCuTe3 compound corresponded well to the cal-
culated parameters of the free ions (µ =

√
7.942 + 9.582 = 12.44 µB, C = 0.243 m3·K·kmol−1).

However, the Curie paramagnetic temperature of this sample was negative, and the temper-
ature dependence of the inverse susceptibility at low temperatures (Figure 3b,c) had a form
characteristic of ferrimagnetic compounds. Therefore, to approximate this dependence in
the temperature range 5 to 300 K, the Néel formula for a two-sublattice ferrimagnet model was
used (χ−1 = T/C + χ0

−1 − σ/(T − θ)). The calculations showed very good agreement between
the experimental points and the theoretical model (Figure 3). The best fit was obtained with the
following parameter values: C = 0.241 m3·K·kmol−1, χ0

−1 = 14.5 kmol·m−3, σ = 37 kmol·K·m−1,
and θ = 3.1 K. Based on these data, the Néel temperature was determined at χ−1 = 0 using
the following formula: Tc = (θ − C/χ0 + ((θ − C/χ0)2 + 4C(θ/χ0 + σ))0.5)/2 = 4.2 K. This value
was close to the observed temperature at the divergence point of the magnetization curves
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for the FC and ZFC modes. Similar values for the phase transition points were obtained for
EuErCuSe3 (4.7 K [16]) and EuErCuS3 (5.0 K [18]).

The magnetization in Bohr magnetons per formula unit plotted at 2 K (Figure 4)
confirmed the conclusion regarding the ferrimagnetic structure of the moments in this
compound. The shape of this curve exhibits the metamagnetic behavior of the moments.
In the external fields of 0.03 and approximately 1 MA m−1, jumps in susceptibility were
observed, indicating a change in the magnetic structure. The saturation, which theoretically
should approach the value of gS(Eu2+) + gJJ(Er3+) = 7 µB + 9 µB = 16 µB, was not achieved
until reaching 4 MA·m−1.
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Figure 4. Magnetization curves of the EuErCuTe3 sample at 2 K.

The magnetic properties of the EuErCuTe3 compound were similar to those of EuGdCuTe3.
Both are ferrimagnets at low temperatures (lower than 4.2 K for the first and 7.9 K for the
second), unlike EuLuCuTe3, which is ferromagnetic under a temperature of 3.0 K.

3.3. Band Structure of EuErCuTe3

We used the points Γ(0,0,0), Y(1/2,1/2,0), T(1/2,1/2,1/2), Z(0,0,1/2), S (0,1/2,0), and
R(0,1/2,1/2) at the Brillouin zone of the space group Cmcm. The band structure (Figure 5)
did not include the 4f states of erbium and europium since they were replaced by
a pseudopotential.
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Figure 5. Electronic band structure of EuErCuTe3.

As can be seen from the figure, copper and tellurium orbitals are the main contri-
butions to the states near the top of the VB. Orbitals of erbium and europium are the
main contributions to the bottom of the CB. The calculations predicted for EuErCuTe3 an
indirect band gap value of 1.75 eV (it was a HOMO–LUMO estimation). This value was
close to the experimental data values for isostructural quaternary chalcogenides [16,18,43].
In the series EuErCuCh3 (Ch = S, Se, and Te), decreases in the band gap widths of the
compounds were observed (1.93 eV (EuErCuS3) [18]→ 1.79 eV (EuErCuSe3) [16]→ 1.75 eV
(EuErCuTe3)), which was consistent with the data on the narrowing of the band gap in
the chalcogenide series [44]. Isostructural europium chalcogenides have lower band gap
values compared to strontium chalcogenides in the space group Cmcm, for example, in
SrRECuSe3 (RE = Ho − Lu), the values range from 2.03–2.21 eV [43]. The narrower band
gap of EuRECuCh3 was explained by the presence of a 4f –5d transition in the Eu2+ ion [45].

3.4. Elastic Constants and Elastic Modulus

The elastic constants and the elastic modulus of the compound EuErCuTe3 are pre-
sented in Table 5. This table presents the bulk module (B), shear module (G), Young’s
modulus (G), and Poisson’s ratio. These are values for a polycrystal, and they are calcu-
lated by averaging the schemes of Voigt, Reuss, and Hill. The Voigt scheme assumes the
uniformity of local strains. The Reuss scheme assumes the uniformity of local stresses. The
Voigt scheme provides the upper bound, while the Reuss scheme provides the lower bound
of the value. The Hill approximation provides the arithmetical average of the Voigt and
Reuss values [46,47].

Table 5. The elastic constants and modulus, and also the Vickers hardness (GPa), of EuErCuTe3.

C11 C12 C13 C22 C23 C33 C44 C55 C66 Averaging Scheme B G Y Poisson’s Ratio HV

122 52 40 95 47 113 10 31 45
Voigt 68 30 78 0.307

3.2Reuss 67 23 61 0.349
Hill 67 26 70 0.328
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The Voigt and Reuss estimates were very different (Table 5), which indicated the
anisotropy of the elastic properties. The dependence of the Young's modulus on direction
also illustrated the strong anisotropy of the elastic properties (Figure 6).

HV = 0.92
(

G
B

)1.137
G0.708 (1)
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Figure 6. The Young’s modulus (GPa) and its dependence on direction in the crystal EuErCuTe3.

The empirical Formula (1) was used to calculate the hardness. According to [48] the
formula was based on correlations between the Vickers hardness (HV) and the ratio of the
shear and bulk moduli. The parameters of the formula were determined from reproducing
the hardness of more than forty compounds with ionic and covalent bonds [48]. In (1), the
shear (G) and bulk (B) moduli were determined by the Hill estimate.

3.5. Raman, IR, and Phonon Spectra

From the DFT calculations, the wavenumbers and types of modes were determined
(Table 6). From the calculations, displacement vectors were obtained. This made it possible
to evaluate the participation of each ion in a particular mode. The values of the ion
displacements characterized their participation in the modes (Figure 7).

Table 6. Phonons at the gamma point of the EuErCuTe3.

Frequency, cm−1 Type
IR Raman

Involved Ions 1Active/
Inactive

Intensity IR
(km·mol−1)

Active/
Inactive

Intensity Raman
(Arbitrary Units)

33 B1u A 10 I Eu S, Er S, Cu W, Te1 S, Te2 S

48 Au I 0 I Er S, Te2 S

54 B1g I 0 A 358 Eu S, Cu S, Te1 S, Te2 W

59 Ag I 0 A 582 Eu S, Cu S, Te1 S, Te2
61 B2g I 0 A 287 Eu S, Cu W, Te2
67 B2u A 18 I Eu, Er S, Cu S, Te1 S, Te2 W

71 B1u A 14 I Eu W, Er S, Cu S, Te1, Te2
81 B3u A 49 I Eu, Er, Cu S, Te1 W, Te2
82 B2g I 0 A 415 Eu, Cu S, Te2
86 Ag I 0 A 136 Eu S, Cu S, Te2
87 B1g I 0 A 202 Eu S, Cu S, Te1, Te2
88 B1u A 90 I Eu S, Er, Cu, Te2
90 B2u A 2 I Eu S, Er, Cu S, Te1 W
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Table 6. Cont.

Frequency, cm−1 Type
IR Raman

Involved Ions 1Active/
Inactive

Intensity IR
(km·mol−1)

Active/
Inactive

Intensity Raman
(Arbitrary Units)

92 B3u A 115 I Eu S, Er, Cu W, Te1 W, Te2
112 B3u A 16 I Eu W, Er S, Cu S, Te1
113 B3g I 0 A 132 Te2 S

117 Au I 0 I Er, Te2
119 B1g I 0 A 25 Eu W, Cu, Te1 W, Te2
120 B1u A 374 I Er, Cu S, Te1 W, Te2

122.66 B2u A 495 I Eu, Er, Te2
123.50 B2g I 0 A 1.5 Eu, Cu, Te1, Te2
131.92 B3u A 79 I Eu, Er W, Cu, Te1 S, Te2
131.95 B1g I 0 A 47 Eu, Cu S, Te1 S, Te2 W

131.97 Ag I 0 A 119 Eu, Te1, Te2
132.07 B2u A 135 I Eu W, Cu S, Te1 S

138 Ag I 0 A 51 Cu S, Te1, Te2 W

145 B2g I 0 A 116 Eu W, Cu S, Te1 S, Te2 W

146 Ag I 0 A 1000 Cu, Te1, Te2
148 B1u A 5 I Er, Cu, Te2
151 B2g I 0 A 59 Cu, Te1, Te2
154 B1u A 137 I Er, Cu W, Te1 S, Te2 W

155 B3u A 185 I Er, Cu, Te2
159 B3u A 2 I Er, Cu, Te1, Te2

1 The superscripts “S” and “W” denote strong and weak ion displacements in the modes, respectively.
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According to the calculations, the phonon spectrum of the crystal at the gamma point
lied in the frequency range of up to 170 cm−1. In this frequency range, not only light copper
ions are involved but also tellurium and erbium ions.

A strong mixing of vibrations in the structural units in the crystal EuErCuSe3 could
be noted. In crystal EuErCuTe3, europium ions participate in the frequency range of up
to ~95 cm−1. The calculations predicted a gap in the phonon spectrum in the region
~95–110 cm−1 (Figure 7). The calculations predicted that in the crystal EuErCuSe3, the
most intense Raman mode had a frequency of approximately 146 cm−1 (A1g) and the most
intense infrared mode had a frequency of approximately 123 cm−1 (B2u). These modes are
illustrated in Figure 8.
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The calculated Raman spectrum in comparison with the experimental one is shown in
Figure 9. The results of calculating the phonon spectrum can be useful for interpreting IR
and Raman spectra of the rare earth tellurides in EuLnCuTe3.
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Figure 9. Raman spectrum modeling results. The calculations were carried out for the exciting laser
wavelengths λ = 532 nm and T = 300 K.

The largest ion displacement was 0.038 Å. In the case when the displacement was greater
than or equal to 0.02 Å, the displacement was indicated by “S”. If the displacement did not
exceed 0.01 Å, then the displacement was indicated by “W”. If the value of the displacement
was less than 0.005 Å, then the ion was not mentioned in the column “Participants”.
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4. Conclusions

This article discusses the synthesis, structure, and optical and magnetic properties of
the new complex telluride EuErCuTe3. The compound crystallizes in the KZrCuS3 struc-
ture type. Its crystal structure is built from distorted [ErTe6]9− octahedra and [CuTe4]7−

tetrahedra, forming two-dimensional layers. Trigonal prisms of [EuTe6]10− are located
between the layers. In the series of EuErCuCh3 chalcogenides (Ch = S, Se, and Te), a change
in the coordination polyhedron of Eu2+ was observed, along with a change in the structural
type and space group and increases in the structural parameters. EuErCuTe3 contains
two magnetic ions, Eu2+ and Er3+, and it undergoes a ferrimagnetic transition at 4.2 K. The
obtained results correlate with the observed ferrimagnetic ordering in erbium sulfide and
selenide EuErCuCh3 (Ch = S and Se). EuErCuTe3 is paramagnetic in the temperature range
300 K to 4.2 K. Within the framework of the DFT approach, the crystal structure and the IR,
Raman, and “silent” modes were studied. The elastic constants and elastic moduli were
calculated. The experimental Raman spectrum of the synthesized sample was interpreted
using the calculated Raman spectra of the EuErCuTe3. The theoretical calculations also
allowed us to assign vibrational modes as well as to reveal the involved ions responsible
for these modes.

Author Contributions: Conceptualization, A.V.R., M.V.G. and T.S.; software, A.V.R. and M.V.G.;
validation, A.V.R.; formal analysis, M.V.G., A.A.G., V.A.C. and R.J.C.L.; data curation and DFT
calculations, V.A.C., M.V.G., A.V.R. and T.S.; writing—original draft preparation, A.A.G., A.V.R., T.S.,
V.A.C. and M.V.G.; writing—review and editing, A.V.R., M.V.G., A.A.G., V.A.C. and T.S.; visualization,
A.A.G. and M.V.G.; project administration, A.V.R.; funding acquisition, M.V.G. and A.V.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by grant support from the Russian Science Foundation, grant
number 24-23-00416 (https://rscf.ru/project/24-23-00416/ (accessed on 25 April 2024)).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Duczmal, M.; Pawlak, L. Magnetic properties of TlLnS2 compounds (Ln = Nd, Gd, Dy, Er and Yb). J. Alloys Compd.

1994, 209, 271–274. [CrossRef]
2. Ahmed, N.; Nisar, J.; Kouser, R.; Nabi, A.G.; Mukhtar, S.; Saeed, Y.; Nasim, M.H. Study of electronic, magnetic and optical

prop-erties of KMS2 (M = Nd, Ho, Er and Lu): First principle calculations. Mater. Res. Expr. 2017, 4, 065903. [CrossRef]
3. Azarapin, N.O. Synthesis, Structure and Properties of Compounds BaRECuS3 (RE = Rare Earth Element). Ph.D. Thesis, University

of Tyumen, Tyumen, Russia, 2022.
4. Esmaeili, M.; Forbes, S.; Tseng, Y.C.; Mozharivskyj, Y. Crystal Structure, Electronic and Physical Properties of Monoclinic RECuTe2

in Contrast to RECuSe2 (RE: Pr, Sm, Gd, Dy and Er). Solid State Sci. 2014, 36, 89–93. [CrossRef]
5. Esmaeili, M.; Tseng, Y.-C.; Mozharivskyj, Y. Thermoelectric properties, crystal and electronic structure of semiconducting RECuSe2

(RE = Pr, Sm, Gd, Dy and Er). J. Alloys Compd. 2014, 610, 555–560. [CrossRef]
6. Yao, J.; Deng, B.; Sherry, L.J.; McFarland, A.D.; Ellis, D.E.; van Duyne, R.P.; Ibers, J.A. Syntheses, structure, some band gaps, and

electronic structures of CsLnZnTe3 (Ln = La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Y). Inorg. Chem. 2004, 43, 7735–7740. [CrossRef]
[PubMed]

7. Mitchell, K.; Huang, F.Q.; Caspi, E.N.; McFarland, A.D.; Haynes, C.L.; Somers, R.C.; Jorgensen, J.D.; Van Duyne, R.P.; Ibers, J.A.
Syntheses, structure, and selected physical properties of CsLnMnSe3 (Ln = Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Y) and AYbZnQ3
(A = Rb, Cs; Q = S, Se, Te). Inorg. Chem. 2004, 43, 1082–1089. [CrossRef]

8. Yin, W.; Wang, W.; Bai, L.; Feng, K.; Shi, Y.; Hao, W.; Yao, J.; Wu, Y. Syntheses, structures, physical properties, and electronic
structures of Ba2MLnTe5 (M = Ga and Ln = Sm, Gd, Dy, Er, Y; M = In and Ln = Ce, Nd, Sm, Gd, Dy, Er, Y). Inorg. Chem.
2012, 51, 11736–11744. [CrossRef]

9. Yin, W.; Feng, K.; Wang, W.; Shi, Y.; Hao, W.; Yao, J.; Wu, Y. Syntheses, structures, optical and magnetic properties of Ba2MLnSe5
(M = Ga, In; Ln = Y, Nd, Sm, Gd, Dy, Er). Inorg. Chem. 2012, 51, 6860–6867. [CrossRef]

33



Materials 2024, 17, 2284

10. Ruseikina, A.V.; Andreev, O.V.; Galenko, E.O.; Koltsov, S.I. Trends in thermodynamic parameters of phase transitions of
lan-thanide sulfides SrLnCuS3 (Ln = La–Lu). J. Therm. Anal. Calorim. 2017, 128, 993–999. [CrossRef]

11. Ruseikina, A.V.; Solovyov, L.A. Grigoriev, M.V.; Andreev, O.V. Crystal structure variations in the series SrLnCuS3 (Ln = La, Pr, Sm,
Gd, Er and Lu). Acta Crystallogr. 2019, C75, 584–588.

12. Ruseikina, A.V.; Soloviev, L.A.; Galenko, E.O.; Grigoriev, M.V. Refined Crystal Structures of SrLnCuS3 (Ln = Er, Yb). Russ. J. Inorg.
Chem. 2018, 63, 1225–1231. [CrossRef]

13. Huang, F.Q.; Ibers, J.A. Syntheses and structures of the quaternary copper tellurides K3Ln4Cu5Te10 (Ln = Sm, Gd, Er),
Rb3Ln4Cu5Te10 (Ln = Nd, Gd), and Cs3Gd4Cu5Te10. J. Solid State Chem. 2001, 160, 409–414. [CrossRef]

14. Ikhioya, I.L.; Nkele, A.C.; Chigozirim, E.M.; Aisida, S.O.; Maaza, M.; Ezema, F.I. Effects of Erbium on the Properties of Electro-
chemically-Deposited Zirconium Telluride Thin Films. Nanoarchitectonics 2020, 2, 110–118.

15. Ruseikina, A.V.; Chernyshev, V.A.; Velikanov, D.A.; Aleksandrovsky, A.S.; Shestakov, N.P.; Molokeev, M.S.; Grigoriev, M.V.;
Andreev, O.V.; Garmonov, A.A.; Matigorov, A.V.; et al. Regularities of the property changes in the compounds EuLnCuS3
(Ln = La–Lu). J. Alloys Compd. 2021, 874, 159968. [CrossRef]

16. Andreev, O.V.; Atuchin, V.V.; Aleksandrovsky, A.S.; Denisenko, Y.G.; Zakharov, B.A.; Tyutyunnik, A.P.; Habibullayev, N.N.;
Velikanov, D.A.; Ulybin, D.A.; Shpindyuk, D.D. Synthesis, structure, and properties of EuLnCuSe3 (Ln = Nd, Sm, Gd, Er). Crystals
2022, 12, 17. [CrossRef]

17. Koscielski, L.A.; Ibers, J.A. The Structural Chemistry of Quaternary Chalcogenides of the Type AMM’Q3. Z. Anorg. Allg. Chem.
2012, 638, 2585–2593. [CrossRef]

18. Ruseikina, A.V.; Solovyov, L.A.; Chernyshev, V.A.; Aleksandrovsky, A.S.; Andreev, O.V.; Krylova, S.N.; Krylov, A.S.; Velikanov,
D.A.; Molokeev, M.S.; Maximov, N.G.; et al. Synthesis, structure, and properties of EuErCuS3. J. Alloys Compd. 2019, 805, 779–788.
[CrossRef]

19. Boncher, W.; Dalafu, H.; Rosa, N.; Stoll, S. Europium chalcogenide magnetic semiconductor nanostructures. Coord. Chem. Rev.
2015, 289, 279–288. [CrossRef]

20. Wolf, M.; Sürgers, C.; Fischer, G.; Scherer, T.; Beckmann, D. Fabrication and magnetic characterization of nanometer-sized ellipses
of the ferromagnetic insulator EuS. J. Magn. Magn. Mater. 2014, 368, 49–53. [CrossRef]

21. He, W.; Somarajan, S.; Koktysh, D.S.; Dickerson, J.H. Superantiferromagnetic EuTe nanoparticles: Room temperature colloidal
synthesis, structural characterization, and magnetic properties. Nanoscale 2010, 3, 184–187. [CrossRef]

22. Oliveira, N.F., Jr.; Foner, S.; Shapira, Y.; Reed, T.B. EuTe. I. Magnetic Behavior of Insulating and Conducting Single Crystals. Phys.
Rev. 1972, B5, 2634. [CrossRef]

23. Chen, J.; Dresselhaus, G.; Dresselhaus, M.; Springholz, G.; Bauer, G. Magnetic Properties of Heisenberg Antiferromagnetic
EuTe/PbTe Superlattices. MRS Proc. 1994, 358. [CrossRef]
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Abstract: Amorphous thin films can be applied to increase the anti-corrosion ability of critical com-
ponents. Atomized FeCrNiMoCSiB powders were hot-pressed into a disc target for R. F. magnetron
sputtering on a 316L substrate to upgrade its corrosion resistance. The XRD spectrum confirmed that
the film deposited by R. F. magnetron sputtering was amorphous. The corrosion resistance of the
amorphous film was evaluated in a 1 M HCl solution with potentiodynamic polarization tests, and
the results were contrasted with those of a high-velocity oxy-fuel (HVOF) coating and 316L, IN 600,
and C 276 alloys. The results indicated that the film hardness and elastic modulus, as measured using
a nanoindenter, were 11.1 and 182 GPa, respectively. The principal stresses in two normal directions
of the amorphous film were about 60 MPa and in tension. The corrosion resistance of the amorphous
film was much greater than that of the other samples, which showed a broad passivation region, even
in a 1 M HCl solution. Although the amorphous film showed high corrosion resistance, the original
pinholes in the film were weak sites to initiate corrosion pits. After polarization tests, large, deep
trenches were seen in the corroded 316L substrate; numerous fine patches in the IN 600 alloy and
grain boundary corrosion in the C276 alloy were observed.

Keywords: R. F. magnetron sputtering; amorphous film; potentiodynamic polarization; XPS

1. Introduction

A variety of different amorphous alloys (AAs), including Ti- [1,2], Zr- [3,4], Ni- [5,6],
and Cu-based [7,8] alloys, have been developed for distinct industries. The absence of
microstructural heterogeneity, such as grain boundaries and precipitates, as well as me-
chanical homogeneity accounts for the remarkable mechanical and chemical properties of
AAs [9,10]. Fe-based AAs have many superior characteristics, like excellent corrosion/wear
resistances and low costs, among different AAs [11–13]. It is reported that FeCrMoCB-Tm
AAs have a high glass-forming ability [14–19] but high brittleness at room temperature,
which greatly restricts their engineering applications. Thus, Fe-based AAs have been
provided as powders for thermal spraying [20–25] against corrosion and wear for industrial
applications [26–28].

The chemical compositions, uniform structures, and stable passivation films account
for the excellent corrosion resistance of AAs. The addition of Cr has an obviously positive
effect on increasing the corrosion resistance of the FeCrNiB AA with a stable passivation
film [29]. Forming the more insoluble Cr2O3 oxide will stabilize and enhance the formation
of dense passivation films on FeCrMoCBY coatings [30]. Compared with the FeCrBCP
amorphous coating, the addition of a minor amount of Mo (5 at.%) to feedstock powders
is advantageous to upgrade the corrosion and wear resistances of coatings [31]. The
corrosion resistance of the FeCrMoPCB AA in seawater improves with increasing Cr/Mo
content [32]. Furthermore, the addition of C (1–3 wt.%) to FeCuNbSiB amorphous ribbons
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can significantly improve the corrosion resistance in a 0.1 M H2SO4 solution [33]. In a
0.5 M KNO3 solution, the corrosion potential increases, and the passivation current density
decreases with increasing Ni content up to 4 at.% in FeNiCuNbSiB amorphous ribbons [34].
Increasing the crystalline phase in the FeCrMoCBY amorphous coating accounts for a
decreased corrosion resistance [35]. The carbide precipitates result in forming a Cr- and
Mo-depleted zone and degrade the stability of the passivation film of the FeMoCrYCB
amorphous coating [36].

Austenitic stainless steels (SSs) are known to be susceptible to chloride stress corrosion
cracking (SCC) despite their high general corrosion resistance. Amorphous thin films
can be deposited on the critical components against harsh corrosion attack. According
to the literature, the characteristics of Fe-based amorphous thin films have rarely been
investigated. An Fe-based (FeMoCrYCB) thin film in an artificial sweat solution shows
much superior passivation stability relative to 304 SS [37]. In prior work [38], an Fe-based
AA (FeCrNiMoCSiB) was used as the feedstock powder for HVOF spraying on a 316L plate.
The corrosion rate of the high-velocity oxy-fuel (HVOF) coating is identical to that of the
316L SS in seawater and a 1 M HCl solution, but much higher corrosion-wear resistance
was observed in seawater [38]. In this work, an Fe-based AA (FeCrNiMoCSiB) acts as
the target material for R. F. magnetron sputtering on 316L SS to upgrade the corrosion
resistance of 316L components. The corrosion characteristics of the amorphous film were
tested in a 1 M HCl solution with potentiodynamic polarization tests, and the results
were contrasted with those of the HVOF coating [38] and 316L [38], IN 600, and C276
alloys. The corroded features of distinct specimens were inspected using a scanning
electron microscope (SEM). Moreover, the surface passivation film was analyzed using
X-ray photoelectron spectroscopy (XPS).

2. Materials and Experiments

In this work, Ar-gas atomized amorphous powders were used for the target material
for subsequent sputtering, which Chung Yo Materials Co. offered. The chemical composi-
tions, in weight percentages of the feedstock powders, were 13.65 Ni, 14.41 Mo, 21.53 Cr,
2.30 B, 2.07 C, and 2.73 Si, and the balance was Fe. A 404 F3 high-temperature differential
scanning calorimeter (HT-DSC, Netzsch, Selb, Germany) was applied to determine the
transformation temperature of the powder. The composition of the C276 alloy was 15.7 Cr,
15.8 Mo, 3.2 W, 6.0 Fe, 0.008 C, 0.6 Mn, and residual Ni. The nominal composition of the IN
600 alloy was the same as that of a Ni alloy with 16 Cr and 8 Fe. The feedstock powders
were hot-pressed and sintered into a 6.0 mm plate and then wire-cut to be a 75 mm disc as a
target for sputtering. Prior to sputtering, the 316L plate was ground using up to 3000# abra-
sive paper and then subjected to polishing to a mirror finish. Thin films were deposited on
a Si wafer and a mirror-finished 316L plate using an R. F. magnetron sputter system under
high vacuum. The sputtering variables included a sputtering power of 120 W, a target-to-
substrate distance of 60 mm, a working pressure of 0.7 Pa, and a rotating speed of 5 rpm.
Distinct film thicknesses up to 1500 nm could be achieved by altering the deposition time.
The film compositions were determined using an electron probe microanalyzer (EPMA,
JEOL JXA 8200) equipped with a wavelength-dispersive spectroscope. The phases of the
target and the film were detected with a D2 X-ray diffractometer (XRD, Bruker Billerica,
MA, USA). The microstructures of the prepared specimens were inspected with a 3400
SEM (Hitachi, Tokyo, Japan). A Hysitron TI 980 nanoindenter (Bruker, Billerica, MA, USA)
loaded at 2000 µN was applied to determine the nano-hardness and the Young’s modulus
of the prepared film. An optical profiler was used to examine the surface metrology of the
film, which provided non-contact surface measurements. A scratch tester (Revetest Scratch
Tester: RST3) was used to evaluate the thin film’s adhesion property.

The residual stresses of the film deposited on the Si substrate were calculated according
to Stoney’s equation [39] as follows:

σr = EH/6(1 − νS)TfRf, (1)
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where σr is the planar stress in the film; E, H, and νS are the Young’s modulus (130.2 GPa),
the thickness (525 µm), as well as the Poisson’s ratio (0.279) of the Si substrate, respectively;
Tf is the film’s thickness; and Rf is the radius of the film’s curvature.

The potentiodynamic polarization curve of the film was investigated using a standard
three-electrode cell system and contrasted with those of the HVOF coating and 316L, IN
600, and C276 alloys. A saturated calomel electrode (SCE) acted as the counter electrode,
and the reference electrode was a platinum plate. The potentiodynamic polarization test
was carried out in a 1 M HCl solution from −1.0 V to +2.0 V and at a 1 mV/s scanning
rate. The elemental depth profile and composition valence of the amorphous film before
and after the corrosion test were determined using X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI, PHI 5000 Versa Probe) assembled with an Ar+ ion etching gun.

3. Results and Discussion

The inherent characteristics of the feedstock are shown in Figure 1, which reveals
the appearance and the differential scanning calorimetry (DSC) curve of the powder. The
atomized powder used in this work (Figure 1a) predominantly comprised smooth and
round particles without a dendritic structure after solidification. As shown in Figure 1b,
the DSC curve of the feedstock powder revealed a glass transition temperature (Tg) of
about 555 ◦C, a peak crystallization temperature (Tp) of 659 ◦C, solidus temperature (TS)
of 1111 ◦C, and a liquidus temperature (TL) of 1168 ◦C. The solidus temperature of the
powder was below 1120 ◦C. To be used as the target for sputtering, the feedstock powders
were pre-vacuumed and hot-pressed at 1080 ◦C, then the compact powders were sintered
for 8 hours into a plate of a 6.0 mm thickness. A 75 mm diameter disc was wire-cut from
the sintered plate to be the target for R. F. sputtering (Figure 1c).
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Figure 1. (a) The appearance, (b) the DSC curve of the feedstock powder, and (c) the appearance of
the target used for sputtering.

Figure 2 displays the XRD spectra of the sputtered film and the target. To avoid
the interference of the sub-surface layer with the XRD spectrum, the film was deposited
directly on the Si wafer. The XRD pattern of the film showed wide and broad peaks in
the spectrum (Figure 2a), which indicated the very highly amorphous constituent of the
film. By contrast, the XRD pattern of the target (Figure 2b) comprised many sharp peaks,
which were identified to be attributed to complicated carbides, borides, and intermetallics
formed in the target owing to the slow cooling of the sintered target after hot-pressing
the feedstock powders. Although the target was crystalline, the film prepared by R. F.
magnetron sputtering was amorphous. Metallic glass films can be fabricated by controlling
the sputtering parameters, such as the power and working pressure, so that the as-deposited
films inherit the composition and amorphous structure of the target.
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Figure 2. XRD spectra of (a) the film (The former is from Si (400) Cu Kβ (1.392 Å), and the latter is
from Si (400) Cu Kα (1.54 Å); (b) the target.

It was found that peeling was more likely to occur when directly depositing the
amorphous film on the 316L substrate, but peeling and/or cracking did not occur on the Si
wafer. To avoid the peeling and cracking of the amorphous film, an about 300 nm thick layer
of pure Ti was pre-sputtered on the 316L substrate. Figure 3 displays the SEM morphologies
of the amorphous film. The amorphous film deposited on the Si wafer, in the cross-sectional
view shown in Figure 3a, consisted of a Ti film as the intermediate layer. The chemical
compositions of the film, as determined by EPMA, in weight percentages were 16.88 Ni,
13.00 Mo, 21.80 Cr, 1.47 B, 2.38 C, 2.65 Si, and 0.24 Ti, and Fe was the balance. Overall, the
deposited film had the about same constituents as the target material. The minor Ti content
of the film meant that the yielding volume of the electron beam during EPMA analysis
was above the film thickness and reached the intermediate layer. Figure 3b displays the
top surface morphology of the amorphous film deposited on the 316L substrate. It was
observed that cracking was not found in the film, but some fine particles and pinholes
were present in the examined samples (Figure 3b). Those fine particles on the film surface
could be from the contaminants present in the chamber. The chemical compositions of
those fine particles were inspected using SEM/EDX. The results indicated that most of
those fine particles in the examined sample had the about same constituents as the target.
It was deduced that those fine particles would be the residues from the target during
sputtering. Moreover, those pinholes would be critical defects and would deteriorate the
corrosion resistance of the film. The surface texture of the film deposited on the polished
316L substrate was investigated by a 3D contour profiler, as shown in Figure 3c. The Sa, Sp,
and Sv values of the film were 20.96 nm, 0.85 µm, and −2.21 µm, respectively. Overall, the
amorphous film had a very low surface roughness.

A nanoindenter was applied to measure the hardness and elastic modulus of the
amorphous film, using the sample with the film deposited on the 316 SS. The hardness
of the film fell in the range between 10.80 and 11.12 GPa after eight measurements. The
elastic modulus of the film was about 181 GPa. The nano-hardness of the film was roughly
converted to micro-Vickers hardness values, i.e., from about HV 1102 to 1135. This result
revealed that the amorphous film would provide very high wear resistance as compared
with traditional engineering alloys. The residual stresses of the amorphous film deposited
on the Si substrate were calculated according to Stoney’s equation [39]. Ten measurements
were performed at different sites in the film. The principal stresses in two normal direc-
tions were calculated according to Stoney’s equation. The two perpendicular residual
stresses were in tension and around 60 MPa. The tensile residual stress of the film was
low, as compared with the expected strength of the amorphous film [12]. Scratch test
experiments determine the practical adhesion strength and mechanical failure modes of
hard (HV = 5 GPa or higher) thin (≤30 µm) coatings on metal and ceramic substrates at
ambient temperatures according to ASTM C1624-5. In our study, the measured adhesion
strength for the as-deposited amorphous film on the stainless-steel substrate was around
25 N at a 5 mm scratch distance, with the scratch load ranging from 50 to 200 N. This result
indicates the amorphous film adheres well on the stainless-steel substrate, as expected.
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Potentiodynamic polarization tests of various specimens were performed at room tem-
perature in a 1 M HCl solution, and the polarization curves are shown in Figure 4. Table 1
lists the corrosion potential (ECorr), corrosion current density (iCorr), and pitting potential
(EPit) of the tested samples. In our prior work [38] studying the corrosion performance of
the HVOF coating using the same amorphous powder as used in this work, a 1 M HCl
solution was a much more severe corrosion condition relative to seawater and 0.5 M H2SO4.
To distinguish the corrosion resistances among the IN 600, C276, and amorphous film, a
1 M HCl solution is used in this work. Figure 4a reveals the polarization curves of the
316L, IN 600, and C276 alloys and amorphous coating in the 1 M HCl solution. In such a
harsh environment, none of the three alloys had an evident passivation region. Among
the three alloys, the C276 alloy had a higher ECorr and a lower iCorr than the other two
alloys in the 1 M HCl solution. The better corrosion resistance of the C276 alloy was the
result of the high alloy contents relative to the other two alloys. The ECorr and iCorr values
of 316L were about −0.34 V and 58.2 µA/cm2, respectively [38], and around −0.28 V and
29.2 µA/cm2 for the IN 600 alloy. This indicated that the IN 600 alloy showed slightly
higher corrosion resistance than 316L. Figure 4b displays the potentiodynamic polarization
curves of the C276 and 316L alloys and amorphous film in the 1 M HCl solution. This
revealed that the amorphous film possessed a marked passivation region and a pitting
potential near 1.0 V, whereas the C276 alloy showed an increased current density with
increasing potential. Obviously, a passivation zone was not found in the polarization curve
of the C276 alloy (Figure 4b). Among the tested samples, only the amorphous film showed
a broad passivation zone during corrosion in the 1 M HCl solution. Undoubtedly, the
amorphous film provided excellent protection against the harsh HCl attack.

40



Materials 2024, 17, 2071

Table 1. The ECorr, iCorr, and EPit values of distinct samples tested in 1 M HCl solution.

Sample 316L [38] IN 600 Amorphous
Coating [38] C276 Amorphous

Film

ECorr (V) −0.34 −0.28 −0.29 −0.22 −0.3
iCorr (µA/cm2) 58.2 29.2 39.2 20.5 58.3

EPit (V) 0.0 0.25 -- 1.04 0.85
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The surface morphologies of the distinct test pieces after the polarization tests are
displayed in Figure 5. After testing in the 1 M HCl solution, the 316L sample presented
severe corrosion owing to the link between fine corrosion pits and corroded trenches
(Figure 5a). As compared with the 316L SS, a completely different corroded appearance
was seen for the IN 600 alloy tested in the 1 M HCl solution (Figure 5b). The IN 600 alloy
showed extensive surface corrosion, which was caused by the extensive dissolution of fine
patches in the 1 M HCl solution. By contrast, grain boundary corrosion was more likely
to occur for the C276 alloy under the same test conditions (Figure 5c). In addition, the
amorphous coating showed fine pits initiated at the interface between residual powders
and the molten zone; then, those pits connected to form fine ditches after the polarization
test [38]. It was noticed that the corrosion feature of the amorphous film was obviously
different from that of the other samples (Figure 5d). Fine pits penetrated the film through
pinholes to the Ti buffer layer and grew into a more significant pore, which accounted
for the failure of the amorphous film in the 1 M HCl solution (Figure 5d). The original
pinholes led to the degraded corrosion resistance of the amorphous film in the harsh
HCl environment.

An Fe-based AA (FeCrNiMoCSiB) was used as the target material and was deposited
on 316L SS using R. F. magnetron sputtering. The XRD pattern of the target was composed
of peaks attributed to complex carbides, borides, and intermetallics, whereas the deposited
film was in the amorphous state. The presence of complex precipitates in the target could
be attributed to the slow cooling of the sintered target after hot-pressing. Although the
target was crystalline, the film prepared by R. F. magnetron sputtering was amorphous.
Metallic glass films can be fabricated by controlling the sputtering parameters, such as
the power and working pressure so that the as-deposited films inherit the composition
and amorphous structure of the target. In addition, the high cooling rate of the deposited
film after sputtering was helpful to form the amorphous film. The elastic modulus of the
amorphous film, as determined using a nanoindenter, was about 181 GPa, which agrees
with those of Fe-based amorphous alloys [12]. In addition, the amorphous film possessed
a nano-hardness from around 10.80 to 11.12 GPa, which meant that the investigated film
was expected to have a very high wear resistance. The principal residual stresses were in
tension and around 60 MPa. The low principal residual stress could be partly attributed to
comparable elastic moduli and thermal conductivities between the 316L and amorphous
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film. The polarization curve of the amorphous film in the 1 M HCl solution exhibited
a marked passivation region and a pitting potential near 1.0 V. In such a harsh solution,
only the amorphous film showed a wide passivation region among the tested samples.
Although a few pinholes in the film were the cause of the failure in the 1 M HCl solution,
the anti-corrosion ability of the amorphous film could be associated with the inherent
alloy composition.
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Figure 5. The surface morphologies of the (a) 316L, (b) IN 600, (c) and C276 alloys and (d) the
amorphous film after polarization tests in the 1 M HCl solution.

As displayed in Figure 6 and Table 2, the XPS depth profile (d) was achieved using
an Ar+ ion beam accelerated at 3 keV and a sputtering area of approximately 2 × 2 mm2,
and the binding energies of the elements, e.g., Fe, Ni, Cr, Mo, Si, Ti, and O, were measured.
The etching rate of the film was about 8.16 nm/min for SiO2. The charging effect was
amended using the C1s peak at 284.6 eV as the baseline for the investigated species [40].
In addition, all the peaks were distinguished based on the NIST database and the results
reported in the available literature [41]. As shown in Figure 6a, the O content decreased
from 60 at.% to 11 at.% as the depth increased from the surface to the depth after about
1.5 min of sputtering, when the low O content was detected after sputtering. However,
after the film was attacked in the 1 M HCl solution, the contents of elements like Fe, Cr, Mo,
and Si showed less change, but the Ti content increased with increasing sputtering time. At
the depth corresponding to a sputtering time of 3.5 min (Figure 6b), the amorphous film
was totally demolished.
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The commercial software XPS Peak version 4.1 was applied to identify the specific
peaks, and the binding energy of each species was referenced according to the NIST
database, as previous reported. In this sputtered film, elements like Fe, Ni, Cr, Mo, Si, and
Ti were analyzed as the primary elements. Table 2 lists the binding energies and spectral
peaks corresponding to the relative valences. Figure 7 displays the resolved spectra of
the Fe, Ni, Cr, Mo, Si, and Ti elements. Figure 7a reveals the Fe spectra, showing that
all the Fe peaks were located at binding energies of approximately 720.0 eV, 707.0 eV,
710.3 eV, and 724.1 eV [42–45]. Figure 7b shows the Ni spectra, which indicate that all
the Ni peaks were located at binding energies of approximately 852.8 eV, 870.1 eV, and
873.6 eV, as well as an Ni2+ peak located at 860.4 eV [46–48]. As presented in Figure 7c,
initially, the Cr peak was located at a binding energy of 583.3 eV, while a Cr peak appeared
at 574.1 eV, Cr3+ peaks appeared at 575.9 eV and 586.4 eV, and a Cr6+ peak appeared at
577.7 eV [42,43,49,50]. Figure 7d displays the initial Mo spectral peaks; they indicate that
initially, the Mo in the film was composed of Mo (according to the peak at 228.6 eV) as
well as Mo4+ (according to the peak at 231.8 eV) [43,49,51,52]. Based on these results, it
was deduced that the target used in this work might be contaminated by oxygen during
hot-pressing at elevated temperatures and was found to have an O content of 10 at.%
(Figure 6a). Figure 7e reveals the Si spectra, showing a Si0 peak at 99.4 eV and Si4+ peaks
at 101.7 eV and 103.2 eV [53,54]. The intensity of the Ti peak was so low that it could be
ignored, as shown in Figure 7f. Figure 8 reveals the XPS spectra of the amorphous film
after corrosion in the 1 M HCl solution, and the corresponding data are also listed and
referenced in Table 2. Because of the failure of the film, the XPS depth profile contained
peaks attributed to Ti and residual Cr and Mo. As shown in Figure 8f, the Ti spectra
included Ti2p and Ti0 peaks at 453.9 eV and 460.1 eV, respectively, as well as Ti2+ peaks
located at 455.3 eV and 461.0 eV, Ti3+ peaks located at 457.1 eV and 462.7 eV, and Ti4+ peaks
located at 458.7 eV and 464.4 eV [43,55]. Figure 8c shows the Cr core-level spectra and the
spectra of the Cr band; most of the Cr remained in the metallic chromium state, with Cr+3

peaks at 575.9 eV and 586.4 eV. Chromium might transform to its oxide according to the
Cr peak at 574.1 eV and the Cr+3 peaks at 575.9 eV and 586.4 eV [42,43], which showed
the difference before and after the corrosion test. By contrast, the Cr and Cr+3 peaks at
575.9 eV and 586.4 eV, respectively, increased in intensity, which implied the formation of
condensed and insoluble Cr2O3 in the film. Moreover, the Cr2O3 oxide could effectively
prevent Cl- from penetrating the substrate. Figure 8d presents the XPS spectra of the Mo
element. According to a study by Hashimoto et al. [56], MoO2 can provide substantial
corrosion protection because Mo can form a very dense and insoluble oxide relative to
the Cr oxide. According to Tian et al. [43], Mo+6 can dissolve in water to form MoO4

−2,
which can adhere to the surface and prevent Cl- from penetrating the film. In addition,
Mo+6 effectively avoids the further pitting attack of the corroded iron, which prevents the
film from corroding and being demolished. Therefore, the high Cr (above 20%) and Mo
(above 14%) contents of the amorphous film ensured the formation of dense and stable Cr
and Mo oxides [29–31], which were beneficial to form a protective layer, even in the 1 M
HCl solution. As revealed in a prior study, the addition of 1–3 wt.% of C to Fe-based AAs
could also upgrade their corrosion resistance [33]. In this work, the C content (2.07%) of
the investigated film fell within the suggested range. In addition, the 14% Ni content of
the film would assist in the formation of Ni oxides, which were also helpful to increase the
corrosion resistance of the film. With the addition of 2.73% Si, Ni is reported to increase
the Si content in the SiO2 passivation film and make the film more protective [13]. As
mentioned previously, only a few pinholes were present in the amorphous film, and there
was a lack of other defects, like grain boundaries and precipitates, in the film. Therefore,
the uniform composition/structure and advantageous alloying made this Fe-based AA
film show excellent anti-corrosion ability in a harsh environment.
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Table 2. Measured and reference binding energies of the XPS spectra generated for amorphous film
(a) before and (b) after corrosion.

Before Corrosion

Binding Energy (eV) References

Cr 2p3/2
Cr0 574.1 [42,51]

Cr3+ 575.9 [43]

Cr 2p1/2
Cr0 583.3

[42]
Cr3+ 586.4

Fe 2p3/2
Fe0 707.0 [42–44]

Fe2+ 710.3 [45]

Fe 2p1/2
Fe0 720.0 [42–44]

Fe2+ 724.1 [45]

Ni 2p3/2 Ni0
870.1 [48]

873.6 [47]

Ni 2p1/2
Ni0 852.8

[46,47,50]
Ni2+ 860.4

Mo 3d
Mo0 228.0 [43,50,53]

Mo4+ 231.1 [55]

Si 2p3/2 Si4+ 103.2

[54]
Si 2p1/2

Si0 99.4

Si4+ 101.7

After corrosion

Binding Energy (eV) References

Cr 2p3/2

Cr0 574.1 [50,51]

Cr3+ 575.9 [43]

Cr6+ 577.7 [51]

Cr 2p1/2
Cr0 583.3

[42]
Cr3+ 586.4

Mo 3d
Mo0 228.6

[43,50,52]
Mo4+ 231.8

Ti 2p2/3

Ti0 453.9

[43,56]

Ti2+ 455.3

Ti3+ 457.1

Ti4+ 458.7

Ti 2p1/3

Ti0 460.0

Ti2+ 461.0

Ti3+ 462.7

Ti4+ 464.4
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Figure 8. The deconvolution curve-fitting analyses of the binding-energy peaks of the (a) Fe, (b) Ni,
(c) Cr, (d) Mo, (e) Si, and (f) Ti elements in the measured XPS spectra of the film after testing in the
1 M HCl solution.

4. Conclusions

(1) With the Ti buffer layer, the amorphous film was successfully deposited on the 316L
substrate using R. F. magnetron sputtering, although the FeCrNiMoCSiB target was
composed of complex carbides, borides, and intermetallics. The elastic modulus and
the nano-hardness of the amorphous film, as measured using a nanoindenter, were
about 181 GPa and 11 GPa, respectively;

(2) The polarization curve of the amorphous film in the 1 M HCl solution indicated a
broad passivation region and a pitting potential near 1.0 V. The pinholes in the film
were the cause of the failure in the 1 M HCl solution after the polarization tests. The
XPS spectra of the amorphous film revealed that the dense, insoluble Cr and Mo
oxides were beneficial to form a protective layer, even in the 1 M HCl solution. As
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mentioned previously, only a few pinholes were present in the amorphous film, and
there was a lack of other defects, like grain boundaries and precipitates, in the film.
Therefore, the uniform composition/structure and advantageous alloying made this
Fe-based AA film show excellent anti-corrosion ability in a harsh environment.
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Abstract: The corrosion behavior of a hybrid laminate consisting of laser-structured aluminum
EN AW-6082 ∪ carbon fiber-reinforced polymer was investigated. Specimens were corroded in
aqueous NaCl electrolyte (0.1 mol/L) over a period of up to 31 days and characterized continuously
by means of scanning electron and light microscopy, supplemented by energy dispersive X-ray
spectroscopy. Comparative linear sweep voltammetry was employed on the first and seventh day
of the corrosion experiment. The influence of different laser morphologies and production process
parameters on corrosion behavior was compared. The corrosion reaction mainly arises from the
aluminum component and shows distinct differences in long-term corrosion morphology between
pure EN AW-6082 and the hybrid laminate. Compared to short-term investigations, a strong influence
of galvanic corrosion on the interface is assumed. No distinct influences of different laser structuring
and process parameters on the corrosion behavior were detected. Weight measurements suggest a
continuous loss of mass attributed to the detachment of corrosion products.

Keywords: CFRP; corrosion exposure; EN AW-6082; galvanic corrosion; hybrid laminate; intrinsic
bonding; laser structuring; linear sweep voltammetry; materials engineering; surface modification

1. Introduction

The improvement of lightweight structures for the automotive sector is an often-
considered approach for reducing energy demand during operation. Sector-specific mate-
rials, e.g., carbon fiber-reinforced polymers (CFRP) with high specific strength, and light
metals, such as aluminum with high impact strength and excellent formability, are predes-
tined for synergetic hybridization. This combination of the individual advantages can be
achieved by means of multi-material systems, which are also termed hybrid structures [1–4].
The joining technology is of utmost importance as it defines the load transmission within the
hybrid structure. Common techniques are bolting, blind riveting, and welding, which lead
to defects or thermal disruptions [5,6]. An alternative technique is adhesive bonding [7].
When adhesively bonded materials originating from different material groups, surface
properties are important regarding joining technology, while different electrochemical
potentials are challenging with respect to corrosion protection [8,9].

A commonly used aluminum alloy that inherits beneficial corrosion resistance and
mechanical strength is EN AW-6082-T6 [10,11]. The surface functionalization of this alloy,
which includes cleaning and surface structuring, is possible via laser pre-treatment [12,13].
Depending on the pretreatment parameters, this functionalization can increase the joint
strength [14–16]. The combination of laser structuring of the metal component and co-
curing of the metal sheet and CFRP allows a performant hybrid system made of EN
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AW-6082 ∪ CFRP [17]. Nevertheless, galvanic insulation of the carbon fibers and the
aluminum alloy surface cannot be ensured. The enlarged surface roughness due to laser
structuring enhances this effect by producing a larger surface area and material tips, which
lead to a greater probability of direct fiber–metal contact. Therefore, it is necessary to
characterize the corrosion behavior by means of short-term corrosion testing procedures,
i.e., linear sweep voltammetry (lsv) [18,19], and long-term corrosion testing, i.e., corrosion
exposure testing with a focus on laser structure. The corrosion reaction is triggered by the
CFRP component, which itself usually remains undamaged, while the metal component
dissolves [20]. EN AW-6082 is susceptible to pitting corrosion and fragmentation of the
oxide layer in NaCl solutions [21]. The combination of both leads to enhanced corrosion
processes [20]. This study aims to understand the short- and long-term corrosion morphol-
ogy evolution of a hybrid laminate consisting of EN AW-6082 ∪ CFRP when considering
different laser structuring parameters at the surface of the Al component. Excitation linear
sweep voltammetry and corrosion exposure tests were performed. The mass changes
were evaluated. The corrosion morphology evolution was characterized by means of light
microscopy. The corrosion products were classified according to their appearance and
composition via SEM and EDX.

2. Materials and Methods
2.1. Material

The hybrid laminate consists of laser structured EN AW-6082 T6 sheet (Al), t = 2 mm,
intrinsically bonded to five unidirectional layers CFRP Sigrapreg C (U230 0/NF E20/39%;
SGL Carbon SE, Wiesbaden, Germany) in a P200S hot press (VOGT Labormaschinen
GmbH, Berlin, Germany), as shown in Figure 1a. Laser structuring was realized with a
Nd:YAG-Laser CL20 (Clean Lasersysteme GmbH, Herzogenrath, Germany), wavelength
λ = 1064 nm, using three sets of parameters (lp), varying laser frequency f, laser power P,
laser spot overlap o, and number of scans N, as listed in Table 1.
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Figure 1. (a) EN AW-6082 ∪ CFRP embedded in epoxy resin and polished up to grain size of 1 mm,
(b) micrograph of the three different laser parameter lp1–3 and as-rolled condition. CFRP component
on top with fiber orientation horizontal and Al component (lp0) on the bottom, (c) experimental
setup for corrosion exposure tests in aqueous solution of H2O and NaCl consisting of eight single
epoxy-embedded specimens of EN AW-6082 ∪ CFRP and one epoxy-embedded specimen of three
sheets of EN AW-6082.

Table 1. Parameter of laser structuring (lp) on EN AW-6082 T6 sheet consisting of laser frequency f,
laser Power P, laser spot overlap o, and number of scans N [22].

Laser Parameter f (kHz) P (W) o (10−2) N

lp0 N/A N/A N/A N/A

lp1 60 20 10 5

lp2 40 20 50 1

lp3 60 15 50 1
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After laser structuring, CFRP was bonded to Al via co-curing. The hybrid systems,
tested via corrosion exposure tests, were produced with a temperature T = 150 ◦C and
pressure p = 0.5 MPa (for lp2) or p = 0.8 MPa (for lp1) for t = 5 min. Additional specimens
with the following bonding parameters for lsv investigation of the influence of laser pa-
rameters were used: T = 160 ◦C, p = 0.8 MPa, t = 20 min. The resulting morphology of the
laser structure can be seen in Figure 1b. Details of all used specimens are listed in Table 2,
including the total exposure time Σtexp and reference specimen.

Table 2. Prepared specimen configuration and experimental procedure for corrosion exposure tests
of EN AW-6082 ∪ CFRP in aqueous solution of 0.1 molNaCl/LH2O, including an indication of whether
lsv was performed.

Parameter Set Fiber Direction (◦) Number lsv Total Exposure Time (h)

lp1 90 K1lp1 yes 168

lp1 0 K2lp1 yes 168

lp1 0 K3lp1 no 744

lp1 90 K4lp1 no 744

lp2 0 K1lp2 no 168

lp2 90 K2lp2 no 168

lp2 90 K3lp2 no 744

lp2 0 K4lp2 no 744

EN AW-6082 N/A ref no 744

lp0 0 lp0 yes N/A

lp1 0 lp1 yes N/A

lp2 0 lp2 yes N/A

lp3 0 lp3 yes N/A

EN AW-6082 N/A Al yes N/A

CFRP N/A CFRP yes N/A

2.2. Specimen Preparation

Eight specimens, four pretreated with lp1 and four pretreated with lp2, of EN AW-6082
∪ CFRP laminate were prepared with two different fiber orientations, each (90◦ and 0◦ with
regard to longitudinal fiber direction) for corrosion exposure testing (initial letter “K”). Two
different fiber orientations were chosen to take the different distribution of carbon fiber
volume content at the interface into account. For lsv, four specimens with lp0 to lp3 were
prepared. Additionally, two EN AW-6082 specimens and one specimen of pure CFRP were
provided. All specimens were embedded in epoxy resin EpoFix (Struers GmbH, Willich,
Germany), ground, and polished up to particle size s = 1 µm. A prepared specimen is
shown in Figure 1a. For characterization of the epoxy water absorption, a total of thirty
cylindrical specimens of pure epoxy were prepared, using two diameters (d1 = 40 mm;
d2 = 30 mm) and five filling levels (5/5 to 1/5), with a coverage of three specimens for each
diameter. This resulted in six sets of specimens, three per diameter and five filling levels
each, i.e., ten different masses. To ensure conductivity, the back side of specimens, used for
lsv, were exposed by grinding and coated with conductive silver paint.

2.3. Experimental Setup

All weight measurements were performed using an analytical scale AUW220D (Shi-
madzu Corp., Kyoto, Japan), e = 1 mg; d = 0.01 mg. For iterative condition monitoring, a
digital light microscope VHX-7000 (Keyence Corp., Osaka, Japan) was employed. Corrosion
products were characterized via a scanning electron microscope (SEM) Mira 3 XMU (Tescan,
Dortmund, Germany) and energy-dispersive X-ray spectroscopy (EDX) with Octane Elect
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Plus detector (Ametek GmbH, Meerbusch, Germany). Surface proportions of Al and CFRP
were measured by means of ImageJ 1.53r.

For linear-sweep voltammetry, a three-electrode setup in a customized PMMA cell, de-
scribed in [18], and a Gamry Interface 1000 potentiostat (Gamry Instruments Inc., Warmin-
ster, PA, USA) with Ag/AgCl as reference inside of a Luggin capillary (RE-1CP, ALS Co.,
Ltd., Tokyo, Japan), with a constant potential of 45.3 mV against saturated calomel elec-
trode (RE-2BP, ALS Co., Ltd., Tokyo, Japan; +0.242 V vs. standard hydrogen electrode [23])
was employed.

2.4. Testing Method

Specimens for corrosion exposure testing were weighed, characterized via light mi-
croscopy, and placed in a beaker, as shown in Figure 1c, filled with 0.1 mol/L NaCl
(purity > 99.8%, Ca < 0.01%, Mg < 0.002%, abherents < 0.0015%, batch 073196635; Carl
Roth GmbH, Karlsruhe, Germany) in deionized H2O (conductivity κ < 2.5 µS/cm) equal to
11.688 gNaCl/2 LH2O. Conductivity of the mixed solution was measured (InLab 742 Mettler
Toledo, DC, USA). All specimens were investigated via light microscopy after 24 h, 48 h,
72 h, 96 h, and 168 h. Additionally, four selected specimens were investigated after 336 h,
504 h, and 744 h to characterize the long-term corrosion evolution at the surface. Before light
microscopy analysis, specimens were dipped into deionized H2O, air-dried, and weighed.
All exposed specimens were replaced in the beaker after light microscopy measurements.
The medium was replaced every 168 h. To prevent movement, evaporated water was
not replaced. The short-term corrosion behavior of K1lp1 and K2lp2 (see Table 1) was
investigated by means of lsv in accordance with ISO 17475 [24] before corrosion exposure
tests and after texp = 168 h. Further specimens, no. lp0 to lp3, CFRP, and Al (see Table 1)
were investigated by means of lsv. After a 1 h set-up time to reach open circuit potential
(OCP), the measurement was realized with a potential feed ∆Ė = 1 mVs−1 and a potential
range ∆E of ±300 mV vs. OCP. After the first lsv of K1lp1 and K2lp1, before corrosion
exposure, the specimens were polished again. The second measurement was conducted on
the corroded surface. Specimens lp0 to lp3 were tested three times each. After each lsv, the
surface was polished again.

3. Results
3.1. Specimen Dimensions

The diameter and height of embedded specimens, as well as the area of the CFRP and
Al fractions, were measured and are listed in Table 3. Due to the geometries of the initial
EN AW-6082 ∪ CFRP with regard to fiber orientation, the volume of specimens with 90◦

orientation is higher, with areas of approximately 11–12 mm2 CFRP and 18–19 mm2 Al,
while for 0◦ orientation, the areas are approximately 29–32 mm2 CFRP and 19–20 mm2.

Table 3. Specimen dimensions and partial surfaces of CFRP and Al, as well as the total volume.

Number Diameter
(mm)

Height
(mm)

Area CFRP
(mm2)

Area Al
(mm2)

Volume
(mm3)

K1lp1 29.8 17.3 11.26 18.02 12,054

K2lp1 30.0 11.3 19.25 30.18 7988

K3lp1 29.8 12.5 19.70 31.11 8703

K4lp1 29.8 17.4 18.23 11.84 12,091

K1lp2 30.1 12.2 19.17 31.53 8660

K2lp2 29.8 17.1 10.47 18.64 11,935

K3lp2 30.0 17.1 10.94 18.58 12,080

K4lp2 29.9 12.7 17.82 29.63 8927

ref 30.0 11.4 00.00 00.00 8062
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3.2. Weight Measurement

The weights of the specimens continuously increased in a range of 0.04 g during
the testing period. Detailed records and are shown in Table 4 for over a period of 744 h,
i.e., 4 weeks. The percentage increases were calculated with regard to initial weights of
0.25–0.27%, while the mass increase for reference EN AW-6082 reached ∆m/m0 = 0.38%.
This is shown in Figure 2a. The weight increase in reference specimens was distinctly
higher than the weight increases in hybrid specimens. Investigations with pure epoxy
indicate a continuous solution absorption during a time period of 31 days. The percentage
increases were calculated with regard to initial weights for the arithmetic mean and fluc-
tuated between ∆m/m0 = 0.2% for the highest initial weight of approximately m = 42 g
to ∆m/m0 = 0.5% for an initial weight of m = 6 g, as shown in Figure 2b. The percentage
weight increase is generally higher for specimens with lower initial weights. The blue area
in Figure 2b represents the maximum percentage of weight increase, which was measured
for hybrid specimens K4lp2 in corrosion exposure tests.

Table 4. Results of weight measurements during corrosion exposure testing.

Weight
(g)

0 h
(D0)

24 h
(D1)

48 h
(D2)

72 h
(D3)

96 h
(D4)

168 h
(W1)

336 h
(W2)

504 h
(W3)

744 h
(W4)

K1lp1 14.6750 14.6802 14.6844 14.6855 14.6880 14.6934 n.a. n.a. n.a.

K2lp1 10.5495 10.5519 10.5555 10.5567 10.5591 10.5637 n.a. n.a. n.a.

K3lp1 10.8513 10.8587 10.862 10.8629 10.8651 10.8706 10.8759 10.8792 10.8794

K4lp1 14.6666 14.6734 14.6788 14.6791 14.6817 14.6886 14.6959 14.7008 14.7012

K1lp2 10.5432 10.5462 10.5493 10.5505 10.5526 10.5568 n.a. n.a. n.a.

K2lp2 10.6009 10.6085 10.6130 10.6136 10.6166 10.6217 n.a. n.a. n.a.

K3lp2 13.6981 13.7044 13.709 13.7094 13.7129 13.7174 13.7248 13.7296 13.7301

K4lp2 11.1066 11.1121 11.1150 11.1162 11.1190 11.1258 11.1324 11.1376 11.1379

ref 10.1690 10.1740 10.1783 10.1797 10.1828 10.1893 10.1976 10.2035 10.2055
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Figure 2. (a) Percentage increase in corrosion exposure specimen mass with regard to initial weight
over time. The lines between measurements describe linear approximations for enhanced visual-
ization. (b) Percentage increase in pure epoxy specimens with regard to initial weight over time.
The initial weight m0 is listed in grey, inside a circle. The maximum percentage of mass increase in
corrosion exposure specimens is plotted as blue area. Each triangle describes one measurement. The
lines between triangles describe linear approximations for enhanced visualization. Two different
diameters, d40 = 40 mm and d30 = 30 mm, were considered. The conductivity of the solution contin-
uously increased, while the water volume decreased due to evaporation. This led to an increase in
NaCl concentration from c0 = 0.10 molNaCl/LH2O to c0 = 0.11 molNaCl/LH2O within one week, which
is shown in Table 5.
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Table 5. Evaporated water over a time period of one week and the solution (s) conductivities κ at the
start and end of solution usage with s1: t = 0 h. . .168 h; s2 t = 168 h. . .336 h; s3 t = 336 h. . .504 h, and
s4 t = 504 h. . .744 h. Resulting c is calculated by c0 divided by remaining water volume.

Batch Initial κ
(mS/cm)

Final κ
(mS/cm)

Remaining Water
Volume (mL)

Resulting c
(mol/L)

s1 10.50 11.24 1791 0.1117

s2 10.58 10.89 1817 0.1101

s3 10.29 11.76 1803 0.1109

s4 10.35 11.12 1763 0.1134

3.3. Linear Sweep Voltammetry

The OCP for both fiber orientation showed comparable OCP and current density icorr
before exposure testing. This can be seen in Figure 3a. After one week of exposure testing,
both Tafel plots, i.e., icorr and OCP, reached comparable trajectories.
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Figure 3. Tafel plots of lsv with logarithmic ordinate for comparison of short-term corrosion behavior:
(a) before (pre) and after (post) corrosion exposure testing and (b) short-term corrosion behavior with
regard to different lp, as well as pure CFRP and Al.

Comparing lp, lsv detects no differences within a statistical scatter, as shown via Tafel
plots in Figure 3b. Pure Al shows higher OCP, while icorr was within a comparable range
to the hybrid material. Lsv on CFRP shows distinct differences, as shown in [18]. When
comparing the different production parameters between K-series and lp-series (compare
Figure 3a,b), no remarkable differences were detectable. Due to the strong oscillation
of the OCP in the presence of carbon fibers and the passivation effects of Al, a reliable
determination of the corrosion current density, and therefore determination of the mass
loss based on Faraday’s law, was not possible.
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3.4. Microscopic Analyses

The corrosion evolution during exposure testing showed the continuous progress of
corrosion development on the surface morphology over the first seven days until week one
(W1) for all specimens. Between W1 and week two (W2), and between W2 and week three
(W3), there is no distinct change of surface pit morphology, but an increase of corrosion
products at EN AW 6082 ∪ CFRP. The evolution of the surface morphology at the reference
specimens, as shown in Figure 4, starts at random corrosion nuclei and forms randomly
distributed corrosion pits over the whole surface after 24 h (D1). With further corrosion
progress, the corrosion pit diameters increase until W1. White, salt-like corrosion products
develop at the rims of the corrosion pits, until the entire surface is covered at W1; see
Figure 4. In this state, few new corrosion pits emerge (Figure 4 (A)) and the development
of new corrosion products and morphology at the surface stagnates.
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Figure 4. Depiction of corrosion evolution at EN AW-6082 over a time period of three weeks with
recordings before exposure (D0), after one, two, and four days (D1, D2, D4) and after one, two, and
three weeks (W1, W2, W3). Recorded with confocal light source. The evolution of one example area
is marked via in a white box. (A) Traces the appearance of one pitting hole after two weeks via arrow.

SEM investigations revealed that the surface structure of CFRP at the interface remains
intact after a corrosion exposure time of t = 168 h, as shown in Figure 5. Despite no visible
direct contact between carbon fibers and Al, the Al component is peeled off and forms
a trench at the interface (see Figure 5a). The oxide layer shows cracks and aluminum
oxides adhere randomly at the surface. Corrosion products, which appear white under
light microscopy, are shown in Figure 5b and can be identified as aluminum oxides.

In the case of EN AW-6082 ∪ CFRP hybrids, the number of corrosion pits at the Al–
overall surface is distinctly lower, but the diameter is higher. A representative overview for
two different fiber orientations and lp is shown in Figure 6.

From D1, salt-like, white corrosion products develop around the interface, indepen-
dent from fiber orientation or lp. The diameter of the appearing corrosion products is
distinctly higher than the pitting hole itself. From D1 to D2, the quantity of detectable
single corrosion pits next to the interface is higher when testing in the 0◦ fiber orientation.
From D3, the distribution of corrosion products at the surface is similar, regardless of the lp
and fiber orientations. From W1 to W3, the amount of corrosion products increases while
the amount of corrosion pits remains similar. Only a minor growth in diameter, as visible
in Figure 4, is observed. Due to the drying process (air-drying between the extraction
actions), the corrosion products are U-shaped with streamlined distribution around the
corrosion pits.

After lsv, Al exhibited no increased corrosion at the interface, as shown in Figure 7.
Corrosion pits are distributed with a quantity comparable to corrosion exposure tests at
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EN AW-6082 ∪ CFRP, while no corrosion products adhere at the surface. Surfaces of pure
Al show the same morphology as the surfaces of EN AW-6082 ∪ CFRP. EDX on corrosion
products at the interface areas of EN AW-6082 ∪ CFRP revealed Al, C, and O, as well as
small signals for Mo and Cl, but not Na, as shown in Figure 8.
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Figure 5. Representative SEM micrographs of surface morphology and corrosion products after an
exposure time of t = 168 h on EN AW-6082 ∪ CFRP at specimen K2lp2. (a) Overview of the interface
with visible trench at the Al component at the interface and corrosion products at the surface;
(b) detailed overview over salt-like white corrosion products.
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Figure 6. Depiction of corrosion evolution at EN AW-6082 ∪ CFRP over a time period of three weeks
with recordings before exposure (D0), after one, two, three, and four days (D1, D2, D3, D4), and
after one, two, and three weeks (W1, W2, W3) under consideration of fiber orientation and lp, using
confocal microscopy for observation. The fiber orientation in length direction is marked with an
arrow, the fiber orientation in view direction is marked via dot.
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4. Discussion

lsv and corrosion exposure testing did not show differences in the corrosion behavior
for specimens with different laser pretreatments and production parameters. The ratio of
the local surface increase at the interface to the total proportion of the Al component on
the overall surface is small. Therefore, there is no quantifiable acceleration of corrosion
processes during lsv and exposure testing with regard to different laser structuring after
joining. Furthermore, it cannot be ensured that all embedded CFRP fibers are conductively
connected, despite the conductive silver coating. Especially when orientated in a transverse
direction, the inter-fiber contacts are responsible for electric conductivity. The investigations
of Zappalorto et al. [25] and Zhao et al. [26] have proven the distinctly higher electric
resistivity in out-of-plane orientation for CFRP. The reason for this is the local insulation of
fibers against each other and against the Al component. When orientated in the transverse
direction (the fiber’s longitudinal axis is transverse to specimen height), the fibers are
not connected to the counter-side and are insulated against each other via the matrix.
When orientated in the longitudinal direction (the fiber’s longitudinal axis is parallel to
the specimen height), it is assumed that the higher conductivity of aluminum leads to the
conduction of current via Al. As already stated in a previous publication [18], the OCP
for EN AW-6082 ∪ CFRP is decreased compared to pure EN AW-6082, while the corrosion
current density (y-axis shift, Figure 3) reaches a similar range. Comparable results for CFRP
and EN AW-5754-O were observed by Li et al. [6] under the influence of a more aggressive
medium (3.5 wt% NaCl). Additionally, it must be considered that it is not possible to
distinguish between the conductive and non-conductive areas of the CFRP component
after hybridization, i.e., the areas that were actually tested and those that remained non-
conductively enclosed by the epoxy resin or are epoxy resin. It has to be assumed that the
real surface area of EN AW 6082 ∪ CFRP exposed to corrosion processes and the medium
was smaller than the total surface of EN AW-6082 ∪ CFRP, which was used to calculate icor.
Based on those considerations, it is assumed that the real corrosion current density has to
be calculated on basis of the EN AW-6082 component of the EN AW-6082 ∪ CFRP hybrid.
The narrowed surface area leads to a locally higher icor than assumed.

Weight measurements indicate a mass decrease by rinsing before microscopy. The
epoxy resin of the mount absorbs more solution than the material of the embedded hybrid
specimens’ increase in mass, indicating a more stable adhesion of corrosion products on
EN AW 6082 compared to the surface of hybrid specimens. Therefore, continuous mass

58



Materials 2024, 17, 1907

loss from EN AW-6082 ∪ CFRP is evident. This implies continuous corrosion processes at
the aluminums surface at the interface.

The light microscopic analyses show a strong influence of the CFRP component on
the corrosion evolution: large amounts of corrosion products continuously agglomerate at
the interface, while the corrosion products at the reference material, pure Al, are evenly
distributed. Additionally, only randomly distributed, individual points of the Al compo-
nent with no direct contact to the interface develop corrosion pits. This is observed through
lsv and corrosion exposure testing. SEM investigations confirm that the Al component
dissolves while the CFRP component remains intact. The greatest loss of material occurs
directly at the interface, which indicates a strong influence of galvanic corrosion. The lsv
measurement of EN AW-6082 ∪ CFRP causes no agglomeration of corrosion products at the
interface and generates a similar corrosion pit pattern to exposure testing. Therefore, it can
again be assumed that the conductivity of the carbon fibers is restricted. Overall, there is a
strong influence of galvanic corrosion. Due to the roughness peaks, the surface texture of
EN AW-6082 provides randomly distributed contact points to carbon fibers (compare [5]).
The corrosion morphology of the reference material during corrosion exposure testing,
when compared to the morphology of EN AW-6082 ∪ CFRP, indicates that the interface
acts like a sacrificial anode for the aluminum component without direct contact to CFRP at
EN AW-6082 ∪ CFRP. Although the surface areas at the EN AW-6082 ∪ CFRP interface will
have a different degree of direct connection to CFRP fibers, there is no global difference, as
the PDP measurements have shown. Therefore, it can be assumed that the laser structuring
has no effect on the global corrosion properties of the EN AW-6082 ∪ CFRP hybrid.

The EDX measurements suggest that the formed corrosion products consist of alu-
minum hydroxide. Traces of Cl further indicate the conversion of aluminum chlorohy-
drate [27]. Unlike in [6], without contact to galvanize steel, dawsonite could not be detected.
The results also indicate that there are no remaining traces of NaCl after rinsing.

5. Conclusions

The results of this investigation of the corrosion evolution of a hybrid laminate con-
sisting of laser-structured EN AW-6082 ∪ CFRP under the influence of NaCl electrolyte
(0.1 mol/L) can be summarized as follows:

1. Galvanic coupling and passivation of the Al component, limited conductivity of
the carbon fibers, and the random distribution of exposed fibers at specimen cut
leads to high statistical scatter of the lsv measurement as well as uncertainties in the
determination of the true surface and therefore limits the applicability of lsv for the
hybrid material to qualitative comparisons.

2. A continuous mass loss was detected during corrosion exposure tests and could
be allocated to the direct contact region of the interface, proving the dominance of
galvanic corrosion on the long-term corrosion evolution of EN AW-6082 ∪ CFRP, while
the corrosion mechanism of pure EN AW-6082 under same condition was identified
as pitting corrosion. The interface acts comparably to a sacrificial anode for the Al
base material.

3. Corrosion products were identified as aluminum oxides.
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Abstract: The presence of alkaline earth cations, in particular, Ca2+ and Mg2+ ions in brine, causes
undesired effects in solutions containing anionic surfactants because of precipitate formation. In
the present study, an anionic surfactant, sodium dodecyl sulfate (SDS), was investigated, focusing
on the determination of various properties (surface tension, critical micelle concentration, micelle
size, turbidity) in the presence of alcohols and, in particular, the inhibition of the precipitation of
SDS with calcium ions. The calcium ions were added to the surfactant in increasing concentrations
(3.0–10.0 g/L), and short-carbon-chain alcohols (methanol, ethanol, n-propanol and n-butanol) were
used to shift the onset of precipitate formation. The critical micelle concentration (CMC) of SDS in the
presence of alcohols was also determined. It was established that among these alcohols, methanol and
ethanol did not exert significant effects on the solubility of the Ca(DS)2 precipitate, while n-propanol
and n-butanol were found to be much more efficient inhibitors. In addition, all the alcohols in the
applied concentration range (up to 20 V/V%) were found to decrease the critical micelle concentration
of SDS.

Keywords: surfactant; precipitation; tensiometry; critical micelle concentration; sodium dodecyl sulfate

1. Introduction

Long-chain alkyl sulfonates and sulfates are a commonly applied anionic surfac-
tants [1]. The main functions of surfactants include reducing interfacial tension (IFT) and
the alteration of wettability. In some cases, the IFT between water and oil can be reduced
from 20–30 mN/m to a value in the order of 10−3 mN/m as a result of surfactant addi-
tion [2], but generally, this decrease is lower (i.e., 10 mN/m [3]). Numerous parameters
have been described to affect IFT, e.g., temperature, pressure, salinity, surfactant type and
concentration, and solute type and concentration [4,5].

Divalent cations, most importantly, alkaline earth metal ions (i.e., Ca(II) and Mg(II)) are
known to adversely influence the applicability of surfactants. These cations may be bound
to the polar head of the anionic surfactants, which affects surface tension (ST) reduction. In
waterflooding precipitation, dynamic conditions need to be considered [6]. Furthermore,
anionic surfactants may form precipitates with these divalent cations if the latter are present
in sufficient concentrations. For example, precipitation with these divalent cations is not
expected in brine water with a divalent cation concentration of less than 15–900 ppm [7,8].

Several studies aimed at the inhibition of such precipitate formation have been pub-
lished in the open literature. Zhang et al. demonstrated that [B(OH)4]− ions are effective
complexing agents of bivalent cations, like Ca2+ and Mg2+, that increase their effective sol-
ubility in the aqueous phase. According to their results, at first, an amorphous precipitate
is formed which dissolves as the divalent cation concentration is increased [9].
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Khaled et al. applied in situ-generated sodium acrylate to inhibit precipitation caused
by divalent cations [10]. They claimed that a delicate interplay among three parallel effects
is responsible for the efficiency of the inhibition: the direct complexation of sodium acrylate
with the ions present in the solution; the adsorption of sodium acrylate on the crystal
surface or at the active growth sites of the solid phase present; and a change in the ionic
strength of the solution as a result of sodium acrylate addition, and hence, an increase in
the effective solubilities of the calcium and magnesium compounds [10]. The advantage
of the in situ production of the inhibitor is the use of hard brines without the need for
softening the injection water [11].

Tri-sodium citrate was used to sequester calcium in a study published by Miyazaki et al.
The experimental data confirmed that tri-sodium citrate prevents the precipitation caused
by calcium ions up to 900 ppm in solutions containing surfactin (a class of biosurfactant
with an uncommon cyclic lipopeptide as a head group) [12].

Different electrolytes were reported to reduce the CMC of both anionic and non-ionic
surfactants [13]. The added salts exert a shielding effect in solutions of anionic surfactants,
which suppresses the dissociation of the ions from the micelle, resulting in a decrease in
the repulsive forces between the polar head groups [14].

Alcohols are the most commonly used cosolvents of surfactants to improve their prop-
erties. Alcohols were also described as cosurfactants which can stabilize microemulsions in
mixtures with oil. Some studies are concerned with the interactions between surfactants
and alcohols. The effects of alcohols on CMC depend on the chain length of the alcohols [15].
Alcohols with shorter carbon chains are miscible with water, split between the micelles
and the bulk phase [16]. According to Rao et al., in solutions of anionic surfactants the
C4–C7 alcohols decrease the CMC, which is associated with an increase in the distance
between the head groups through solubilization and coordination with the micelle surface.
Furthermore, the interaction between the alkyl chains of the surfactants and those of the
alcohols results in an increase in entropy [17,18]. Methanol and ethanol are reported to
increase the CMC value in solutions of polyoxyethylene lauryl ethers according to the
facilitation of solvation by water, while alcohols with longer carbon chains (C3–C7) are
reported to be able to intercalate into the micellar structure, forming mixed micelles, which
also decreases the CMC [19,20].

The CMC of SDS in aqueous solutions has been determined in a large variety of studies
by using various experimental techniques (including dynamic light scattering, fluorescent
microscopy, UV-Vis spectroscopy, tensiometry and conductometry). The different exper-
imental techniques provide various CMC values of SDS ranging from 3.46 mmol/L to
8.03 mmol/L. These concentration values are equal to a 1.0–2.32 g/L SDS concentration [21–28].

The present paper is concerned with the effect of alcohols on the surfactant precipita-
tion induced by the addition of calcium ions. The results indicate that under well-defined
conditions, alcohols with carbon chains longer than C2 are capable of inhibiting precip-
itation. The inhibition effects of n-propanol and n-butanol on the calcium ion-induced
precipitation in SDS solutions are also presented in this paper.

2. Materials and Methods

Calcium chloride dihydrate (CaCl2 × 2H2O), methanol, ethanol, n-propanol and n-
butanol were purchased from VWR Chemicals (Debrecen, Hungary). Sodium dodecyl
sulfate (C12H25NaO4S, SDS) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
All chemicals were used without further purification. All solutions were prepared using
MilliQ-MilliPore water, which was produced by reverse osmosis and was further purified
by UV irradiation, using a Puranity TU3 UV/UF+ system (VWR, Debrecen, Hungary).

Mass spectrometric measurements were processed with a 1260 Infinity II HPLC setup
coupled to a G6125B LC-MSD (mass-selective detection) from Agilent (Santa Clara, CF,
USA), applying electrospray ionization (ESI). For analysis, a ~0.075 g/L (75 ppm) aqueous
surfactant solution was prepared, and ultrapure water was used as an eluent. The mass
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spectrometric measurements were carried out in negative-ion mode, scanning the m/z
region from 150 to 400.

The exact composition of the SDS was determined by using LC-MS. The mass spectrum
of the SDS is shown in Figure 1.
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The molar mass of the dodecyl sulfate (DS−) anion was 265.2 g/mol. The recorded
mass spectra indicated the DS− anion to be the main surfactant compound, but two other
surfactant homologues were also detected; the 293.2 m/z value indicated a tetradecil
sulfate, while the third compound was a hexadecil sulfate with a value of 321.2 m/z. The
relative intensity values showed that the investigated surfactant was a mixture of the
C12 homologue in a proportion of 67% (w/w), C14 at 27% (w/w), and C16 at 6% (w/w),
respectively. From these data, an average molar mass of 299.12 was calculated and used to
calculate the molar concentration of SDS.

The turbidity values were measured by using an HI-98703 Precision Turbidity Portable
Meter (Hanna Instruments, Keysborough, Australia). The instrument was calibrated
according to the calibration standards provided by the supplier (0.1, 15, 100 and 750 NTU).
The reported results are based on three independent measurements.

The surface tensions at the air–water interface and the CMC values of the surfactant
solutions were determined at 25.0 ± 0.1 ◦C using a tensiometer (type K100; Krüss, Hamburg,
Germany). The measurements were carried out using a Wilhelmy plate.

Dynamic light scattering (DLS) measurements were carried out by using a Malvern
Zetasizer Nano ZS instrument (Malvern, UK) operating with a 4 mW helium–neon laser
light source (λ = 633 nm) for the determination of micelle size values. The measurements
were carried out at room temperature using quartz cuvettes. The measurements were made
in back-scattering mode at an incident angle of 173◦. At the start of the measurement,
a 120 s equilibration time was employed. The reported data were calculated from three
independent measurements. The data evaluation was carried out by using the Zetasizer
software (7.11). To minimize the effect of the presence of solid contaminants (for example,
airborne dust), the solutions were filtered through a 0.1 µm diameter filter before mea-
surements. The refractive index of the solvents were measured by a Mettler Toledo RM50
refractometer (Mettler Toledo, Columbus, OH, USA) at room temperature, and the viscosity
values were measured using and Ostwald-type viscosimeter (VWR Chemicals, Debrecen,
Hungary) at room temperature (Supporting information, Table S1).

For the measurements, SDS solutions with 0.1, 0.5, 1.0, 2.5 and 5.0 g/L concentrations
were prepared using MilliQ water. The effects of the investigated alcohols on the SDS
solutions were also studied; to the aqueous SDS solutions, 5.0 V/V%, 10.0 V/V% and
20.0 V/V% methanol, ethanol or n-propanol were added. In the case of n-butanol, the
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maximum amount of alcohol was 5.0 V/V% because at higher concentrations, n-butanol
was found to be immiscible with the aqueous surfactant solutions.

From calcium chloride dehydrate, stock solutions with concentrations of 3.0, 5.0 and
10.0 g/L (with respect to calcium ions) were prepared using MilliQ water. The effects of
calcium ions on the SDS solutions were determined by using the solution with the highest
(5.0 g/L) SDS concentration. The calcium ions were then added to the SDS-containing
samples in the form of an aqueous solution. Upon adding alcohols to the samples, their
concentrations were made up to 10.0 V/V% (except for n-butanol; see above); here, we
attempted to take the high environmental load of this process into consideration [29].
For samples where the precipitate was visibly not dissolved, the amount of alcohol was
increased to 20.0 V/V%.

During the experiments, the alcohols were added to the surfactant solutions first,
before adding the stock solutions containing Ca2+.

3. Results and Discussion
3.1. SDS in Various Alcohol–Water Mixtures
3.1.1. Determination of CMC of SDS in Alcohol–Water Mixtures

The CMC values were determined via surface tension measurements. To the SDS
solutions, 5.0, 10.0 and 20.0 V/V% alcohol–water mixture was added as a titrant. The
titrated stock solution was prepared with a starting surfactant content of 10.0 g/L. To
determine the CMC value, the measured surface tension values were plotted as a function
of the logarithm of the surfactant concentration. The titration curve of the aqueous and
alcohol-containing SDS solutions are illustrated in Figure 2.
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Figure 2. Tensiometric curves of the aqueous and alcohol-containing SDS solutions (cDS− expressed
in g/L).

The critical micelle concentrations obtained from the tensiometric curves are listed in
Table 1. The way the CMC was extracted from the curves shown in Figure 1 is demonstrated
in the upper left figure. For CMC, the lower intersection point was always chosen; there is
another section on the titration curves where the ST becomes constant; according to the
literature [30], the second breakpoint at higher SDS concentrations is likely to correspond
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to a second CMC, with micelles exhibiting structures different from those corresponding to
the first one.

Table 1. Critical micelle concentrations (CMC) of SDS in the presence of alcohols.

Solvent

Alcohol V/V% Methanol Ethanol n-Propanol n-Butanol

0 0.63 g/L
(2.4 mM)

5.0 0.17 g/L
(0.7 mM)

0.16 g/L
(0.6 mM)

0.17 g/L
(0.7 mM)

0.03 g/L
(0.1 mM)

10.0 0.34 g/L
(1.3 mM)

0.21 g/L
(0.8 M)

0.14 g/L
(0.5 mM)

–
–

20.0 0.35 g/L
(1.3 mM)

0.29 g/L
(1.1 mM)

–

On the basis of the tensiometric measurements, the aqueous SDS solution has a
somewhat lower CMC than the values reported in the literature; this may be associated
with the way of extracting the CMC from the tensiometric curve. Short-carbon-chain-
length alcohols (methanol and ethanol) were reported to increase the CMC of SDS [16,31]
relative to the CMC in pure water. In our case, the addition of any alcohol resulted in
CMC values which increase with increasing alcohol concentration but are always smaller
than that in pure water, even at the largest alcohol concentrations. The reason for this
most probably lies in the alcohol concentrations being much larger in our systems than
in those reported in the literature. The addition of propanol had considerable effects on
the tensiometric behavior of SDS: in the presence of 5.0 V/V% and 10.0 V/V% propanol,
the CMC decreased, but in the presence of 20.0 V/V%, the titration curve did not have an
inflexion point; thus, CMC determination was not possible. This curve indicates that higher
n-propanol content inhibits micelle formation. The CMC values measured in n-propanol-
containing solvents are consistent with the literature values [31]. The addition of 5.0 V/V%
n-butanol considerably decreased the CMC from 0.66 g/L to 0.04 g/L. These results were
also in line with data published in the literature [31].

3.1.2. Measurement of Micelle Size Values in the Presence of Alcohols

Dynamic light scattering (DLS) is a conventional technique used to measure micelle
size values [32,33]. For the DLS measurements in this study, SDS solutions were prepared
in a broad concentration range both below and over the critical micelle concentration
determined via tensiometry. The alcohol-containing solutions were prepared with the same
composition as the aqueous ones.

SDS was previously reported to form micelles in water with diameters between 3.5
and 4.0 nm [34,35]. The micelle size values obtained by us are listed in Table 2.

Table 2. Micelle size values of SDS in aqueous solutions, obtained from DLS measurements (values
marked by an asterisk are supposedly artefacts).

Sample Composition Particle Size/nm Polydispersity Index (PdI)

0.1 g/L SDS 167 * 0.3
0.5 g/L SDS 181 * 0.2
1.0 g/L SDS 6.6 0.5
2.5 g/L SDS 4.6 0.5
5.0 g/L SDS 2.9 0.5

The obtained micelle diameter values do not indicate micelle formation below a
1.0 g/L SDS concentrations. Under a 1.0 g/L surfactant concentration, larger aggregates
were extracted from the experimental data; they are supposedly fitting artefacts which are
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associated with the small number of inhomogeneities remaining in the solution (in spite
of the careful filtration). Hereafter, micelle diameters over 100 nm should be considered
artefacts as well (Supporting Information, Figures S1–S29). In solutions with 1.0–5.0 g/l sur-
factant concentrations, micelles with 3–7 nm diameters were detected, which corresponds
to the micelle size found in the literature [34,35].

The addition of alcohols did not considerably change the micelle size. The correspond-
ing data are shown in Table 3.

Table 3. Micelle size and polydispersity index values (in parentheses) of SDS in the presence of
methanol and ethanol.

Solvent

c (SDS)/g/L 5.0 V/V%
Methanol

10.0 V/V%
Methanol

20.0 V/V%
Methanol

5.0 V/V%
Ethanol

10.0 V/V%
Ethanol

20.0 V/V%
Ethanol

0.5 123.4 (0.2) 17.8 (0.2) 24.4 (0.2) 191.4 (0.4) 83.8 (0.21) 21.8 (0.05)
1.0 4.9 (0.3) 5.9 (0.4) 6.5 (0.5) 5.0 (0.6) 4.5 (0.49) 3.6 (0.10)
2.5 3.5 (0.4) 3.7 (0.3) 18.0 (0.2) 3.0 (0.4) 2.7 (0.35) 58.0 (0.7)
5.0 2.3 (0.6) 2.3 (0.5) 2.0 (0.1) 2.0 (0.4) 1.7 (0.23) 89.3 (0.5)

During the dissolution of the surfactant in a medium containing methanol or ethanol,
a higher alcohol fraction remains in the intermicellar phase and a smaller part is solubi-
lized [16]. Alcohols with carbon chains below C3 were reported to decrease micelle size [36].
Our experimental results confirmed the CMC-decreasing effect of alcohols obtained from
the tensiometric measurements. The micelle-size-decreasing effects of methanol and ethanol
were confirmed by these results until 10.0 V/V% alcohol content was reached. However, in
the presence of 20.0 V/V% ethanol-containing media, the micelle size values did not follow
the same trends; with an increase in the surfactant concentration, the micelle size values
increased. The micelle size values determined in n-propanol and n-butanol containing
media are shown in Table 4.

Table 4. Micelle size and polydispersity index values of SDS in the presence of n-propanol and
n-butanol.

Solvent

c (g/L) 5.0 V/V%
n-Propanol

10.0 V/V%
n-Propanol

20.0 V/V%
n-Propanol

5.0 V/V%
n-Butanol

0.1 139.9 (0.7) 149.0 (0.6) 156.6 (0.3) 0.70 (0.8)
0.5 51.0 (0.5) 25.6 (0.5) 56.5 (0.8) 0.9 (0.5)
1.0 3.1 (0.5) 53.8 (0.5) 23.2 (0.6) 1.4 (0.42)
2.5 1.7 (0.4) 1.5 (0.7) 1.5 (0.6) 1.3 (0.4)
5.0 1.2 (0.3) 1.0 (0.4) 0.9 (0.4) 1.0 (0.3)

The results obtained for n-propanol- and n-butanol-containing solutions follows trends
similar to those obtained for methanol. Increasing the surfactant concentration did not
decrease the micelle size until 1.0 g/L-containing SDS solutions were reached; moreover,
the CMC of SDS was found to be lower than 0.5 g/L in the presence of n-propanol. The
values recorded in 20.0 V/V% n-propanol indicate the inhibition of micelle formation
(Supporting Information Figures S30–S41), or even the dissolution of the micelles. These
results confirm the results extracted from the tensiometric curves.

n-butanol was determined to be highly solubilized in the micelles and to cause a rapid
decrease in micelle size [37]. Our results did not indicate this considerable decrease until a
2.5 g/L surfactant concentration. Moreover, in the case of n-butanol, all the studied samples
contained SDS in concentrations above the CMC. According to the observed particle size
values recorded in n-butanol-containing media and comparing these with the tensiometric
results, it is indicated that in the presence of n-butanol, a molecularly dispersed solution
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is formed instead of a colloid solution with a micellar structure (Supporting Information
Figures S42–S46).

3.2. Inhibition Effect of Alcohols on the Precipitation of DS− with Calcium Ions
3.2.1. Determination the Inhibition Effects of Alcohols on the Precipitation
Using Turbidimetry

The precipitation of DS− with calcium ions was investigated in solutions containing
5.0 g/L SDS. During the first measurement, the calcium ion concentration was varied
from 3.0 g/L to 10.0 g/L. First, the alcohols were added to the samples in a 10.0 V/V%
concentration (in the case of n-butanol, 5.0 V/V%). In samples where large amounts of
precipitate occurred (ethanol and methanol), the amounts of the added alcohols were
increased to 20.0 V/V%. The precipitation was characterized by using turbidimetry, which
is an effective method to make distinctions between transparent and precipitated solutions.

The turbidity values of the calcium- and alcohol-containing samples are shown in
Figure 3.
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precipitation of DS− with Ca2+ ions. The addition of 10.0 V/V% n-propanol enhanced the 
solubility of Ca(DS)2 precipitates and successfully inhibited precipitation at all investi-
gated Ca2+ concentrations. The addition of 5.0 V/V% n-butanol to the calcium ion-contain-
ing SDS solutions resulted in similar turbidity values compared to the n-propanol-con-
taining ones, these turbidity values confirmed the inhibition effects of n-butanol on 

Figure 3. Turbidity values (in arbitrary unit) of Ca2+-containing SDS solutions (cSDS = 5.0 g/L,
cCa2

+ = 3.0–10.0 g/L) in the presence of various alcohols.

The turbidity values approximately represent the inhibition effects of alcohols on the
precipitation of DS− with Ca2+ ions. The addition of 10.0 V/V% n-propanol enhanced the
solubility of Ca(DS)2 precipitates and successfully inhibited precipitation at all investigated
Ca2+ concentrations. The addition of 5.0 V/V% n-butanol to the calcium ion-containing
SDS solutions resulted in similar turbidity values compared to the n-propanol-containing
ones, these turbidity values confirmed the inhibition effects of n-butanol on calcium ion-
induced precipitation in SDS solutions. In the presence of 20.0 V/V% methanol and
ethanol, considerably higher (>1000) NTU values were measured. Such high turbidity
values showed the presence of high amounts of solid precipitates in the samples. Therefore,
methanol and ethanol were found to have no considerable effect on the solubility of the
precipitates, even at the highest 20.0 V/V% concentration.

The inhibition effects of n-propanol and n-butanol were further studied by increasing
the calcium ion concentration in the samples. Solutions with 10.0 V/V% n-propanol
and 5.0 V/V% n-butanol containing 5.0 g/L SDS were prepared by adding the calcium
ion-containing stock solutions. Of these solutions, the n-propanol-containing ones were
found to be “calcium resistant” until the above-mentioned 10.0 g/L Ca2+ concentration
was reached, while the n-butanol-containing samples remained transparent even after
reaching a 100.0 g/L Ca2+ concentration. Although the metal ion concentration was not
increased above this concentration, this experiment indicated that the addition of n-butanol
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results in the collapse of the SDS’s micellar structure and therefore inhibits the precipitation
of Ca(DS)2.

The methanol- and ethanol-containing solvents were also further investigated to
determine the minimum amount of calcium which induces precipitation in the presence of
these alcohols. During the experiments, 5.0 g/L SDS stock solutions with 10.0 V/V% and
20.0 V/V% methanol and ethanol were prepared. A total of 6.0 mL of the alcohol-containing
solution was added to the sample holder of the turbidity meter. Ca2+ titrant solution
(1.5 g/L) was added to the surfactant solution in 100 µL increments and the turbidity
was measured after each step. The calcium solution was added to the alcohol-containing
solution until precipitation was detected, and the surfactant–calcium ion molar ratios
were calculated.

The experimental results are illustrated in Figure 4.
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Figure 4. Turbidity of the methanol- and ethanol-containing SDS solutions as a function of the
amount of added Ca(II).

The sudden increase in the turbidity values indicates the onset of the formation of
precipitates. From the volume and concentration of the calcium solution, the corresponding
molar ratios were calculated. The measurements indicated that the solutions containing
methanol become turbid at an SDS/Ca2+ = 4.67 molar ratio, independently of the amount of
methanol present. In ethanol–water mixtures, this value was found to be SDS/Ca2+ = 2.06
at 10.0 V/V% and 0.68 at 20.0 V/V%. Accordingly, in comparison, the Ca(DS)2 precipitate
is more soluble in methanol–water mixtures than in ethanol–water ones.

3.2.2. Measurement of Micelle Diameters in SDS Solutions Containing Calcium
and Alcohol

As n-propanol and n-butanol did, while methanol and ethanol did not, enhance the
solubility of Ca(DS)2 precipitates, the micelle size values were determined only for the
n-propanol- and n-butanol-containing solutions. The micelle size values of Ca2+-containing
samples in the presence of these alcohols are shown in Figure 5.
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Figure 5. Micelle size values of calcium ion-containing SDS solutions in the presence of alcohols
(cSDS = 5.0 g/L).

In the presence of 10.0 V/V% n-propanol and 5.0 V/V% n-butanol, SDS in a 5.0 g/L
concentration was found to be present in molecular form (0.96 nm diameter in 10 V/V%
n-propanol solution and 1.01 nm diameter in 5 V/V% n-butanol). With the addition of
calcium to these systems, micelles are indeed formed. The micelle size values increased
upon increasing the metal ion concentration in the presence of both alcohols. In n-propanol-
containing media approximately 5.5–7.0 nm micelle sizes were detected. The presence
of n-butanol resulted in the formation of larger micelles measuring 8.0–11.0 nm diameter.
According to these experimental results, it can be concluded that higher micelle sizes
facilitate the solubilization of SDS in the presence of calcium ions.

3.2.3. Measurement of Surface Tension Samples of Calcium- and Alcohol-Containing
SDS Samples

The surface tension was measured in calcium ion-containing SDS samples in the
presence of n-propanol and n-butanol. The results are presented in Figure 6.
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Generally, the addition of alcohols resulted in a decrease in the surface tension of solu-
tions containing SDS and calcium ions. Upon comparing the alcohol-containing samples, it
can be stated that in the presence of n-propanol, higher surface tensions were measured;
therefore, the larger the carbon chain length, the larger the decrease in the surface tension
both in the presence and in the absence of calcium ions.
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4. Conclusions

In the present study, the effects of alcohols on the inhibition of the precipitation
of sodium dodecyl sulfate (SDS) with calcium ions were studied. The samples were
characterized by using tensiometry, turbidimetry and dynamic light scattering. All the
investigated alcohols (methanol, ethanol and n-propanol) decreased the CMC of the SDS-
containing solutions (depending on the type and added amount of alcohol) from 0.66 g/L
to 0.148–0.346 g/L, while in the presence of 5.0 V/V% n-butanol, 0.03 g/L CMC was
obtained. Among the alcohols, n-propanol and n-butanol inhibited the formation of Ca(DS)2
precipitation in 5.0 g/L SDS solutions until a 10.0 g/L Ca2+ concentration was reached. The
addition of calcium ions increased the micelle size values to 7.4 nm in n-propanol- and to
10.5 nm in n-butanol-containing solutions.

In the presence of 10.0 V/V% propanol and butanol, the calcium ion concentration
could be increased above 10.0 g/L without the formation of Ca(DS)2 precipitates. In the
presence of n-propanol, the solutions were precipitated when the calcium ion concentration
surpassed 10.0 g/L, while the n-butanol-containing ones remained transparent even at
100 g/L. This phenomenon strongly indicates the dissolution of micelles under these
specific experimental conditions.

According to these results, the use of alcohols as cosolvents may inhibit precipitation
caused by divalent ions in SDS solutions. Therefore, the addition of alcohols can be an
appropriate method to achieve such inhibition; however, the applicable types of alcohols
are limited. The inhibition effects of n-propanol and n-butanol on calcium ion-induced
precipitation were described for the first time in this paper.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17081806/s1. Table S1. Viscosity (cP) and refractive index of the
applied alcohol-water solvents, Figures S1–S46. Correlation diagrams of dynamic light measurements
processed in alcohol containing media.
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Abstract: The interactions between plasma and liquids cause complex physical and chemical reactions
at the gas–liquid contact surface, producing numerous chemically active particles that can rapidly
reduce noble metal ions. This study uses atmospheric-pressure surface dielectric barrier discharge
(DBD) plasma to treat ethanol aqueous solutions containing noble metal precursors, and stable gold,
platinum, and palladium colloids are obtained within a few minutes. To evaluate the mechanism of the
reduction of noble metal precursors by atmospheric-pressure surface DBD plasma, the corresponding
metal colloids are prepared first by activating an ethanol aqueous solution with plasma and then
adding noble metal precursors. It is found that the long-lived active species hydrogen peroxide
(H2O2) plays a dominant role in the synthesis process, which has distinct effects on different metal
ions. When HAuCl4 and H2PdCl4 are used as precursors, H2O2 acts as a reducing agent, and AuCl4−

and PdCl42− ions can be reduced to metallic Au and Pd. However, when AgNO3 is the precursor,
H2O2 acts as an oxidising agent, and Ag+ ions cannot be reduced to obtain metal colloids because
metallic Ag can be dissolved in H2O2 under acidic conditions. A similar phenomenon was also
observed for the preparation of Pd colloid-PA with a plasma-activated ethanol aqueous solution
using Pd(NO3)2 as a Pd precursor.

Keywords: noble metal colloids; surface DBD plasma; plasma–liquid interactions; hydrogen peroxide

1. Introduction

Noble metal nanoparticles have shown great potential for applications in various fields
such as catalysis [1–3], sensing [4], fuel cells [5], and biomedicine [6,7] because of their high
specific surface area, unique optoelectronic properties, and ease of synthesis [8]. Controlling
the synthesis of nanoparticles, particularly colloidal dispersions for the preparation of noble
metal nanoparticles, is essential for developing new custom catalysts for energy conversion
and industrial and medical applications [9].

Noble metal colloids are usually prepared by chemical, physical, biosynthetic, and
plasma methods. Traditional chemical methods use chemical reducing agents, such as
sodium citrate [10], NaBH4 [11], and ascorbic acid [12] mixed with noble metal salt precur-
sors to synthesise noble metal colloids. The size and morphology of nanoparticles can be
altered by changing the amount of organic solvent and reagent used in the preparation
process. However, these chemical reduction agents are highly toxic and easily pollute
the environment, which is not conducive to sustainable development and limits scale
expansion [13]. Physical methods, such as laser ablative synthesis in a solution or ion beam
sputtering, can also be used to prepare metal colloids; however, their equipment is expen-
sive and energy-intensive [14]. The process of biosynthesis involves biological systems such
as bacteria, fungi, and plant extracts, which are environmentally friendly and economical
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but also have drawbacks, including slow synthesis rates, limited material compatibility,
pollution and purity, and variability between batches [15]. Compared with these traditional
noble metal nanoparticle synthesis methods, the plasma synthesis process is simple and has
high reactivity, which can quickly generate noble metal nanoparticles [16–18] and promote
the phase transition and redispersion of metal nanoparticles in the later stage [19,20].

Many studies are dedicated to utilising plasma for the preparation of metal nanoparti-
cles. One commonly used method is direct current glow discharge. For example, Dzim-
itrowicz et al. successfully synthesised fructose-stabilised, uniform, and monodisperse
AgNPs through direct current glow discharge [21]. Li et al. successfully prepared nanopar-
ticles using direct current glow discharge plasma, which was also able to rapidly and
efficiently synthesise carbon quantum dots [22]. Although these methods have achieved
success on a laboratory scale, scaling up for large-scale production still poses challenges.
Another solution plasma produced by two electrodes immersed in liquid can also prepare
nanoparticles, but it is also not suitable for amplification and will consume the electrode
and even cause contamination of the final product of the electrode material [23]. Surface
dielectric barrier discharge (DBD) is a typical non-equilibrium plasma at atmospheric
pressure that can generate discharge at normal pressure and near room temperature with-
out a vacuum. The high-energy electrons generated during discharge collide with the
surrounding gas molecules, which can excite, dissociate, and ionise the gas molecules,
producing numerous reactive radicals, excited atoms, molecules, and ions required for
chemical reactions [24–26]. They are widely used in the preparation of highly dispersed
metal nanoparticles because of the strong reducing power of the high-energy electrons
(usually in inert gas plasmas such as Ar and He) or the hydrogen species in hydrogen-
containing plasmas such as Ar/H2 discharges [27,28]. The former reduces metal ions with
positive standard redox potentials such as Au, Ag, Pt, Pd, Ir, and Rh, whereas the latter is
more efficient than electron reduction. It not only reduces metal ions with positive standard
redox potentials but also some metal ions with negative standard redox potentials, such as
Co and Ni [29].

The synthesis of noble metal nanoparticles usually uses colloidal methods [30]. There-
fore, the interaction between the plasma and liquid is significant, and there are many
complex physical and chemical processes at the interface of the plasma and liquid con-
tact [31]. When the plasma–liquid system contains an ethanol aqueous solution, ethanol
and water molecules participate in the gas discharge plasma through different processes,
namely, sputtering, electric-field-induced hydrated cation emission, and evaporation [32].
Isomeric radicals of C2H5O (CH3CHOH, CH2CH2OH, and CH3CH2O), atomic hydrogen
(H), and hydroxyl (OH) radicals can be generated by electron impact in the plasma [33].
Subsequently, the generated species are transported from the gaseous plasma to the liquid.
In the positive half cycle of the discharge, the liquid acts as a cathode, and positive ions are
accelerated across the cathode sheath to bombard the liquid surface, followed by evapo-
ration, sputtering, and secondary electron emission from the liquid. In the negative half
cycle, electrons are pulled out of the plasma to enter the liquid by the small electric field
near the liquid anode. When these electrons enter the aqueous solution, they are hydrated
to form the e−aq species (with a standard redox potential of −2.8 V) in the solution. In
addition, photons emitted by excited particles in plasma may enter the liquid, triggering
secondary processes, and neutral particles in the plasma are transported to the liquid
surface by diffusion. Therefore, the synthesis process can be controlled in both the solution
and plasma phases by controlling the solution and plasma parameters [34,35].

Generally, active species generated in plasma and solution systems can be divided
into short- and long-lived species based on their lifetimes [36]. Short-lived active species
include free electrons, hydrated electrons (e−aq), excited hydrogen atoms (H), hydroxide
radicals (OH), negative hydrogen ions (H−), and alcohol fragment radicals induced to
dissociate from ethanol molecules by high-energy electrons or ultraviolet radiation, which
disappear or rapidly decay after the plasma stops [37]. The long-lived active species is
mainly H2O2, which can remain in liquids for a long time and can be detected within a few
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months of plasma irradiation [38]. Bjelajac et al. [39] synthesised AuNPs in a chloroauric
acid solution with ethanol as a solvent using a DBD plasma torch at atmospheric pressure,
and the results showed that plasma was conducive to the synthesis of more dispersed
Au nanoparticles. Sauvageau et al. [40] synthesised platinum-group metal nanoparticles
using a DBD hydrogen plasma and found that all three ions (Pt, Pd, and Rh) had high
reduction rates.

In this study, atmospheric-pressure surface DBD cold plasma was developed and
adopted to synthesise noble metal colloids by treating various metal precursor solutions.
The results show that colloids of gold, platinum, and palladium can be successfully pre-
pared by plasma in a few minutes. The synthesis process is fast, without the use of any
other chemical reducing agent, and the prepared noble metal colloids have no significant
change after 30 days of storage at room temperature. Moreover, in order to investigate the
reduction mechanism of noble metal precursors by surface DBD plasma at atmospheric
pressure, we synthesised noble metal colloids using both direct plasma treatment and
plasma-activated ethanol aqueous solution treatment of the noble metal precursors, and a
comparative analysis was then conducted. It was found that the difference in the metal
colloids prepared by the two methods can be attributed to the distinct active species present
in the solution, and the effect of these active species varies depending on the specific metal
precursor employed.

2. Experimental Section
2.1. Materials

Gold trichloride (AuCl3·HCl·4H2O), chloroplatinic acid (H2PtCl6·6H2O), palladium
chloride (PdCl2), palladium nitrate (Pd(NO3)2·2H2O), silver nitrate (AgNO3), and anhy-
drous ethanol (AR, ≥99%) used in this experiment were purchased from Kermel Chemical
Reagent Co, Ltd. (Tianjin, China). Gold trichloride was dissolved in water before use to
obtain an aqueous solution of chloroauric acid (HAuCl4) with a concentration of 20 mM,
and palladium chloride was dissolved in hydrochloric acid before use to obtain a solution of
chloropalladic acid (H2PdCl4) with a concentration of 521 mM. Polyvinylpyrrolidone (PVP)
(Mw 58000, K29-32) was purchased from Aladdin Chemical Reagent Co, Ltd. (Shanghai,
China). High-purity argon (>99.999%) and hydrogen (>99.999%) were purchased from
Zhonghao Guangming Chemical Research and Design Institute Co, Ltd. (Dalian, China).

2.2. Preparation of Noble Metal Colloids
2.2.1. Surface Dielectric Barrier Discharge (DBD) Reactor

The surface DBD reactor consists of a high-voltage electrode and a grounding electrode
separated by a high-purity alumina dielectric layer (area: 9 × 5 cm2; thickness: 1 mm),
and the experimental setup is shown in Figure 1. Both electrodes are made of high-purity
tungsten, the size of the grounding electrode is 1.7× 0.5 cm2, and the high-voltage electrode
consists of nine comb-like tungsten wires connected at one end (tungsten width of 1 mm,
wire spacing of 4 mm). The discharge voltage was measured by a high-voltage probe
(Tektronix P6015A, Beaverton, OR, USA).

2.2.2. Direct Preparation of Au Colloid-P, Pt Colloid-P, and Pd Colloid-P with Plasma

First, 2 mL of an ethanol aqueous solution (50% water, 50% ethanol) containing 5%
PVP was prepared, and then 25 µL of HAuCl4 (20 mM) was added to it, and the precursor
mixture solution was mixed thoroughly. The mixed solution was placed in a quartz reactor
(3 cm diameter and 4 mm depth), and the height of the quartz reactor was adjusted such
that the liquid level was 2 mm below the high-voltage electrode. The working gas was
a mixture of Ar and H2 with a total flow rate of 100 sccm and an Ar/H2 molar ratio of
1:1. The rotational speed of the magnetic stirrer was set to 500 r·min−1, the peak-to-peak
sinusoidal applied voltage was 9.0 kV, the discharge frequency was 10.4 kHz, and the
plasma treatment was carried out for 7 min. A wine-red solution was obtained after the
plasma treatment. The solution was poured into a 5 mL measuring cylinder, and ethanol
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was added to compensate for the loss of liquid during the plasma treatment until the total
volume of the mixed solution was 2 mL. After mixing, the solution was poured into a
sample bottle, labelled as Au colloid-P, and stored in a refrigerator at 4 ◦C in the dark.
The preparation processes for Pt colloid-P and Pd colloid-P were the same. H2PtCl6 and
H2PdCl4 were used as noble metal precursors in the preparation process.
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Figure 1. Diagram of the experimental setup for the preparation of noble metal colloids by surface
dielectric barrier discharge: 1—grounding electrode, 2—high-voltage electrode, 3—dielectric layer,
4—noble metal precursor solution.

2.2.3. Preparation of Au Colloid-PA and Pd Colloid-PA with Plasma-Activated Solution

First, an ethanol aqueous solution containing 5% PVP (50% water, 50% ethanol, 2 mL)
was prepared in a quartz reactor (diameter: 3 cm; depth: 4 mm), underwent plasma
treatment (treatment conditions were consistent with Section 2.2.2), and then 25 µL of
HAuCl4 (20 mM) was added without plasma. The colour of the mixture quickly turned
wine-red, indicating the presence of AuNPs. The obtained mixed solution was denoted as
Au colloid-PA and stored in a refrigerator at 4 ◦C in the dark. The preparation process for
Pd colloid-PA was the same. H2PdCl4 and Pd(NO3)2 were chosen as palladium precursors
in the preparation process.

2.3. Characterisation

A UV-Vis spectrometer (Hitachi, U-3900, Tokyo, Japan) was used to record the absorp-
tion of the sample in the wavelength range of 200–800 nm. Sample analysis was performed
using transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) (JEOL JEM-2100F, Tokyo, Japan) at an acceleration voltage of 120 kV.
More than 100 Au NPs, Pt NPs, and Pd NPs were selected from the corresponding TEM
images of noble metal colloids, and the particle size and distribution of the three noble
metal colloids were calculated.

3. Results and Discussion
3.1. Light-Absorbing Characteristics and Stability of Metal Colloids Prepared with Plasma

Using atmospheric-pressure surface DBD plasma at a discharge voltage of 9 kV and a
discharge time of 7 min, solutions of chloroauric acid, chloroplatinic acid, and chloropal-
ladic acid were treated separately to prepare gold colloids (Au colloid-P), platinum col-
loids (Pt colloid-P), and palladium colloids (Pd colloid-P), which were the most stable
(Figures S1–S4). The UV–Vis absorption spectra and corresponding photographs of the
three untreated metal precursor solutions and three freshly prepared metal colloids are
shown in Figure 2. Figure 2a shows that the untreated chloroauric acid solution (0.25 mM)
exhibited only weak absorption in the visible light region, and the sample colour appeared
light yellow ((I) in Figure 2d). In comparison, the fresh Au colloid-P samples prepared by
the plasma treatment showed obvious surface plasmon resonance (SPR) absorption peaks
of gold at 500–550 nm, and the colour of the samples was burgundy ((II) in Figure 2d).
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Meanwhile, the maximum SPR absorption peak of the Au colloid-P sample appeared at
521 nm, indicating that the particle size of the AuNPs was well controlled below 20 nm. As
shown in Figure 2b, the untreated chloroplatinic acid solution (0.25 mM) exhibits significant
absorption in the UV wavelength range of 200–300 nm, corresponding to the characteristic
absorption band of a PtCl62− ion. The sample showed very weak absorption in the visible
light region and appeared light orange ((IV) in Figure 2d). After plasma treatment, the
Pt colloid-P sample was obtained, and the characteristic absorption band of an PtCl62−

ion disappeared. The sample showed weak absorption in the visible light region, and the
colour of the sample turned brown ((V) in Figure 2d), indicating that the plasma treatment
can reduce PtCl62− ions to a Pt elemental substance. As shown in Figure 2c, the untreated
chloropalladic acid solution (0.25 mM) exhibited weak absorption in the visible light region,
and the sample appeared light brown ((VII) in Figure 2d). After plasma treatment, the Pd
colloid-P sample was obtained, and its absorption intensity in the ultraviolet and visible
light regions was slightly enhanced compared to the untreated H2PdCl4 solution, and the
sample colour turned brown ((VIII) in Figure 2d), indicating that plasma treatment can
reduce chloropalladic acid to Pd.
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Figure 2. UV-Vis absorption spectra of (a) Au colloid-P, (b) Pt colloid-P, and (c) Pd colloid-P (using 
H2PdCl4 as Pd precursor) prepared by surface DBD cold plasma at atmospheric pressure and after 30 
days of storage, and (d) corresponding photos before and after treatment and after 30 days of storage 
(gold colloids: (I)–(III); platinum colloids: (IV)–(VI); palladium colloids: (VII)–(IX)). 

To study the stability of the plasma-prepared Au colloid-P, Pt colloid-P, and Pd colloid-
P samples, the three samples were stored for 30 days and re-characterised by UV-Vis ab-
sorption spectroscopy, and the corresponding photographs were taken, as shown in Figure 
1. Compared to the freshly prepared samples, after 30 d of storage, there was no significant 
change in the position and intensity of the absorption peaks in the UV–Vis absorption spec-
tra of the three samples, and no precipitation was observed, indicating that the plasma-pre-
pared Au colloid-P, Pt colloid-P, and Pd colloid-P samples had good stability. 

  

Figure 2. UV-Vis absorption spectra of (a) Au colloid-P, (b) Pt colloid-P, and (c) Pd colloid-P (using
H2PdCl4 as Pd precursor) prepared by surface DBD cold plasma at atmospheric pressure and after
30 days of storage, and (d) corresponding photos before and after treatment and after 30 days of
storage (gold colloids: (I)–(III); platinum colloids: (IV)–(VI); palladium colloids: (VII)–(IX)).

To study the stability of the plasma-prepared Au colloid-P, Pt colloid-P, and Pd colloid-
P samples, the three samples were stored for 30 days and re-characterised by UV-Vis
absorption spectroscopy, and the corresponding photographs were taken, as shown in
Figure 1. Compared to the freshly prepared samples, after 30 d of storage, there was no
significant change in the position and intensity of the absorption peaks in the UV–Vis
absorption spectra of the three samples, and no precipitation was observed, indicating that
the plasma-prepared Au colloid-P, Pt colloid-P, and Pd colloid-P samples had good stability.
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3.2. Morphology and Particle Size of Metal Colloids Prepared with Plasma

Figure 3a–c show the transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images of the Au, Pt, and Pd colloid-P samples.
From the figures, it can be observed that the metal nanoparticles in the three samples have
good dispersibility and are in a spherical state, without obvious agglomeration. This is
because PVP has a good stabilising effect on the metal nanoparticles in the system. Figure S5
shows that the prepared gold colloids are unstable when no PVP is present in the system.
In addition, the HRTEM images of the three samples show clear lattice stripes, indicating
that the metal nanoparticles in the prepared samples have a good degree of crystallisation.
According to the HRTEM images, the lattice spacings of the Au colloid-P, Pt colloid-P,
and Pd colloid-P samples were 0.210, 0.224, and 0.221 nm, corresponding to the Au (111),
Pt (111), and Pd (111) crystal planes, respectively, all of which belong to the face-centred
cubic structure (Fcc). Based on the TEM photographs of the samples, histograms of the
particle size distribution of the metal nanoparticles of the Au colloid-P, Pt colloid-P, and Pd
colloid-P samples were obtained by selecting more than 100 Au, Pt, and Pd nanoparticles,
respectively, as shown in Figure 3d–f. In the Au colloid-P, Pt colloid-P, and Pd colloid-P
samples, the average particle sizes of Au, Pt, and Pd are 11.0 ± 2.0 nm, 1.1 ± 0.1 nm, and
3.5 ± 0.3 nm, respectively. The larger size of the Au nanoparticles was mainly due to the
influence of chloride ions in the precursor HAuCl4 solution [41]. However, the particle
sizes of Pt and Pd are very small, especially Pt, with a particle size of only 1.1 ± 0.1 nm,
which is very suitable for use as metal catalysts [42,43].
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3.3. Light Absorption Properties and Morphology of Au Colloid-PA Prepared with
Plasma-Activated Solution

To evaluate the light-absorbing characteristics and stability of the Au colloid-PA
samples prepared from the plasma-activated solutions, UV-Vis absorption spectra were
used to record the changes in their absorption spectra over a period of 15 d, as shown in
Figure 4a. The figure shows that the SPR absorption peak of gold nanoparticles appeared
at approximately 532 nm after adding HAuCl4 to the plasma activation solution for only
10 min. With time, the position of the SPR absorption peak blue-shifted, and the intensity
of the absorption peak gradually increased. Three days later, the SPR absorption peak of
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the Au colloid-PA sample blue-shifted to 528 nm, the intensity of the absorption peak no
longer changed, and the sample appeared purplish-red (Figure 4a). Meanwhile, within
3–15 days, there was no significant change in the absorption peak intensity, position, or
colour of the Au colloid-PA sample, indicating that the plasma activation solution could
also reduce chloroauric acid to prepare metallic gold nanoparticles, and the stability of the
prepared Au colloidal solution was good.
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Figure 4. (a) UV-Vis absorption spectra of Au colloid-PA solution left from 10 min to 15 d,
(b) TEM image of Au colloid-PA and corresponding (c) histogram of Au nanoparticle size distribution,
(d) HRTEM image.

To compare the morphology and size of the gold nanoparticles in the plasma-activated
solution-prepared Au colloid-PA and plasma-directly prepared Au colloid-P samples, the
Au colloid-PA sample was characterised using TEM and HRTEM, and the results are shown
in Figure 4b,d. The gold nanoparticles in the Au colloid-PA sample were well dispersed
and did not undergo significant aggregation. This is because PVP plays a stabilising role
in the colloidal solution of the system. Unlike the spherical gold nanoparticles in the Au
colloid-P sample, the Au nanoparticles in the Au colloid-PA sample exhibited spherical,
triangular, and hexagonal shapes. From Figure 4d, it can be observed that the lattice fringes
in the HRTEM image of the Au colloid-PA sample are clear, with good crystallinity and two
types of crystal planes: (111) and (200). By selecting more than 100 gold nanoparticles for
the analysis, the average particle size of the gold nanoparticles in the Au colloid-PA sample
was found to be 17.5 ± 5.8 nm (Figure 4c), which is approximately 6.5 nm larger than the
average particle size of Au nanoparticles directly prepared by plasma in the Au colloid-P
sample. This may be due to the electrostatic repulsion generated under direct plasma
treatment, which hinders the aggregation and growth of AuNPs, whereas the long-lived
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active species in the plasma-activated solution slowly reduce HAuCl4, resulting in weaker
electrostatic repulsion and the generation of gold nanoparticles with different morphologies
and larger particle sizes.

3.4. Mechanism of Plasma Preparation of Metal Colloids

Figure 5a–d show the UV–Vis absorption spectra and corresponding photographs of
the untreated HAuCl4, H2PdCl4, AgNO3, and Pd(NO3)2 precursor solutions and the corre-
sponding metal colloids prepared by direct plasma (DP) treatment and plasma activation
(PA) treatment. It can be seen that the HAuCl4, H2PdCl4, AgNO3, and Pd(NO3)2 precursors
can all be reduced to obtain the corresponding noble metal colloid by DP treatment. This is
because during the DP treatment process, abundant short-lived reducing species can be
continuously generated, such as free electrons, hydrated electrons (e−aq), excited hydrogen
atoms (H), and reactive alcohol fragment radicals generated by high-energy electrons or
the UV-induced dissociation of ethanol molecules, as well as the long-lived active species
hydrogen peroxide. These reactive radicals have a lower redox potential and can effectively
reduce the precursor solution ions to elemental nanoparticles.
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tection strips into light green, and there were no significant changes after 12 h ((II) of Fig-
ure 5e), indicating that the long-lived species H2O2 was formed in the solution during the 
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Figure 5. UV-Vis absorption spectra of (a) HAuCl4, (b) H2PdCl4, (c) AgNO3, and (d) Pd(NO3)2 under
different treatments; (e) results of hydrogen peroxide detection strips: (I) untreated ethanol aqueous
solution and (II) ethanol aqueous solution treated with plasma activation and left for 12 h. Results
of adding (III) HAuCl4, (IV) H2PdCl4, (V) AgNO3, and (VI) Pd(NO3)2 to ethanol aqueous solution
treated with plasma activation and left for 12 h. (H2O2 concentration unit: mg/L).
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Nevertheless, only HAuCl4 and H2PdCl4 precursors can be reduced to obtain gold
and palladium colloids by PA treatment. Meanwhile, AgNO3 and Pd(NO3)2 precursors
cannot be reduced to obtain the corresponding metal colloids. This can be attributed to the
effect of the residual long-lived species of H2O2, while the short-lived reducing species
disappeared in the plasma-activated solution. HAuCl4 can be reduced by the long-lived
active species H2O2 via the following reaction [44]:

2AuCl4
− + 3H2O2 → 2Au + 3O2 + 6H+ + 8Cl− (1)

The reduction mechanism of H2PdCl4 is similar to that of HAuCl4. And the long-lived
species of hydrogen peroxide in solution may be produced by OH radicals generated in the
gas-phase plasma dissolved in the liquid, as shown in Equations (2)–(6) [33,45].

H2Og
plasma→ OHg + Hg (2)

C2H5OHg
plasma→ C2H5g + OHg (3)

CH3CHOH
plasma→ C2H4g + OHg (4)

OHg −→ OHaq (5)

OHaq + OHaq −→ H2O2aq (6)

Studies have shown that both Ag+ reduction and oxidation processes occur during
AgNP synthesis [46,47]. The e−aq, H, and alcohol fragment radicals are the main reducing
agents for Ag+ to AgNPs, whereas H2O2 generated by the plasma–liquid interaction
oxidises AgNPs to Ag+, as shown in Equation (7).

Ag+
e−aq/H2O2↔ Ag (7)

Because e−aq, H, and reactive alcohol fragment radicals are short-lived species that
rapidly decay or disappear after plasma quenching, the long-lived species H2O2, in an
acidic environment, exerts etching effects on Ag, preventing the formation of AgNPs
even in the presence of ethanol in the solution [48]. Hence, AgNO3 treated with plasma
activation (PA) cannot obtain silver colloids. The inability to obtain palladium colloids
by adding Pd(NO3)2 to plasma-activated ethanol aqueous solution may be attributed to
the strong oxidising effect on PdNPs by H2O2 under acidic conditions combined with the
existence of NO3

−.
To verify the presence of H2O2 in the plasma activation solution and whether H2O2

species react during the synthesis process, we used H2O2 detection strips to test the
solutions before and after plasma activation; the results are shown in Figure 5e. The
untreated ethanol aqueous solution could not change the colour of the H2O2 detection
strips ((I) of Figure 5e), whereas the plasma-activated ethanol aqueous solution turned the
H2O2 detection strips into light green, and there were no significant changes after 12 h ((II)
of Figure 5e), indicating that the long-lived species H2O2 was formed in the solution during
the plasma treatment. When HAuCl4 and H2PdCl4 were added to the activated solution,
the colour of the hydrogen peroxide detection strips slightly deepened ((III) and (IV) of
Figure 5e). This may be because the colour of the solution changed from colourless to light
yellow and light brown, which affected the colour of the detection strips but did not hinder
the determination of H2O2 consumption. The results showed that the H2O2 detection strips
in an ethanol aqueous solution containing HAuCl4 and H2PdCl4 faded significantly after
12 h compared to the initial solution (as shown in (III) and (IV) of Figure 5e), indicating
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that H2O2 played the role of a reducing agent and was consumed during the reduction of
HAuCl4 and H2PdCl4. However, there was no significant change in the H2O2 detection
strips measured 12 h before and after the addition of AgNO3 and Pd(NO3)2 to the ethanol
aqueous solution system (as shown in (V) and (VI) of Figure 5e), confirming that AgNO3
and Pd(NO3)2 in Figure 5c,d cannot be reduced.

4. Conclusions

In this study, we demonstrated a simple, fast, and environmentally friendly method for
synthesising noble metal colloids through the interactions between atmospheric-pressure
cold plasma and liquids. The experimental results indicated that atmospheric-pressure
argon–hydrogen surface DBD plasma can be used to successfully prepare gold, platinum,
and palladium colloids within a few minutes. The synthesis process was fast and did not
require the use of any other chemical reducing agents. The prepared gold, platinum, and
palladium colloids remained stable for 30 d without significant changes. The Au, Pt, and
Pd in noble metal colloids exhibited uniform spherical shapes, with average particle sizes
of 11.0 ± 2.0 nm, 1.1 ± 0.1 nm, and 3.5 ± 0.3 nm, respectively. In addition, in order to
investigate the reduction mechanism of noble metal precursors by surface DBD plasma, we
also synthesised noble metal colloids using a plasma-activated ethanol aqueous solution
treatment of the noble metal precursors. The comparative results showed that the direct
plasma treatment of the ethanol aqueous solutions continuously generated active species
such as e-

aq, H, reactive alcohol fragment radicals, and hydrogen peroxide, thereby enabling
the rapid reduction of noble metal precursor solutions to obtain gold, silver, platinum,
and palladium colloids. The short-lived active species generated by the plasma activation
treatment of the ethanol aqueous solution quickly disappeared, and the long-lived species
H2O2 in the activated ethanol aqueous solution oxidised AgNPs and PdNPs, making it
impossible to reduce AgNO3 and Pd(NO3)2. The H2O2 test strip quickly faded after adding
HAuCl4 and H2PdCl4 to the plasma-activated ethanol aqueous solution, and the activated
ethanol aqueous solution was able to reduce AuCl4− and PdCl42− to obtain gold and
palladium nanoparticles, indicating that H2O2 acted as a reducing agent.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma17050987/s1: Figure S1: UV-Vis absorption spectra of HAuCl4
precursor solution reduced with different contents of ethanol under the same plasma treatment
condition; Figure S2: Time-dependent UV-Vis absorption spectra of the reduced HAuCl4 precursor
solution at different discharge times with a discharge voltage of 6 kV and 5% PVP; Figure S3: Time-
dependent UV-Vis absorption spectra of the reduced HAuCl4 precursor solution with different
discharge voltages at a discharge time of 7 min and 5% PVP; Figure S4: Time-dependent UV-Vis
absorption spectra of HAuCl4 precursor solutions reduced with different contents of PVP at a
discharge voltage of 6 kV and a discharge time of 7 min; Figure S5: UV-Vis absorption spectra of gold
colloid solution without PVP protection over time.
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Abstract: Valorization of high-volume mine tailings could be achieved by the development of new
geopolymers with a low CO2 footprint. Materials rich in aluminum and silicon with appropriate
solubility in an alkaline medium can be used to obtain a geopolymer. This paper presents a study of
copper mine tailings from Bulgaria as precursors for geopolymers. Particle size distribution, chemical
and mineralogical composition, as well as alkaline reactivity, acidity and electroconductivity of
aqueous slurry are studied. The heavy metal content and their mobility are studied by leaching tests.
Sequential extraction was applied to determine the geochemical phase distribution of heavy metals.
The studied samples were characterized by high alkalinity, which could favor the geopolymerization
process. The water-soluble sulphates were less than 4%. The Si/Al ratio in mine tailing was found to
be 3. The alkaline reactivity depended more so on the time of extraction than on the concentration
of NaOH solution. The main part of the heavy metals was found in the residual fraction; hence, in
high alkaline medium during the geopolymerization process, they will stay fixed. Thus, the obtained
geopolymers could be expected to exert low environmental impact. The presented results revealed
that studied copper mine tailing is a suitable precursor for geopolymerization.

Keywords: mine tailing; geopolymers; alkaline reactivity; characterization; heavy metals; leaching
tests; valorization; raw materials

1. Introduction

Transformation of industrial wastes into a resource is one of the pillars of the circular
economy. The need of waste valorization is widely recognized, and a large amount of effort
is focused on the research and development of industrial processing activities for reusing
or recycling industrial wastes. The mine activities and metal extraction processes generate
an enormous amount of tailings usually stored in tailing dumps [1,2]. The disadvantages
of this practice are well recognized, and the industry is eager to find alternatives to landfill
practice [2,3].

Geopolymer technology offers a valuable approach to reuse mine tailings as well as
other types of industrial wastes by applying low CO2 footprint processes. An advantage of
the geopolymerization process is that the new composite materials could be obtained by
fine tuning the precursor mixture containing low and high reactive silica and alumina to
obtain a material with desired characteristics [4,5]. The blending of raw material mixtures
allowed in some cases for the skipping of the activation step of low reactive precursors,
thus ensuring eco-friendly process [4]. Coal combustion byproducts, blast furnace slag, fly
ash, glass fibers, metakaolin, etc. were studied as raw materials with high reactive Al and
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Si [4,5]. The thorough characterization of mine tailing is required in order to finely adjust
the technology to the particular characteristics of raw materials. Due to the specific chemical
composition and characteristics of mine tailings from different sources, a deep study is
needed for each tailing source. The characterization strategy should include not only
the required characteristics for the obtaining technology, but also the assessment of some
parameters, taking into account the application of the final product as well as the generated
flows into the environment during its production, usage and post-application fate.

Over 55 billion cubic meters of mine tailings (MTs) are stored globally, with a 23% in-
crease by 2025 [3]. Many storage facilities are vulnerable, with over 100 large dam collapses
since 1960 causing death and environmental consequences [6]. Utilizing mine tailings
as a replacement can conserve natural resources for 4 to 5 years, reducing the use of
virgin raw materials in concrete production. Zhang et al. [7] explored the use of mine
tailings as precursors for geopolymers, partially replacing fly ash (FA) with molybde-
num tailings for cost-effective waste valorization. However, a higher percentage of FA
substitution with MT leads to mechanical performance loss due to an increased macro-
pore volume fraction. Qing et al. [8] produced geopolymer concrete with a compressive
strength of 47.6 MPa using the alkali-hydrothermal activation of quartz powder at 300 ◦C.
Although it meets 42.5 cement standards, high temperatures may hinder its sustainability.
Orozco et al. [9] developed sustainable bricks by activating gold mine tailings with NaOH
or (CaOH)2 and curing at 80 ◦C. Opiso et al. [10] found that adding 10% palm oil fuel
ash to gold mine tailings-based geopolymer bricks improved their mechanical qualities
and allowed for room-temperature curing, resulting in cost and CO2 emission savings.
However, creating geopolymers with suitable mechanical characteristics using MTs as raw
materials is challenging due to the large number of nonreacting phases, particularly quartz.
Vizureanu et al. [6] also concluded that the properties of the geopolymers that use mine
tailings as pre-cursors strongly depend on the characteristics of the raw materials. Next to
the characteristics of the mine tailings, the activator parameters (type and concentration)
and the curing conditions (temperature and time) will also affect the performance of the
geopolymers. Krishna et al. [5] found low reactivity of metallurgical tumbling in mine tail-
ings for a geopolymer manufacture. They suggested a customized processing approach for
each location and available MT, considering factors like raw material properties, activation
parameters and end product type.

Geopolymers based on copper mine tailings with and without blending with addi-
tional sources of aluminosilicates have been proposed for potential use as construction
materials (bricks, pavements, road construction, etc.) or as an approach for hazardous ele-
ment encapsulation [11–18]. As copper tailings showed low reactivity [12,17], preliminary
activation was proposed, such as mechanical activation [16] or curing at elevated tempera-
tures [11,13,16]. Castillo et al. [12] reported that heating at 90 ◦C promoted the dissolution
of aluminosilicates in an alkaline medium and favored geopolymer hardening processes
based on copper tailing. In contrast, Tian et al. [13] found that moderate heating (80 ◦C)
promoted the dissolution of aluminosilicates, whereas higher temperatures negatively
influenced the microstructure of the obtained geopolymers. The optimal curing tempera-
ture should be established empirically for the given raw materials and should depend on
their reactivity and alkali concentration [11]. Geopolymer materials appropriate for low-
strength applications were developed based on copper tailing and alkali activated fly ash
or low-calcium slag as additional sources of reactive aluminosilicates [14,16]. High-calcium
additives were reported to result in better characteristics of the obtained geopolymers [17].
A geopolymer concrete based on copper tailing and blast furnace slag was reported to show
promising behavior in marine-related environments [18].

Mine tailing dumps in Bulgaria are well studied from a environmental or technological
point of view. Some results on mine tailing valorization have been recently discussed in
detail [19–21]. However, the mine tailing potential for application as raw materials for
geopolymer obtaining is scarcely reported. The main challenges for the incorporation of
mine tailings into geopolymer manufacturing are related to heavy metal contaminations
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and leaching. Wang et al. [22] reviewed the literature on geopolymers containing heavy
metals and found that the process produces safe and long-lasting products through physical
encapsulation, covalent bonding, ion exchange, and compound creation mechanisms.
However, experimental validation is necessary due to the particularities of each mine tailing
and geopolymer manufacturing method, especially when blended systems are researched.

The aim of the present study is characterization of copper mine tailing as a raw mate-
rial for obtaining geopolymers with a low CO2 footprint. To achieve this goal, a specific
algorithm for the chemical characterization of the item was developed to test not only the
chemical composition parameters, but also the behavior of potentially hazardous com-
ponents and their mobility. From a geopolymer technology point of view, the following
parameters were studied: particle size distribution, chemical and mineralogical composi-
tion, characteristics of aqueous leachate, and alkaline reactivity. From an environmental
point of view, the following characteristics were studied: heavy metal fractionalization,
the composition of water leachate, and the mobility of hazardous components. The results
revealed that the copper mine tailing from the Assarel Concentrator plant in Bulgaria has a
great potential for valorization by using it as a precursor for obtaining geopolymers. This
study presents for the first time a detailed characterization of copper mine tailing from
Assarel, Bulgaria as a raw material for geopolymers obtained by alkali activation and low
CO2 footprint technology.

2. Materials and Methods
2.1. Raw Materials Analysis

Copper mine tailings have been collected from the Assarel Concentrator plant in
Bulgaria and comprehensively evaluated to establish its suitability as a precursor for
geopolymers. The fly ash used in the study was from the burning of sub-bituminous coal
in thermal power plants (TPP ”Bobov dol”, Bulgaria) and could be classified as class C
(Table 1).

Table 1. The oxide chemical composition of the raw materials.

Oxide SiO2 FexOy Al2O3 CaO SO3 K2O TiO2 Na2O BaO SrO ZrO2 MgO P2O5 Oth.

FA wt.% 41.20 21.80 15.90 12.30 3.50 2.70 1.20 0.67 0.34 0.18 0.06 - - <0.05
MT wt.% 65.50 2.67 19.20 1.33 3.13 4.70 0.32 0.97 - 0.03 0.01 1.90 0.19 <0.05

2.1.1. Particle Size Distribution, pH, EC and Eh

Twenty grams of mine tailing were transferred in a baker, and 20 mL of dist. H2O were
added. The mixture was homogenized and left to settle for 10 min or overnight. The pH
was measured by a combined glass electrode and Hanna HI5522-02 multimeter. The redox
potential and electroconductivity of suspension were measured using a combined platinum
electrode with Ag/AgCl ref. (HI3230B, Hanna Instruments, Woonsocket, RI, USA) and
conductometric cell (HI-763100, Hanna Instruments), respectively. The measured values of
redox potential were adjusted to corresponding values vs. SHE by adding the standard
potential of Ag/AgCl reference electrode (+224 mV S.H.E.). The particle size distribution
was determined by sieving and determining the amount of material retained on a series of
sieves with different sized apertures.

2.1.2. Alkaline Reactivity

An accurately weighed sample of one gram was transferred into a plastic beaker.
Twenty mL of 3.0; 6.5 or 10 M NaOH were added to each sample. The samples were agitated
on reciprocal shaker at 100 min−1 for 10 min; 30 min; 60 min; 4 h; 24 h; 48 h; and 72 h.
After the specified time, the samples were centrifuged for 5 min at 6000 rpm. A volume of
15.0 mL of the obtained supernatant was filtered and transferred into a 50.00 mL volumetric
flask containing 10 mL of distilled water and 15 mL of conc. HNO3. The obtained solutions
were diluted to volume by distill. H2O and sent to ICP-OES measurement of concentration
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of dissolved Al, Si and Ca. The concentrations of the solutions measured by ICP-OES were
used to calculate the content of alkali dissolved Al, Si and Ca in mg/kg solid sample, taking
into account the dilution factor.

2.1.3. Total Heavy Metals Content of Copper Mine Tailing

The total heavy metal content was determined by ICP-OES after open acid digestion.
A sample of 0.2–0.3 g was digested in aqua regia (HNO3 and HCl 1:3 v/v) (15 mL) and
boiled for 25 min in a beaker covered with a watch glass. A total volume of 15 mL of the
acid mixture was added in portions of 5 mL. The extract was filtered and diluted up to
50.00 mL with distilled water. The resulted solution was analyzed by ICP-OES.

2.1.4. Water Leaching Characteristics

The leaching characteristics of the studied copper mine tailing were determined by
a protocol based on EN 12457-2:2002 [23]. Ten grams air dried sample was mixed with
100 mL dist. water in a plastic beaker. The samples were agitated on a reciprocal shaker for
24 h at room temperature, 25 ± 2 ◦C. The dissolution process was followed by measuring
pH and EC. In 24 h, the approximately stable results for pH and EC of supernatant were
obtained; hence, the dissolution process was accepted to be completed. The samples were
filtered to separate supernatant from solid residue. The obtained solutions were sent
to ICP-OES for determination of elements and for UV-Vis for determination of nitrate,
phosphate and sulfate ions. The obtained data for the concentration of dissolved ions in
mg/L were calculated on a solid sample base and presented as mg/kg dry solid sample.
Thus, the part of elements/ions of the sample soluble in water at pH of the sample for 24 h
were estimated.

2.1.5. Sequential Extraction of Heavy Metals

A modified four-step sequential extraction protocol based on the method proposed by
the European Community Bureau Reference (BCR)—now Standard, Measurements and
Testing Programme and modified by Gitari et al. [24]—was applied in the present study.

• Extraction step 1—determination of water/acid soluble and exchangeable fraction:
40 mL of 0.11 M HOAc was added to one g of accurately weighed dry sample
(±0.0001 g). The mixture was shaken for 16 h on a reciprocal shaker (30 rpm) at
25 ◦C. The supernatant was filtered and collected in a dry vessel.

• Extraction step 2—determination of reducible or bound to Fe oxides fraction 2: 40 mL
of 0.5 M NH2OH.HCl (adjusted to pH = 1.5 with HNO3) was added to the residue
from step 1 and shaken for 16 h at 25 ◦C. The supernatant was filtered and collected in
a dry vessel.

• Extraction step 3—determination of oxidizable or bound to sulphides and organic
phases fraction: 10 mL of 8.8 M H2O2 was added to the residue from step 2 and
digested for 1 h at 25 ◦C, and then for 1 h at 85 ◦C in a water bath with a second
volume of H2O2. The solution was evaporated to a few milliliters. A total of 50 mL
of 1 M NH4OAc (adjusted to pH = 2.0 with HNO3) was added to the residue. The
suspension was shaken for 16 h at 25 ◦C. The supernatant was filtered and collected in
a dry vessel.

• Extraction step 4—determination of residual or bound to silicates fraction: The final
residue obtained from step 3 was dried at 120 ◦C for two hours. A total of 0.5 g of
the dry residue was subjected to open vessel aqua regia digestion for 30 min without
boiling. The solution was filtered and diluted to the final volume of 50 mL in a
volumetric flask.

The obtained solutions were analyzed by ICP-OES for determination of heavy
metals content.
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2.1.6. ICP-OES Analysis of Leachates

ICP-OES method for determination of heavy metals and metalloids in leachates from
mine tailing was previously validated [25]. An ICP-OES spectrometer (Prodigy High
Dispersion ICP-OES, Teledyne Leeman Labs, Hudson, NH, USA) with a dual-view torch,
cyclonic spray chamber, and concentric nebulizer was used. The wavelengths free from
spectral interferences at the studied concentration range were chosen [26]. Emission
intensity of the analytes was a mean of at least three replicates. The analytical function was
calibrated in two concentration ranges (5–100 µg/L or 1–10 mg/L). The calibration solutions
were prepared by appropriate dilution of appropriate reference materials. Calibration
curves and backgrounds correction were obtained by ICP-OES building software Salsa,
Prodigy, HD ICP OES 2009, USA.

2.2. Geopolymers Obtaining and Characterization

Fly ash and mine tailing blended systems have been designed to analyze the influence
of the Bulgarian copper mine tailings on the mechanical properties of geopolymers.

2.2.1. Geopolymers Design and Preparation

The chemical composition of both raw materials has been analyzed by X-ray fluo-
rescence (XRF) using an XRF S8 Tiger (Bruker GmbH, Karlsruhe, Germany) in order to
establish a suitable activation method. The mineralogical composition of raw materials was
determined by XRD analysis using X-ray diffractometer Empyrean, Panalytical with CuK
radiation and building software. The step interval, integration time and angle interval used
were 0.0530◦; 53.8 s; and 5–80 2θ, respectively. Also, to assure experiment repeatability, the
collected wastes have been dried until a constant weight (as described in [27]) was attained.
As can be seen, both types of raw materials have Si and Al oxides in significant amounts.
Also, the XRF analysis reveals a high content of Fe in the FA, which could negatively influ-
ence the mechanical performance of the geopolymers [28]. However, according to previous
studies [29], it seems that in the case of fly ash-based geopolymers, the iron content has no
influence. The FA also contains CaO, which could contribute to early strength development,
along with decreasing setting time and curing temperature [30].

As activators, commercially available sodium silicate solution (S.C. KYNITA S.R.L.,
Valcea, Romania) and sodium hydroxide flakes (98% purity) from the same supplier were
chosen. Prior to mixing with the Na2SiO3 solution, the NaOH flakes were dissolving in tap
water at the desired concentration. The sodium silicate solution had a density of 1.52 g/cm3

and a pH of 11.5. Also, according to its quality certificate, the solution contains sodium
silicate min. 44.8%, min. 31.10% SiO2, min. 13.70% Na2O and additives. Considering the
chemical composition of the sodium silicate, the SiO2:Na2O ratio was determined as 2.27;
therefore, 5.5 g of NaOH is necessary for each 100 g of sodium silicate in order to obtain
the best alkaline activator [31]. Further, depending on the desired Na:Al ratio, the solid
component is calculated based on the Na2O from the obtained activator and the Al2O3
from the aluminosilicate precursor [31].

To establish the influence of the MT addition on the mechanical properties of geopoly-
mers, (i) three mixtures comprising different percentages of fly ash and mine tailings
designated as B1 = 100% FA, B2 = 75% FA + 25% MT, and B3 = 50% FA + 50 MT (Table 2),
(ii) three different liquid-to-solid ratios (0.70, 0.75, and 0.80), and (iii) three different Na:Al
ratios (0.5, 0.75, and 0.1) were used. The Na:Al ratio was calculated considering the value
of Al from the XRF analysis and the value of Na from the composition of the activator. The
design of experiments with three factors and three levels is shown in Table 3. Consider-
ing the L9 orthogonal matrix Taguchi method, nine different mixtures were required to
establish the influence of all factors involved. The mixture design is presented in Table 4.
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Table 2. The mix design of solid components for geopolymers.

Mixture Code
Composition of Mixtures, wt.%

FA MT

B1 100 0
B2 75 25
B3 50 50

Table 3. Experimental factors and levels.

Factor Level 1 Level 2 Level 3

A. Binder content B1 B2 B3
B. Na:Al ratio 0.5 0.75 1
C. Liquid-to-solid ratio 0.7 0.75 0.8

Table 4. Mixing combinations of geopolymer samples.

Sample Code S1 S2 S3 S4 S5 S6 S7 S8 S9

Factor A B1 B1 B1 B2 B2 B2 B3 B3 B3
Factor B 0.5 0.75 1 0.5 0.75 1 0.5 0.75 1
Factor C 0.7 0.75 0.8 0.75 0.8 0.7 0.8 0.7 0.75

The procedure for obtaining the geopolymers consisted of the following steps: The raw
materials (FA and MT) were dried, weighted, and mixed for 3 min (until a homogeneous
mixture was obtained). Before mixing, the FA was dried, and only the particles lower than
100 µm in diameter were kept. During the process, sodium silicate and sodium hydroxide
solution were mixed according to the composition. Afterwards, the liquid component
(activator) was added over the solid component (raw materials) and mixed for 3 min to
obtain a homogeneous mixture. The mixing of the components was conducted using a
planetary mixer with variable speed, according to the EN 196-1:2016 standard [32]. A
schematic representation of geopolymers obtained is presented in Figure 1. After mixing
the liquid and the solid component, the obtained binder was poured into molds with
sample dimensions of 40 mm × 40 mm × 160 mm, and their vibration was applied in order
to obtain a uniform mixture with reduced air bubble content. The filled molds were then
cured at room temperature (22 ± 2 ◦C) up to the testing age. For the first 24 h, the samples
were covered with a plastic sheet in order to reduce the evaporation rate of the liquid, then
kept in open air.
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The most energy-efficient raw materials and processing procedures were examined
to ensure that the developed technology is eco-friendly and has a low CO2 footprint.
Moreover, in industrial use, both the drying and sifting stages can be removed since the
water content can be evaluated through a moisture content, and then the amount already
available in the raw materials can be reduced from the activator, while some impurities of
large dimensions can exist in the raw materials will not significantly influence the properties
of large, real-size, products.

2.2.2. Geopolymers Analysis Methods

Both the compressive and flexural strengths of the developed materials have been
tested at 14 and 28 days, respectively. The sample size and testing conditions have been fol-
lowed according to SR EN 196-1:2016 requirements [32]. Accordingly, the flexural strength
tests have been conducted on six specimens for each mixture (three have been tested at
14 days and three at 28 days) measuring 40 mm × 40 mm × 160 mm. The samples that re-
sulted from flexural strength tests (two specimens split from the 40 mm × 40 mm × 160 mm
specimen) have been used further to evaluate the compressive strength. As per standard
requirements, a loading rate of 50 ± 10 N/s was chosen.

The microstructural analysis of the obtained geopolymers was conducted on the
fracture surface after the mechanical tests using a scanning electron microscope (SEM) type
FEI Quanta FEG 450 (FEI Company, Washington, DC, USA).

3. Results
3.1. Mine Tailing Caracterization
3.1.1. Particle Size Distribution

The particle size distribution of copper mine tailing was studied as received without
additional grinding. The particles were finer than 1250 µm. The main part of the particles
(89%) was below 315 µm; almost half of the total amount of particles (46%) was below
200 µm. The fraction of particles with a size favorable for geoplymerization (<100 µm) was
17%. The finest fraction (between 90 and 63 µm) was 3%. The average values of particle
size were 320, 210 and 90 µm for d90, d50 and d10, respectively (Figure 2). The particle size
distribution curve was very steep, indicating a uniformly graded material [33]. Generally,
the particle size distribution of the studied copper-mine tailing (90% below 0.3 µm) showed
a fine sized material suitable for the geopolymerization process, according to the criteria
proposed by Aseniero et al. [34]. However, the finer particle size was proven to increase the
reactivity and to improves the geopolymers characteristics [35]. In this study, a relatively
low percentage of the particles of mine tailing (17%) was below 100 µm, and the dimension
was characterized with higher reactivity; thus, additional activation or blending with reach
of aluminosilicates raw materials with fine particles was needed to obtain geopolymers
with desired characteristics.

3.1.2. Physicochemical Characteristics: pH, EC and Eh

The pH of the copper tailing at 1:1 solid-to-liquid ratio and 10 min settling time was
9.01, the electrical conductivity was 1796 µS/cm, and the redox potential was 122.4 mV (vs.
Ag/AgCl). The alkaline pH was mainly due to the abundance of aluminosilicate minerals,
such as clinochlore and muscovite found by XRD study (Figure 3). The redox potential of
the aqueous supernatant was E = 366 mV (vs. SHE), indicating oxidative conditions in the
slurry [36].
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Figure 3. X-ray powder diffractogram of copper tailings sample. The main crystalline phases are
presented in the Table 5.

Table 5. The main crystalline phases in the studied copper mine tailing by XRD.

Reference Crystalline Phase Composition

98-008-3849 Quartz low SiO2
98-008-4262 Clinochlore (IIb-4) Mg5Al(AlSi3O10) (OH)8
98-017-0492 Zeolite SiO2
98-007-7495 Muscovite 2M1, phengitic K(Al,Mg)2(OH)2(Si,Al)4O10

3.1.3. Chemical and Mineralogical Composition

The chemical composition of copper mine tailing obtained by XRF is presented in
Table 1. The results showed that the copper mine tailing was reached in SiO2 (66%) and
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Al2O3 (19%). The high content of Si and the significant content of Al indicated the presence
of aluminosilicate minerals. The total content of alumina and silica was above 70%, which
favored the geopolymerization process [37]. The ratio between Si/Al was calculated
to be equal to 3. Moreover, the studied copper mine tailing contained a relatively low
quantity of SO3 (3%), which was found to enhance the stability of the obtained geopolymer
products [38–40]. Besides the Si and Al bearing minerals, elements such as Fe, Mg and Ca,
can react and participate in the geopolymer matrix by forming other solid phases, which
can affect the final properties of the structure [41]. In the studied sample, Fe2O3, MgO and
CaO were between 2 and 3%. A relatively low content of Ca-bearing minerals (3% CaO)
will affect the workability of the geopolymer paste, and additional sources of Ca should be
added to the mixture. Between 1 and 4% of MgO, CaO, and K2O was found in the tailing.
The presence of easily soluble basic components corresponded to high pH values measured
in the water/tailing mixture (see Section 3.1.2). Although the sample contained Fe and S
(around 3% as corresponding oxides), the high pH of the water leachate indicated that Fe
was not in the form of Fe sulphide minerals [24].

The hazardous elements (Pb, Cu, Mn, Fe, As, Zn) were found at the levels of im-
purities (<1%) or traces (<0.1%). The concentrations of Pb, Cu and Mn were typical for
industrial terrains.

An important prerequisite for raw materials is a higher content of Al2O3 and SiO2,
preferably in amorphous reactive form [12,37,42]. The mineralogical composition of the
studied copper mine tailing is presented on Figure 3 and Table 5. The primary minerals
are quartz (SiO2) 69.0%, clinochlore ((Mg, Fe2+)5Al2Si3O10(OH)8) 8.5%, zeolite (SiO2) 0.5%
and muscovite (KAl2(AlSi3O10) 22.0%. Alumosilicate minerals presented in the sample and
the zeolite phase could be expected to favor the geopolymerization process, resulting in
geopolymers with a high compressive strength [12,42,43].

3.1.4. Alkaline Reactivity

The alkaline reactivity of mine tailing was studied at different concentrations of alkali
(3.0; 6.5 and 10 M NaOH). The level of dissolution of Ca, Al and Si in alkaline media
was followed at different time intervals, starting from 10 min up to 72 h by the ICP-OES
determination of the concentration of the studied components in the obtained solutions.
The alkaline reactivity of studied mine tailing was estimated as mg dissolved component
per kg solid sample. The results are presented in Figure 4a–c. The concentration ratio of
dissolved Al to Si as a function of molarity of NaOH and time of leaching is presented on
the Figure 4d.

Alkali dissolution of Al from mine tailing followed the pattern presented on Figure 4a.
The concentration of dissolved Al constantly increased with time at each of studied concen-
tration of NaOH. Increasing the alkali concentration up to 10 M solution in the first 48 h
resulted in a decrease in the level of dissolved Al. At 72 h of contact between the solid and
the liquid, the following results were obtained: 340 mg/kg in 3 M NaOH, 460 mg/kg in
6.5 M NaOH and 540 mg/kg in 10 M NaOH. The detailed results are presented in Table 3.
At shorter periods (10 min to 4 h), the influence of alkali concentration was less pronounced:
93 mg/kg in 3 M; 125 mg/kg in 6.5 M and 190 mg/kg in 10 M NaOH.

Alkali dissolution of Si from the mine tailing followed the same trend as Al (Figure 4b).
The concentration of dissolved Si constantly increased with time at each of the studied
concentrations of NaOH. Up to 4 h of contact, the increased concentration of NaOH exerted
a slight effect on the Si dissolution (Figure 4b inset): 306 mg/kg in 3 M NaOH; 403 mg/kg
in 6.5 M NaOH and 330 mg/kg in 10 M NaOH. At the reaction times from 10 to 60 min, the
quantity of dissolved Si slightly increased at each of the studied concentrations of alkali.
The positive influence of the concentration of NaOH could be seen at these reaction times:
highest dissolved Si was observed in 10 M NaOH. As can be seen from Figure 4b (inset), in
the first 60 min, increasing the concentration of alkali resulted in a higher slope in the curve,
which correspond to the increased rate of Si dissolution during the first contact. Moreover,
in 10 M NaOH, the quantity of dissolved Si was approximately constant until 60 min:
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270 mg/kg, indicating that the most reactive Si was dissolved in less than 10 min. More
noticeable increases in the rate of Si dissolution in each of the studied alkali concentrations
were observed at prolonged reaction times > 1 h.
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Figure 4. Alkali-dissolved Ca, Al and Si of the copper mine tailing as a function of time at different
concentrations of NaOH: (a) Ca; (b) Al; (c) Si and (d) ratio of alkali-dissolved Si/Al as a function
of alkali concentration and time of leaching. The alkaline reactivity is presented as mg dissolved
component per kg solid sample. In-sets present the time intervals up to 4 h.

As can be seen from Figure 4c, the concentration of dissolved Ca was higher in 3 M
NaOH and decreased with increasing alkali concentration. The highest concentration
of dissolved Ca was observed at the beginning of the contact between alkali and mine
tailing, reaching a steady value after 4 h. At 10 min, the concentration of Ca varied from
330 mg/kg in 3 M NaOH to 210 mg/kg in 10 M NaOH. After 4 h until the end of the
studied period, the concentration of dissolved Ca reached a steady value depending on the
alkali concentration: 260 mg/kg in 3 M to 200 mg/kg in 6.5 and 10 M. After 4 h of contact
between mine tailing and 6.5 and 10 M NaOH solution, the concentration of alkali did not
influence the concentration of dissolved Ca. In contrast, 3 M NaOH still dissolve a higher
amount of Ca.

Figure 4d presents the influence of alkali concentration and reaction time on the
dissolved Si/Al ratio. As can be seen, increasing the alkali concentration resulted in a
lower Si/Al ratio. This could be explained by the higher rate of Al dissolution in more
concentrated NaOH solutions compared to Si. Hence, the alkali concentration exerted more
pronounced effects on the dissolution of Al than on the dissolution of Si. The trend was
observed in the whole studied period from 10 min to 72 h. It should be noted that the
highest difference in Si/Al ratio was observed when increasing concentrations from 3 to
6.5 M. Higher concentrations of alkali showed slightly leveling effect.

The results presented in the Table 6 demonstrated the alkaline solubility of the main
geopolymer forming components in the studied copper mine tailing. The concentration
of dissolved Al in mg per kg dry solid sample was taken as a base for ratio calculations.
The concentration ratio of dissolved Ca and Si followed the same pattern: the increased
concentration of NaOH resulted in lower Ca to Al and Si to Al ratio. The same trend in Ca
to Al ratio is observed regarding the contact time. The findings could be explained by the
increased concentration of Al with increasing the concentration of alkali and the contact
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time. In contrast, the Si to Al ratio increased with shorter reaction times, reaching state
value after 4 h. A possible explanation could be found in the faster rate of dissolution of
Si than of Al in the studied sample in the beginning of contact between alkali and solid
material; after 4 h, the rate of dissolution of both components is almost equal. At shorter
reaction times (<60 min), the Al/Si ratio is not influenced by the concentration of NaOH
and is found to be approximatively 1:2 in all studied concentrations. More pronounced
effects of alkali were observed at longer contact times (>60 min). In 3 M NaOH, the Al/Si
ration was 1:3 and lowered to 1:2 in 10 M alkali.

Table 6. Ratio of dissolved Ca/Al/Si in copper mine tailing as a function of alkali concentration and
reaction time.

Concentration of NaOH, M Reaction Time, h Dissolved Ca/Al/Si Ratio 1

3

10′ 3.6/1/0
30′ 3.2/1/1.8
60′ 2.5/1/2
4 h 2.6/1/3.2

24 h 1.2/1/3.1
48 h 0.9/1/3.3
72 h 0.8/1/3.2

6.5

10′ 2.1/1/1.1
30′ 2.1/1/1.5
60′ 1.6/1/1.6
4 h 1.3/1/2.3

24 h 0.7/1/2.3
48 h 0.5/1/2.1
72 h 0.4/1/2.2

10

10′ 1.1/1/1.4
30′ 1/1/1.5
60′ 1.1/1/1.8
4 h 0.6/1/2.1

24 h 0.4/1/1.9
48 h 0.4/1/1.9
72 h 1.1/1/1.4

1 Concentration of dissolved Al in mg/kg dry material was taken as 1 for calculation of the ratio.

3.1.5. Heavy Metals Content and Mobility in Aqueous Medium

Table 7 presents the chemical composition of copper mine tailings determined by ICP-
OES after aqua regia digestion and the composition of the generated aqueous leachate. The
obtained results allowed for the environmental impact of mine tailing to be estimated and
give some indication about the chemical composition of generated plume after interaction
between the tailing and rainwater [24]. The generated leachates from the copper mine
tailings were alkaline with pH 9.53 and were stable in the studied period of 24 h. The
electrical conductivity of leachate was 750 µS/cm after 2 h and reached 850 µS/cm after
24 h.

The concentrations of Cd and Co in the generated leachate were below <0.005 mg/L,
and Cr and As were below 0.010 mg/L. The highest concentrations in leachate were
observed for (in decreased order) Fe > Ca > Mg > Al. Additionally, the concentrations
were calculated in a mg/kg air dried sample to present the concentrations of ions in solid-
sample dissoluble in water at sample pH and accordingly were capable of moving into
the aqueous solution. The results showed that less than 0.5 mg/kg of Cd, Co, Cr and As
in copper mine tailing were in water soluble form; the main part of these components
should be in non-labile geochemical fractions. Fe, Al, Ca and Mg showed the highest
water-soluble concentrations: 2462, 694, 389 and 699 mg/kg, respectively, and govern the
electrical conductivity of the leachate. The concentration in leachate of the studied anions
decreased in the following order SO4

2− > NO3
− > PO4

3−.
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Table 7. Chemical composition of copper mine tailing and generated aqueous leachate.

Component
Concentration

in Mine
Tailing, mg/kg

Concentration
in Leachate,

mg/L
MPL 1, mg/L Component

Concentration
in Mine

Tailing, mg/kg
Concentration,

mg/L MPL 1, mg/L

Ca 9491 123 150 Cd <0.5 <0.010 0.005
Mg 699 2.93 80 Ni 6.700 <0.010 0.02
Na 278 9.28 200 Co <0.5 <0.005
Al 694 0.27 0.2 Pb traces traces 0.010
Fe 18,629 <0.005 0.2 NO3

− 1.0 0.05
Cu 375 <0.005 0.002 SO4

2− 370 250
Zn 72.5 <0.010 4 PO4

3− <0.5 0.5
Mn 186 <0.010 0.50 Cl− 250
As <2 <0.010 0.010 pH 9.53
S 3734 198 EC, µS/cm 750

Cr <0.5 <0.010 0.05
1 Maximum permissible level according to the Bulgarian regulation for the quality of drinking water [44].

3.1.6. Heavy Metals Distribution in Mine Tailing Fractions

Heavy metal distribution in geochemical fractions of copper mine tailing was studied
by a BCR sequential extraction procedure, including the additional step of the analysis
of the residual fraction. The heavy metal fractionalization was strongly correlated with
their availability and possible toxicity to the environment. The sum of the heavy metals in
exchangeable fraction (F1), iron and manganese oxide fraction (F2) and organic matter and
reducible fraction (F3) presented labile species, which were susceptible to dissolution and
transferred into liquid phase. The residual fraction (F4) presented the non-labile phase. The
following metals were studied: Fe, Cu, Zn, Mn, Cd, Ni, Pb and As. The results showed that
Cd, Ni and As were below method LOQ (<0.5 mg/kg) in the studied copper tailing sample.
The total content of heavy metals showed that Fe is the most abandoned element, followed
by (in decreasing order) Cu, Mn, Zn and Pb. The sum of F1, F2 and F3 was considered
as a mobile part of the heavy metals. The following decreasing trend in concentrations
was observed: Fe > Cu > Mn > Pb > Zn. Considering the first three fractions, it could be
seen that all of the studied metals showed the highest concentration in liquid phase in the
F3: organic matter and reducible fraction. The residual fraction was considered to contain
the non-labile forms of the heavy metals. In this fraction the elements were arranged as
follows: Fe > Cu > Mn > Zn > Pb. The results showed that the highest content of the studied
hazardous elements was found in the residual fraction, indicating the limited mobility and
bioavailablity of hazardous components of the copper mine tailing.

The partitional pattern of Fe showed that the main part of Fe in the copper tailing
(approximatively 50%) was in a mobile form (sum F1 + F2 + F3). The highest concentration
was observed in Fraction 3: organic matter and reducible fraction.

The concentration of dissolved Cu in sequential fractions decreased in the following
order: F3 > F1 > F2. A total of 77% of the total Cu was found in the mobile fractions, and
23% was found in the residual fraction. The main part of the Cu species was extracted in
the F3 organic matter and reducible fraction. The minor part of Cu was bound to Fe- and
Mn oxides.

The main part of Zn was found in the residual fraction, indicating its low lability
and corresponding bioavailability. Around 36% of the total Zn in the copper mine tailing
was extracted in the sequential extraction steps. The highest quantity of Zn was bound to
organic matter and the reducible fraction. The quantity of Zn in exchangeable fraction and
Zn bound to Fe and Mn oxide were approximatively equal.

The main part (60%) of Mn in the copper mine tailing was found in the non-libile form
in the residual fraction. The highest concentration of dissolved Mn was observed in the F3
fraction, and the lowest was in the F2 fraction. Around 12% of the total Mn was observed
in the F1 exchangeable fraction, 6% in F2 and 23% in F3. The results indicated the low
mobility of Mn in the studied sample.
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The concentration of dissolved Pb followed the pattern F4 > F3 > F2 > F1. The main
part (60%) of Pb in the sample was bound into the mobile fractions. However, it could be
observed that less than 10% of the available Pb was found in the easily exchangeable fraction.

3.2. Geopolymers Analysis
3.2.1. Mechanical Properties

Compressive strength. Figure 5 shows the evolution of compressive strength from 14
to 28 days for the obtained geopolymers. As can be seen, the mixture specific to S1 did not
perform too well at this test, being one of the samples with almost the same lost value at
28 days. In this case, S6 exhibited the optimum composition despite the aging time, while
S1 and S3 showed a slight decrease after 28 days of curing. The increase in compressive
strength was in the range of 22 to 54%; the highest evolution was presented by S9, while the
lowest was shown by S8. Overall, it can be observed that the compressive strength depends
on the raw material mixture and the Na:Al ratio; higher ratios result in better compressive
strength. A replacement of FA with MT seems to promote the best compressive strength,
despite the Na:Al ratio. A 25 wt.% replacement of FA with MT showed the optimum
replacement, yet at 50 wt.% of MT, the compressive strength of the blended geopolymer
is superior to that based on FA at almost all testing ages and Na:Al ratios. Moreover, all
mixtures showed a low deviation value, which confirms that the obtained samples had a
homogenous structure and composition.
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Figure 5. The compressive strength of the obtained geopolymers.

To better understand the influence of the obtained parameters on the mechanical
properties of the obtained geopolymers, 3D plots were drawn. Figure 6 shows the influence
of MT content and the liquid-to-solid ratio on the compressive strength. As can be seen,
higher liquid content will result in poor mechanical properties. The optimum mixture is
the one with 25 wt.% MT and a 0.7 liquid-to-solid ratio. This behavior could be related
to activator loss during curing. The OH− from the activator, especially from the NaOH
solution, is responsible for the leaching process of Si4+ and Al3+ ions; therefore, a loss of
activator will also result in a loss of the necessary ions to assure the dissolution of the
aluminosilicate material [45]. Moreover, during this drying stage, the water evacuation will
also promote crack formation [46]. The samples with only FA as a precursor showed an
increase in compressive strength with the increase in liquid-to-solid ratio, probably due to
the nature of the FA particles sponge-like structure, which will absorb the activator and
release it much slower compared to the compact particles from MT [47].
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Figure 6. Influence of liquid-to-solid ratio and MT content on compressive strength at 28 days.

Considering the dependence between the amount of MT and the Na:Al ratio (Figure 7),
it can be observed that the 25 wt.% replacement of FA with MT will not produce the best
compressive strength, despite the activating conditions. For example, at a Na:Al ratio of
0.75, the mixture with 50 wt.% MT performed better than all other geopolymers. Even
though the increase in Na:Al ratio resulted in better mechanical properties for all mixtures,
only the FA-based geopolymer seems to present a continuous trend from a Na:Al of 0.5
to a Na:Al of 1. In the case of the other mixtures, the Na:Al increase seems to have a
negative effect at 0.75 for the geopolymer with 25 wt.% MT or at 1 for the geopolymer with
50 wt.% MT.
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The data used to create the 3D graphs from Figures 6 and 7 are presented in
Supplementary File S1.

Flexural strength. The flexural strength of the obtained geopolymers decreased in
most of the cases from 14 days to 28 days (Figure 8), except for samples S5, S6 and S8,
where a significant improvement in flexural strength can be observed. For example, from
14 to 28 days, the value of S8 and S6 increased almost two times, and the lowest increase
was that of S5, which is approximately 20% higher. As observed, all mixture with FA as raw
materials showed a decrease in flexural strength, probably due to the high Ca content that
will react faster than Al, while at latter stages, the Si will start reacting, resulting in a much
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more brittle structure [48]. On the contrary, most of the samples that have MT content
showed an increase in flexural strength over time, probably due to a lower concentration of
Ca from the system. Considering the Na:Al ratio, it can be seen that only the mixtures with
a Na:Al of 0.5 showed a decrease in flexural strength over time. At 14 days, the optimum
composition was that of S2, while at 28 days, S8 showed the highest value.
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3.2.2. Microstructural Analysis of the Obtained Geopolymers

To emphasize the link between the morphological characteristics of the created ma-
terials and their mechanical performances, the combination with the lowest compressive
strength was compared to the mixture with the highest value for each mixture of raw mate-
rials. As shown in Figure 9, the microstructure of the S1 geopolymer (Figure 9a) contains
multiple unreacted coal ash particles, particularly those with large diameters. Moreover,
there are large areas that were not dissected, which act as defects, resulting in a poor
structure in terms of mechanical properties. Compared to the S1 sample, the sample with a
Na:Al ratio of 1 and FA as raw material, i.e., S3, showed a much more compact matrix with
better dissolution; however, the matrix also exhibits multiple pores and cracks distributed
all over the analyzed surface (Figure 9b). When mine tailings are introduced in the mixture,
the morphology of the structure significantly changes; the matrix shows very few cracks,
but there are still some areas where unreacted FA particles can be observed (Figure 9c).
The samples with the highest compressive strength, i.e., S6, show a substantially more
compact matrix than all other mixtures (Figure 9d). Some unreacted FA particles can be
observed, but most of them are embedded in the compact matrix. By increasing the MT
content to 50 wt.%, the dissolution of the raw materials seems to decrease (Figure 9e), while
a significant increase in the number of cracks occurs (Figure 9f).

As can be seen in Figure 10, at higher resolution, the differences between the best
(sample S6) and the worst (sample S1) samples in terms of compressive strength are even
more visible. Compared to S6 (Figure 10a), the microstructure of S1 (Figure 10b) shows
activation only in limited areas (the smooth area from the image), while high areas show
morphology specific to the nonreacted particles. However, in the case of S6, most particles
seem to be activated, while those that remain unreacted are embedded in the matrix.

100



Materials 2024, 17, 542
Materials 2024, 17, x FOR PEER REVIEW 17 of 22 
 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 9. Microstructural analysis of the obtained geopolymers: (a) sample S1; (b) sample S3; (c) 
Sample S4; (d) sample S6; (e) sample S7; (f) sample S9. 

Figure 9. Microstructural analysis of the obtained geopolymers: (a) sample S1; (b) sample S3;
(c) Sample S4; (d) sample S6; (e) sample S7; (f) sample S9.
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Considering the composition of the compared mixture, it can be stated that higher
Na:Al ratios will increase the dissolution of the aluminosilicate source and increase the
compactness of the matrix, promoting better mechanical properties.

4. Discussion

A detailed characterization of the Bulgarian copper mine tailing from Assarel-Medet
as a precursor for geopolymer obtaining was reported for the first time. The chemical
and mineralogical composition, leaching behavior, alkaline reactivity amd heavy metal
distribution in the geochemical phases of mine tailing were studied. The conclusions drawn
were focused on its utilization as a raw material for obtaining geopolymers.

The chemical composition of the studied copper mine tailings showed their perspective
to be reused as raw materials for obtaining geopolymers (Table 1). The high content in
Si and significant content in Al-bearing minerals are favorable for the geopolymerization
process [37]. The ratio of Si/Al in the copper mine tailing was in the optimal ratio of
1–3 [12,24,35,49,50] thus making the studied tailing a promising precursor for geopolymers.
However, an additional source of Al could be added to enhance the geopolymerization
process and improve the characteristics of the obtained products [24,51]. In a recent review,
Lazorenko et al. summarized the chemical composition of various mine tailings used
for geopolymers. The SiO2 content in copper mine tailing from different sources varied
between 28 and 65%, and for Al2O3 from 4 to 14% [52]. Comparing the composition of the
studied material, it could be concluded that it is a suitable precursor for geopolymerization,
having the benefit of higher Al content.

The study of mineralogical composition proved the presence of alumosilicate minerals
(muscovite, clinochlore), as well as SiO2 in the zeolite and quartz phases. The presence of
alumosilicates in the tailings could be expected to exert a neutralizing or pH buffering effect
on generated leachates [24], which will mitigate the environmental effect during rainfall.
The study of the alkaline reactivity of copper mine tailing (Figure 4) revealed that the
alkali-leachable Si и Al were between 0.2 and 0.5% from the total content of SiO2 and Al2O3
in the raw material. Hence, the low extent of dissolution of crystalline phases in the studied
conditions 3, 6.5 and 10 M NaOH at different times up to 72 h was observed. The results
were in support of the findings of Cristello et al., who demonstrated that crystalline phases
in copper tailing were inert [14]. The ratio of reactive Si and Al in copper tailing (Table 6) was
also studied, as it was known to influence the formation of geopolymer networks [14,15,17].
However, a convincing answer for which ratio was optimal for designing a geopolymer
product with the intended characteristics and application could not be found. The reason
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was that additional sources of reactive Si were added to the precursor mixture during the
obtaining of geopolymer material: (i) sodium silicate and (ii) fly ash. Thus, the properties of
the obtained materials depended on the complex combinations of parameters that govern
the alkali activation process [5,15,53]. It was observed that increasing the molarity of NaOH
in activator solution resulted in a higher strength of the obtained geopolymer materials.
The results were in line with previous studies [12,14,15]. It could be explained only partially
by the increased dissolution rate of aluminosilicates, and accordingly, the concentrations of
reactive Si and Al, as fly ash addition, could positively influence the development of the
geopolymer network [5,14].

Additionally, the studied mine tailing contained fine particles; hence, the mine tailing
possessed a potential to be an appropriate raw material for geopolymerization.

The results from sequential extraction demonstrated the low potential environmental
risk, as it was found that the main part of hazardous heavy metals was immobilized in the
non-labile phase. It could be concluded that the copper mine tailing is a promising precursor
for obtaining building products based on the geopolymerization process. Additionally,
due to the encapsulation of heavy metals and other environmentally contaminants in the
geopolymer matrix, the mobility of hazardous compounds could be expected to be lower
in the final geopolymer product [40].

The chemical composition, the behavior in alkaline media, the leaching characteristics
of the studied copper mine tailing, as well as the fractionalization of the potential environ-
mental contaminants demonstrated its high potential for the valorization of the tailings in
the form of geopolymer products for building engineering.

5. Conclusions

Copper mine tailings from the Assarel Concentrator Plant (Bulgaria) can be success-
fully used as precursors for geopolymers. The replacement of 25 wt.% of fly ash with mine
tailings promoted better compressive strength. By increasing the replacement of FA with
MT to 50 wt.%, a significant decrease in compressive strength can be observed, especially
for the mixture with a Na to Al ratio of 1.

From the three mixtures of raw materials, three different liquid-to-solid ratios, and
three different Na-to-Al ratios, the system with 75 wt.% FA, 25 wt.% MT, a liquid-to-solid
ratio of 0.7, and a Na-to-Al ratio of 1 exhibits the highest compressive strength at 28 days of
curing. From a flexural strength point of view, the system with 50 wt.% MT, a liquid-to-solid
ratio of 0.7, and a Na-to-Al ratio of 0.75 was optimum, but at a very low difference from
the system that also exhibited the highest compressive strength. Therefore, from all nine
mixtures, it can be considered that the one that had the highest compressive strength is
optimal from a mechanical properties point of view.

The microstructural analysis showed a clear relationship between the homogeneity of
the matrix and the mechanical performance of the mixture. Accordingly, it was observed
that compact matrixes with fewer cracks and unreacted particles would perform better.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ma17030542/s1, Table S1 (Table for Figure 6): Influence of liquid-to-solid ratio
and MT content on compressive strength; Table S2 (Table for Figure 7): Influence of Na:Al ratio and
MT content on compressive strength at 28 days.
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Abstract: Hydrosphere pollution by organic pollutants of different nature (persistent dyes, phenols,
herbicides, antibiotics, etc.) is one of the urgent ecological problems facing humankind these days.
The task of water purification from such pollutants can be effectively solved with the help of modern
photocatalytic technologies. This article is devoted to the study of photocatalytic properties of com-
posite catalysts based on ZnO modified with plasmonic Ag nanoparticles. All materials were obtained
by laser synthesis in liquid and differed by their silver content and preparation conditions, such as
additional laser irradiation and/or annealing of produced powders. The prepared ZnO-Ag powders
were investigated by electron microscopy, X-ray diffraction and UV-Vis spectroscopy. Photocatalytic
tests were carried out with well- known test molecules in water (persistent dye rhodamine B, phenol
and common antibiotic tetracycline) using LED light sources with wavelengths of 375 and 410 nm.
The introduction of small concentrations (up to 1%) of plasmonic Ag nanoparticles is shown to
increase the efficiency of the ZnO photocatalyst by expanding its spectral range. Both the preparation
conditions and material composition were optimized to obtain composite photocatalysts with the
highest efficiency. Finally, the operation mechanisms of the material with different distribution of
silver are discussed.

Keywords: ZnO-Ag nanoparticles; plasmonic nanoparticles; pulsed laser ablation; photocatalysis;
organic pollutants

1. Introduction

Environmental problems associated with environmental pollution continue to remain
not just a threat to the modern sustainable development of human civilization, but also
to life on earth as a whole. The problem of polluting aquatic environments with various
toxicants is still acute, and only a small part of the population has sufficient access to
clean water resources [1]. One of the leaders in technogenic water pollution are complex
organic compounds (OCs), textile and other dyes, antibiotics (especially those used in
animal husbandry), pesticides and bacteriological pollutants [2–7]. One of the effective and
environmentally friendly methods for purifying water from toxic organics is photocataly-
sis [8]. At this stage, the design, development and production of promising nanomaterials
(photocatalysts) capable of decomposing various organic pollutants under the influence of
light becomes a very important task.

Among the first materials that showed good efficiency in decomposing OC were
wide-gap oxide semiconductors TiO2 and ZnO with Eg~3.0–3.4 eV [9,10], which are still the
reference materials for photocatalysis. In addition to their efficiency, they are easily accessi-
ble and have low toxicity. Thus, a large number of methods for their synthesis have been
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developed so far [11–14]. At the same time, ZnO has a number of advantages over TiO2
specifically in the decomposition of OC, since during the operation of the latter, instead
of effective decomposition to simple products, photosorption and incomplete decompo-
sition of persistent dyes often occur. For example, during photocatalysis of rhodamine B,
the most effective process is not the complete destruction of the aromatic structure, but
only N-diethelation [15,16]. The disadvantages inherent in wide-gap monophasic oxides
associated with inactivity in the visible region of the spectrum and insufficient charge
separation are leveled due to the creation of defects (doping and self-modoping) [17–19], or
heterostructures [20]. Another effective approach to improve photocatalytic properties is
the modification of the surface of semiconductor catalysts, such as ZnO, with noble metals
having surface plasmon resonance (SPR) in the visible region of the spectrum (Ag, Au) [21].
The addition of a noble metal with a high electron yield work provides a negative shift
of the Fermi level and the formation of the Schottky barrier, which significantly affects
the separation of photogenerated charge carriers, whereas the excitation of the composite
catalyst into the SPR band significantly increases the formation rate of photoinduced charge
carriers [22–24]. In many cases, modification of ZnO NPs with metals such as Ag and Au
was reported to significantly increase their photocatalytic activity in water purification from
organic pollutants [25–27]. In the case of addition of Ag NPs, the increase in antibacterial
activity of such nanocomposites was also reported [28]. It should be noted that when
designing such composites with noble metals for practical application, it is important that
the maximum photocatalytic and antibacterial effect is achieved at a relatively small level
of additives.

Pulsed laser ablation (PLA) is rightfully considered one of the promising methods for
creating modern nanomaterials for photocatalysis [29] and biomedical applications [30].
This method is cost-efficient, environmentally friendly, does not need complex precursors
and is simple enough to produce complex structures, including nanocomposites [31,32].
The PLA method is excellent for producing ZnO, as well as increasing its photocatalytic
properties, through modification with metals with surface plasmon resonance (SPR) to
increase the spectral range of operation to the visible region [33]. Due to the suitable ther-
mophysical characteristics of zinc, the power density of laser radiation and the productivity
of ZnO preparation by PLA metal target in air are much higher than the productivity of
obtaining TiO2 from Ti target [34,35].

There are various options for producing nanoparticles (NPs) in the ZnO-Ag system
using PLA: (i) using metallic silver and (ii) using precursors (usually AgNO3). For instance,
ablation of a silver target was carried out in a colloidal solution of commercially available
ZnO [36], while others produced ZnO via PLA method too [37,38]. This approach was
supplemented by irradiation of the resulting ZnO-Ag colloid with UV laser [39]. The second
approach to the preparation of such metal oxide nanostructures involves the reduction of
AgNO3 in the presence of ZnO NPs under the action of various radiation sources. Jung et al.
carried out photoreduction of AgNO3 on the surface of ZnO NPs obtained by PLA under
irradiation with light from a powerful Xe lamp [40]. In contrast, Whang and coworkers
reduced AgNO3 by pulsed laser radiation of the second harmonic of a Nd:YAG laser on
the surface of commercial ZnO NPs [41], while in [33] both the ZnO generation and its
decoration via reduction were carried out by laser irradiation.

In this work, we used the metallic silver approach to prepare ZnO-Ag composite
nanostructures. Both components of the composite particle were first obtained by laser
ablation using nanosecond IR Nd:YAG lasers (1064 nm). The as-generated colloids were
then mixed and thoroughly homogenized by means of ultrasound, after which several
series of ZnO-Ag composites were prepared by further laser processing, post-preparation
annealing or a combination thereof. In this work, for the first time, we used additional
processing of colloidal mixtures based on Ag and ZnO NPs by focused laser radiation. This
led to the formation of laser-induced plasma in the focal region of the lens, which provided
conditions for more efficient interaction of the colloidal components and the formation of
the ZnO-Ag interface with improved photocatalytic properties. The prepared composite
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catalysts were tested for the degradation of the persistent model dye Rhodamine B (Rh
B), the widespread antibiotic tetracycline (TC) and the persistent organic pollutant phenol
(Phen), all under low-power (0.3 W) irradiation of an LED source. The obtained results
were analyzed from the viewpoint of morphology and composition, as well as surface
properties of the newly reported catalysts.

2. Results and Discussion
2.1. Structure and Morphology of NPs

The results of sample phase composition obtained by means of XRD are presented in
Table 1 and Figure S1, while the morphology of prepared NPs is shown in Figure 1.

Table 1. Characteristics of samples.

Sample
Sample Composition CSR *,

nm
Ag Content,

wt.% **
SBET
m2/g

Band Gap *

Phase % Tauc, eV DASF, eV

Non-modified samples (as-prepared)

ZnO
ZnO 90

37 – 36 3.29 3.31
Zn2(CO3)2(OH)6 10

ZnO-400 ZnO 100 43 – 21 3.25 3.27

Non-modified samples + ALT

ZnO_hν
ZnO 95

62 – 23 3.11 3.28
Zn2(CO3)2(OH)6 5

ZnO-hν-400 ZnO 100 62 – 13 3.14 3.25

Ag-modified samples

ZnO-01Ag
ZnO 90

36 0.13 40 3.30 3.31
Zn2(CO3)2(OH)6 10

ZnO-025Ag
ZnO 94

36 0.28 40 3.29 3.32
Zn2(CO3)2(OH)6 6

ZnO-05Ag

ZnO 93

37 0.49 40 3.29 3.32Zn2(CO3)2(OH)6 6

Ag ~1

ZnO-1Ag

ZnO 93

37 0.98 40 3.30 3.32Zn2(CO3)2(OH)6 6

Ag 1

Ag modification + annealing

ZnO-01Ag-400 ZnO 100 40 0.13 18 3.25 3.26

ZnO-025Ag-400 ZnO 100 38 0.28 19 3.25 3.26

ZnO-05Ag-400
ZnO 99

35 0.49 21 3.24 3.26
Ag ~1

ZnO-1Ag-400
ZnO 99

35 0.98 26 3.25 3.27
Ag 1
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Table 1. Cont.

Sample Sample Composition CSR *,
nm

Ag
Content,
wt.% **

SBET
m2/g

Band Gap *

Phase % Tauc, eV DASF, eV

Ag modification + ALT

ZnO-01Ag-hν
ZnO 95

40 0.13 39 3.10 3.29
Zn2(CO3)2(OH)6 5

ZnO-025Ag-hν
ZnO 95

38 0.28 38 3.10 3.29
Zn2(CO3)2(OH)6 5

ZnO-05Ag-hν
ZnO 93

39 0.49 35 3.10 3.31
Zn2(CO3)2(OH)6 7

ZnO-1Ag-hν
ZnO 93

40 0.98 36 3.06 3.31
Zn2(CO3)2(OH)6 7

Ag modification + ALT+ annealing

ZnO-01Ag-hν-400 ZnO 100 41 0.13 27 3.12 3.25

ZnO-025Ag-hν-400 ZnO 100 42 0.28 29 3.13 3.27

ZnO-05Ag-hν-400 ZnO 100 40 0.49 26 3.11 3.27

ZnO-1Ag–hν-400 ZnO 100 38 0.98 26 3.10 3.28

*: for phase ZnO, **: according to XRF data.

The initial ZnO sample (obtained by PLA of metallic Zn in water) is seen to have two
phases: the dominant ZnO phase with the wurtzite structure (PDF Card # 04-008-8198)
and an admixture of monoclinic phase of zinc hydroxycarbonate (PDF Card # 04-013-7572).
Drying the as-produced colloidal solution in the air was found to lead to the formation of
the so-called corrosion products of metallic Zn, i.e., zinc hydrocarbonate. This is known to
occur through the interaction of zinc, oxygen and water, with the formation of zinc oxide
and hydroxide, which react with dissolved carbonate species (CO3

2−, HCO3
−) with the

subsequent formation of hydrogen carbonates [42]. The formation of Zn2(CO3)2(OH)6
during PLA in water was previously reported [43]. Additional laser treatment (ALT) is
seen in Table 1 to lead to a decrease in the content of the hydroxycarbonate phase, as
well as an increase in the crystallite size and a decrease in the specific surface area (see
the adsorption-desorption isotherms of samples in Supplementary Materials Figure S2).
Thermal treatment at 400 ◦C was found to lead to the decomposition of hydroxycarbonate
(decomposition temperature of Zn2(CO3)2(OH)6 is about 260 ◦C, as seen in Supplementary
Materials Figure S3) and the formation of 100% wurtzite phase, as well as a decrease in the
surface area of NPs. This is similar to findings previously reported in [44]. According to
XRF analysis, the Ag content in the samples was close to the claimed content and was the
same for all four series of composite samples as they were prepared based on the same
ZnO-XAg series.

Addition of Ag was found to have almost no effect on the phase composition of the
initially generated particles. At high Ag content ≤0.5 wt%, a reflex in the region of 37.5◦

2θ appears in XRD patterns which belongs to metallic Ag cubic syngony (PDF Card # 04-
003-1472, Figure S1a). At the same time, silver was found to prevent particle enlargement
during heat treatment, as the crystallite size of ZnO remains ~36–37 nm, while their specific
surface area even increases slightly to 40 m2/g. ALT of mixed colloids obtained by PLA of
Zn and Ag was also observed to prevent NP aggregation, while XRD patterns of samples
with 0.5 and 1 wt% showed no peaks of metallic Ag. This implies a greater dispersion of
Ag on the surface of ALT-processed ZnO (Figure S1) in comparison with their non-treated
counterparts. Further heat treatment of this series of samples with low Ag addition did not
lead to the appearance of metallic Ag peaks (Figure S1d).
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out the particle surface. 

Figure 1. TEM images of samples (a) ZnO-1Ag, (b) ZnO-1Ag-400, (c) ZnO-1Ag-hν and (d) ZnO-1Ag–
hν-400. Insets present corresponding SAED patterns.

The size and shape of the obtained NPs were examined by transmission electron
microscopy (TEM). Figure 1a–d presents micrographs of composite particles with Ag
content equal to 1 wt.%. The powders are seen to consist of agglomerated particles of
irregular shape. In addition to the main fine fraction with the size of 5–30 nm, some
larger particles as big as 100 nm are present (Figure 1a). After heat treatment at 400 ◦C,
the smallest particles were found to grow bigger (Figure 1b) due to decomposition of
hydroxycarbonates. ALT of the colloids is seen in Figure 1c, leading to some amorphization
of the surface and formation of fused particles of irregular shape. Heat treatment of such
samples at 400 ◦C did not result in a significant enlargement of particles, with their average
size being mainly unchanged (Figure 1d).

Selected area electron diffraction (SAED) was used to clarify the structure of the ob-
tained materials (Figure 1). For non-annealed samples, both SAED patterns and XRD
analysis revealed phases of wurtzite ZnO (crystallographic plane (111)), zinc hydroxy-
carbonate Zn2(CO3)2(OH)6 (planes (200), (001) and (310)), and cubic metallic Ag (plane
(111)). Also, the phase of unstable gamma zinc hydroxide—Zn(OH)2 (crystallographic
planes (100), (020), (600), (521), PDF Card # 00-020-1437)—was found in non-annealed
samples. SAED analysis of annealed samples (insets in Figure 1b,d) also show the presence
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of zinc hydroxycarbonate and zinc hydroxide, both phases not being detectable by XRD.
This is probably owing to the formation of –CO3

2− and OH− groups in the near-surface
and surface layers during storage in air. The more blurred rings with a low content of
even reflections in SAED pattern observed in Figure 1c (inset) also confirm some degree of
amorphization of NPs caused by ALT, which is in good agreement with from TEM images.

To analyze the distribution of silver in NPs, Figure 2a–d shows EDS mapping spectra
of the elements Zn, O and Ag. For sample ZnO-1Ag, it is clear that silver is present
throughout the sample surface, not only in the form of homogeneous small clusters, but
also as relatively larger agglomerates (Figure 2a). After ALT processing, Ag is seen in
Figure 2c to be more dispersed. Finally, heat treatment is seen in Figure 2b,d to lead to some
enlargement of individual particles, while small clusters still remained present throughout
the particle surface.
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Figure 2. TEM image and EDS mapping of Zn, AgO and O in NPs: (a) Ag ZnO-1Ag, (b) ZnO-1Ag-400,
(c) ZnO-1Ag-hν and (d) ZnO-1Ag–hν-400.

2.2. Electrokinetic Properties

Figure 3 and Table 2 present the values of zeta-potential of particles dispersed in media
with different pH. The zeta-potential of all analyzed powders is seen to be positive (from
+16.5 to +28.5 mV), with the pH of their dispersions being around 7.5. Thus, based on the
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obtained results, it can be concluded that the surface state of the analyzed ZnO samples is
similar and is largely determined by the Zn–OH/Zn–OH2+ and Zn-O-/Zn-OH equilibria
on the particle surface, which is also in agreement with the SAED and SEM data. ALT of
colloids does not appear to lead to significant changes in the electrokinetic properties of the
particle surface (Figure 3a). Doping of NPs with silver was found to result in a small (about
−0.5) shift of the isoelectric point (IEP) to the region of lower pH values. This indicates
that the surface state of ZnO NPs does not change significantly upon its modification with
silver (Figure 3b).
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Figure 3. Zeta potential dependence on pH measured for sample (a) ZnO and composite sample
(b) ZnO-Ag.

Table 2. Electrokinetic properties of samples.

Sample pHo ζo, mV pHIEP

ZnO 7.6 25.5 9.3

ZnO-400 7.5 16.5 8.9

ZnO-hν 7.7 22.8 8.8

ZnO-hν-400 7.7 27.8 9.2

ZnO-1Ag 7.4 25.3 8.4

ZnO-1Ag-400 7.5 18.4 8.2

ZnO-1Ag-hν 7.4 25.0 8.4

ZnO-1Ag-hν-400 7.6 28.5 8.4

2.3. Optical Properties of NPs

UV-Vis spectra of powders investigated by diffuse reflectance spectroscopy (DRS) are
presented in Figure 4, while the results of the band gap energy (Eg) estimation are summa-
rized in Table 1. Since the introduction of silver strongly affects the edge of the absorption
band, Eg values were calculated by two methods: the classical Tauc method (Figure S4) and
the derivation of absorption spectrum fitting (DASF) method (Figure S5) [45].

As seen in Figure 4a, the absorption band of the initial samples ZnO and ZnO-hν
is in the region of 380 nm, corresponding to the band gap value of zinc oxide. The long-
wavelength edge of the absorption band is diffused and extends into the visible region
of the spectrum. This is owing to the presence of defects of different nature, most of
which are related to oxygen vacancies and to interstitial zinc both in its ground and ionic
states [46,47]. The absorption of zinc hydroxycarbonate is known to lie far in the UV
range (Eg = 5.5 eV) and does not affect the absorption band edge of ZnO [48]. ALT of the
colloid was found to have no significant effect on its absorption spectrum. Annealing at
400 ◦C of undoped samples leads to a slight long-wavelength shift, which can probably be
explained by particle enlargement and the increase in their crystallite size (Table 1). There
is no decrease in absorption in the visible region associated with the defective structure, as
defectivity is preserved during annealing.
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Figure 4. Diffuse reflectance spectra for NPs without Ag (a) and with Ag (b). Inset in panel (a) gives
an example of Eg estimation.

Figure 4b presents the absorption spectra of doped materials that were not subjected
to additional laser treatment (spectra of the other samples are exhibited in Figure S4). When
the amount of added Ag was 0.5 and 1 wt%, a characteristic shoulder in the region of
420–480 nm appears in the spectra, which is associated with the surface plasmon resonance
(SPR) of silver. The SPR band is known to be sensitive to the size and shape of metallic NPs,
as well as to the refractive index of the medium in which they are dispersed [49,50]. For
small spherical NPs of metallic Ag, the peak of the SPR band is in the region of 390–420 nm,
while for the ZnO-Ag composites, the Ag bands are strongly broadened and shifted toward
higher wavelengths. This is believed to be due to the distribution of silver on the surface of
zinc oxide and to the strong interfacial electronic interaction between Ag clusters and ZnO
particles [51,52].

2.4. Photocatalytic Properties of NPs
2.4.1. Photocatalytic Decomposition of Rh B

The photocatalytic activity of samples was studied on the model Rh B dye irradiated
by LEDs with wavelengths of 375 nm (soft UV-A) and 410 nm (visible region). Decom-
position of Rh B was not observed under irradiation without photocatalysts (Figure S6a).
Figure 5a shows how the absorption spectra of Rh B changed over time in presence of
sample ZnO-025Ag irradiated with LED with λ = 375 nm. Under UV excitation, dye
decomposition occurred with a slight shift of its main absorption peak (553 nm) to the
short-wave region of the spectrum. This is related to the N-diethylation of Rh B and the
formation of intermediate Rhodamine 110 [32,53]. Upon further irradiation, Rhodamine
110 is also effectively decomposed. The decrease in absorption in the entire visible range of
the spectrum and discoloration of solutions indicates the destruction of aromatic rings of
the Rh B structure. Kinetic decomposition curves for different series of samples are given
in Figure 5b–e, and the rate constants are listed in Table S1. The initial powders of ZnO and
ZnO-hν demonstrated relatively low photocatalytic activity (Figure 5b,d), which was due
to the presence of zinc hydroxycarbonates on the surface of their particles. Annealing at
400 ◦C reduced the content of this phase, leading to an increase in the rate of Rh B decompo-
sition. As a result, for both samples ZnO-400 and ZnO-hν-400, the long-wavelength band
of Rh B completely disappeared after 8 h and the solution became discolored (Figure 5c,d).
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Figure 5. Absorption spectra of Rh B during decomposition in presence of sample (a) ZnO-025Ag.
Decomposition kinetics curves of Rh B for series (b) ZnO-Ag, (c) ZnO-Ag-400, (d) ZnO-Ag-hy and
(e) ZnO-Ag-hν. Irradiation: LED with λ = 375 nm.

The addition of Ag was found to lead to increased photocatalytic activity. For the
initial series of samples without annealing and without additional laser treatment, the
decomposition rate increases with increasing silver content in composite NPs (Figure 5b). At
contents of 0.25–1 wt.%, complete Rh B decomposition was observed after 3–4 h. Additional
annealing at 400 ◦C resulted in a decrease in the decomposition rate (Figure 5c). At
Ag content of 0.1–0.5 wt%, complete decomposition was achieved in 4.5 h, while at an
Ag content of 1 wt%, it was achieved in 3 h. For the series of samples with ALT, the
decomposition rate is seen in Figure 5d to be almost independent of the Ag content, which
is probably due to the increased dispersibility of Ag. All samples of this series were
observed to degrade the dye within 3 h of irradiation. Annealing of such ALT-processed
samples at 400 ◦C also reduced their photocatalytic efficiency (Figure 5e), which is probably
due to the enlargement of Ag clusters dispersed on the surface of ZnO NPs.

Figure 6a shows how the absorption spectra of Rh B (irradiated with LED with
λ = 410 nm) changed over time in the presence of sample ZnO-1Ag-hν. The use of longer-
wavelength blue radiation led to slower photodegradation of Rh B when compared with UV
exposure and no complete decolorization of the dye was observed even after 8 h. Figure 6b
shows kinetic dependences for a number of samples with different silver content obtained
with ALT but without annealing. This series showed the best activity under visible light
irradiation. The introduction of Ag significantly increased the photocatalytic activity of its
NPs, similar to the case of UV light irradiation (Figure 5d).

In addition to efficiency, photostability is also an important characteristic of the cat-
alyst (Figure 7). Cyclic stability curves of NPs were measured under UV exposure at
λ = 375 nm without removing the catalysts from the reactor. After each Rh B degradation
cycle, 10–25 µL of concentrated dye solution was added to the reactor to restore the initial
concentration (control was performed by the optical density of the solution). Figure 7a
shows the cyclic stability curves for sample ZnO. Here, each cycle lasted 8 h, but no
complete decomposition of the dye occurred (Figure 5b). The efficiency of the catalyst is
maintained for three cycles, after which it begins to decrease. At the same time, the ZnO-Ag
composite catalysts completely decolorized Rh B solutions. Sample ZnO-1Ag is seen in
Figure 7b not to lose its efficiency for four cycles. The efficiency slightly decreased after
cycles five and six (by 3–5%,) dropping by ~40% after cycle seven. Sample ZnO-1Ag-hν,
which was ALT-processed, is seen in Figure 7c not to lose its efficiency during five cycles,
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after which it began to degrade rapidly. The best stability was shown by annealed samples.
Figure 7d shows the performance for sample ZnO-1Ag-400, which demonstrated the best
activity (Figure 5c). This photocatalyst is seen to work stably during all seven cycles and
completely decolorizes Rh B. Its ALT-processed counterpart, sample ZnO-1Ag-hν-400,
showed similar results.
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The influence of silver on the mechanism of ZnO-Ag photocatalyst operation can be
presented in the form of the scheme of photogenerated charge transfers shown in Figure 8.
Several processes of photogenerated electron transfer are possible at the interface between
ZnO and metallic Ag. At UV irradiation λ = 375 nm, electrons are transferred from the
conduction zone of ZnO to Ag clusters with a formation of the Schottky barrier, which
is characteristic of most noble metals with high yield work [54,55]. Since PLA-prepared
ZnO NPs have many defects of different natures (for example, oxygen vacancies and
interstitial zinc atoms in their ground and ionic states [46]), such defects can act as either
electron acceptors or hole traps. Therefore, the longer-wavelength irradiation (λ = 410 nm)
can result in the transition of charge carriers from defective levels of ZnO to the levels
of metallic Ag [56]. At excitation in the surface plasmon resonance (SPR) band, it is also
possible to excite electrons of silver particles [57]. Such electrons can also participate in
the generation of active particles involved in redox processes or migrate to the conduction
zone of ZnO NPs. Electron transfer from the Fermi state (Ef) of Ag NPs to defect levels
of ZnO near the conduction zone is also possible. All the above-described processes with
the involvement of silver NPs contribute to the enhanced photocatalytic efficiency of the
composite nanostructures.
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2.4.2. Photocatalytic Decomposition of Tetracycline

The photocatalytic activity of ZnO-Ag NPs towards the decomposition of the antibiotic
tetracycline (TC) was studied under LED irradiation with λ = 375 nm. TC is known to
have two characteristic absorption peaks in the UV range located at 275 and 357 nm
(Figure 9a). The shorter-wave peak at 275 nm is associated with the structure of aromatic
ring A including enolic hydroxyl, amide and ketone groups, while its longer-wave peak
at 357 nm belongs to the structure consisting of aromatic rings B, C and D [58]. Under
irradiation without a catalyst, TC is stable and only ~6% of its molecules decompose within
8 h (Figure S4b).

Figure 9a shows the spectra of TC decomposition in the presence of sample ZnO-
05Ag. Even at the dark stage of the experiment, when absorption-desorption equilibrium
is established, a shift of the long-wavelength absorption band of TC from 357 nm to 375 nm
is observed. This shift is due to the interaction of surface oxygen vacancies of ZnO NPs
with numerous OH groups of TC molecules when they absorb on the catalyst surface.
This interaction was previously reported to increase the degree of π-conjugation in the
system, leading to a red shift of the absorption peak [59]. The photodegradation of TC
in the presence of the catalyst results in a drop in optical density in both the 357 nm and
257 nm regions due to the decomposition of all aromatic rings of the molecule which are
commonly designated as A, B, C and D (see Figure 9a). The obtained kinetic curves for all
series of samples are presented in Figure 9b–e, and their corresponding rate constants are
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given in Table S2. In the presence of non-decorated ZnO NPs, complete degradation of TC
was observed within 3 h. When composite ZnO-Ag NPs were used, the degradation rate
increased along the silver content, so that in the presence of sample ZnO-1Ag, TC degraded
after just 90 min (Figure 9b). Both ALT processing and annealing of ZnO-Ag powders at
400 ◦C were found to have practically no effect on their efficiency, as the average time of
TC degradation was in the range 90–120 min.
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2.4.3. Photocatalytic Decomposition of Phenol

Phenol is a rather stable molecule that absorbs in the UV range of the spectrum shorter
than 300 nm, which is why it is not decomposed when irradiated with LED radiation
with λ = 375 nm without a catalyst (Figure 4c). Its photocatalytic decomposition in the
presence of catalysts occurs with the formation of a number of intermediate products.
Hence, after the photocatalytic reaction, its absorption spectra are seen in Figure 10a to
show additional absorption bands at 292 and 246 nm that belong to the decomposition
products hydroquinone and p-benzoquinone, respectively [32,60].

Since the absorption spectra of both the decomposition products and phenol itself
overlap, this prevents the determination of phenol’s concentration. Therefore, the decom-
position of Phen was determined from its photoluminescence spectra (inset, Figure 10a).
After as long as 8 h of irradiation in the presence of catalysts, no complete decomposition
of phenol was observed. The non-decorated sample ZnO and sample ZnO-hν showed the
smallest photocatalytic efficiency, with decomposition efficiency in their presence being
only 8–10% (Figure 10b,d). After annealing the catalysts, their efficiency was found to
increase. As seen in Figure 10c,e, after 8 h of irradiation, 22 and 60% of Phen molecules
were decomposed by samples ZnO-400 and ZnO-hν-400, respectively. The addition of
silver to ZnO NPs increased the rate of Phen degradation for all series of catalysts. The
highest photocatalytic activity was demonstrated by the ZnO-Ag-hν-400 series, which
decomposed up to 70% of the ecotoxicant molecules after 8 h of irradiation (Figure 10e).

118



Materials 2024, 17, 527

Materials 2024, 17, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 9. Absorption spectra of TC during decomposition in presence of sample (a) ZnO-05Ag. De-
composition kinetics curves of TC for series (b) ZnO-Ag, (c) ZnO-Ag-400, (d) ZnO-Ag-hν and (e) 
ZnO-Ag-hv. Irradiation: LED with λ = 375 nm. 

2.4.3. Photocatalytic Decomposition of Phenol 
Phenol is a rather stable molecule that absorbs in the UV range of the spectrum 

shorter than 300 nm, which is why it is not decomposed when irradiated with LED radi-
ation with λ = 375 nm without a catalyst (Figure 4c). Its photocatalytic decomposition in 
the presence of catalysts occurs with the formation of a number of intermediate products. 
Hence, after the photocatalytic reaction, its absorption spectra are seen in Figure 10a to 
show additional absorption bands at 292 and 246 nm that belong to the decomposition 
products hydroquinone and p-benzoquinone, respectively [32,60]. 

 

 

Figure 10. Absorption (and fluorescence, inset) spectra of Phen during decomposition in presence 
of sample (a) ZnO-1Ag-hν-400. Decomposition kinetics curves of Phen for series (b) ZnO-Ag, (c) 
ZnO-Ag-400, (d) ZnO-Ag-hν, and (e) ZnO-Ag-hν-400. Irradiation: LED with λ = 375 nm. 

Figure 10. Absorption (and fluorescence, inset) spectra of Phen during decomposition in presence of
sample (a) ZnO-1Ag-hν-400. Decomposition kinetics curves of Phen for series (b) ZnO-Ag, (c) ZnO-
Ag-400, (d) ZnO-Ag-hν, and (e) ZnO-Ag-hν-400. Irradiation: LED with λ = 375 nm.

Table 3 compared the photocatalytic performance of our samples with that of ZnO-
Ag nanocomposites previously reported by others and prepared by both laser-based and
wet-chemistry-based methods.

Table 3. Photocatalytic properties of ZnO-Ag nanocomposites.

Synthesis Conditions
Parameters of Photocatalytic Experiment

Reaction Rate Constant
for Best Sample Refs.Pollutant, Concentration/

Catalyst Loading
Light Source, Power

Laser approach synthesis

PLA Zn plate in H2O + PLA Ag plate
in ZnO colloid (Nd:YAG laser, 1064 nm,

160 µs, 100 mJ)

Rhodamine 6G, ~10−5 M/
2 mL of colloidal NPs

UV lamps (Sankyo Denki,
Japan), 8 W, peak at

352 nm

0.0167 min−1

ZnO-Ag3 (Ag 23.4%)
[37,38]

PLA Zn plate in H2O (Nd:YAG laser
(1064 nm, 7 ns, 90 mJ), calcined at

500 ◦C + photoreduction of Ag
from AgNO3

Lindane (C6H6Cl6)
5 × 10−5 M/0.5 g/L NPs

UV–vis xenon lamp,
200 W

0.0352 min−1

ZnO/Ag (Ag~3%)
[40]

PLA Zn plate in isopropanol (Nd:YAG
laser (532 nm, 7 ns, 25 mJ) + laser

photoreduction of Ag from
AgNO3 + calcined at 500 ◦C

Methylene blue (MB) 5
µg/0.15 g NPs

UV-Vis high-pressure
sodium lamp

0.00547 min−1

2 wt%Ag/ZnO (at pH 11)
[41]

PLA Zn plate in H2O + PLA Ag plate
in ZnO colloid (800 nm, 90 fs, 3.5 mW,

1 kHz)

MB 10 mg/L/
0.33 g/L NPs

250 W metal halide lamp
(GE ARC250/T/H/

960E40)

0.0419 min−1

6 wt% Ag/ZnO at pH 10)
[49]

PLA Ag-coated ZnO target in H2O
(Nd:YAG laser (1064 nm, 5 ns, 300 mJ)

MB 2.7 × 10−5 M/
~0.1 g/l NPs

UV-vis Hg lamp, VIS 2.11
klx, UVA 0.2 mW/cm2,

UVB 0.02 mW/cm2, UVC
0.08 mW/cm2

0.0233 min−1

Zn_1000Ag (0.32%)
[61]

PLA Zn plate in H2O + PLA Zn plate
in H2O + ALT of mixed solution

(1064 nm, 7 ns, 150 mJ)

Rh B 5 × 10−6 M
Phen 5 × 10−5 M
TC 5 × 10−5 M/

0.5 g/L NPs

LED 375 nm, 50 mW

Rh B, 0.0209 min−1

ZnO-1Ag-hν
Phen, 0.0019 min−1

ZnO-1Ag-hν
TC, 0.0589 min−1

ZnO-1Ag-hν

This work
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Table 3. Cont.

Synthesis Conditions
Parameters of Photocatalytic Experiment

Reaction Rate Constant
for Best Sample Refs.Pollutant, Concentration/

Catalyst Loading
Light Source, Power

Other ways of synthesis

Ultrasonic microwave-assisted method
for ZnO + thermal reduction of Ag

from AgNO3

Rh B, methylene orange
1 × 10−5 M/
0.5 g/L NPs

500 W Xe lamp with a 400
nm cut-off filter

0.0431 min−1

ZnO/Ag (Ag~10%)
[62]

Microwave-assisted one-pot method of
Ag/ZnO synthesis with thermal

reduction of Ag from AgNO3

Rh B 2.1 × 10−5 M/
1.5 g/L NPs

Xe lamp 300 W and AM
1.5 filter were used as the

simulated solar light.

0.1732 min−1

Ag:ZnO (8:92)
[27]

Hydrothermal method for ZnO and
further loaded via precipitation with
Ag (photo deposition from AgNO3)

and CDots

TC 6.8 × 10−5 M/
1 g/L NPs

UV-vis xenon lamp, 150 W
(300–780 nm)

0.03389 min−1

Ag/ZnO
0.0489 min−1

CDots/Ag/ZnO

[63]

The presented results indicate that the nanocomposites prepared in this study exhib-
ited high photocatalytic activity when using relatively low-power radiation sources (LED,
50 mW) and a low loading of Ag (0.25–0.5 wt.%).

3. Research Methods and Material Preparation
3.1. Obtaining Materials Using PLA

Pulsed laser ablation of metal Zn (99.9% purity) Ag (99.99%) plates was carried out
using the fundamental harmonic radiation of a Nd:YAG laser (LS2131M-20 model from
LOTIS TII, Minsk, Belarus) with the following parameters: wavelength λ = 1064 nm, pulse
duration 7 ns, frequency 20 Hz and pulse energy 150 mJ. At the beginning, two colloids
were prepared separately by ablating the metal Zn target in 80 mL of distilled water for
30 min and Ag target in 80 mL of water for 1–5 min. The concentration of particles in the
prepared dispersions was determined from the loss of target mass after ablation. The mass
concentration of generated NPs (by metal mass) in colloids was ~300 mg/L (for Zn) and
10–30 mg/L (for Ag). Then the colloids were mixed in such proportions that the Ag content
in the samples was 0.1, 0.25, 0.5 and 1 wt.% with respect to ZnO.

A part of mixed colloids was sonicated for 15 min and then dried in the air at ~60 ◦C
to a powder state. Below, this series of samples is denoted as ZnO-XAg where X is the mass
fraction of Ag. The sample without the addition of silver is designated as ZnO. Another
part of mixed colloids was additionally irradiated with the same focused pulsed laser
radiation as during their preparation. Such an additional laser treatment (ALT) of colloids
was carried out for 1.5 h with constant stirring using a magnetic stirrer, after which the
processed dispersions were also dried to a powder state. The use of a focused laser beam
during ALT provided plasma locally generated inside the processed colloidal mixture [64],
which stimulated the efficient formation of composite particles. This series of samples
was denoted ZnO-XAg-hν where X is the mass fraction of introduced Ag. Similar to its
non-irradiated counterpart, the sample without silver was denoted as ZnO-hν. In this way,
two lines of samples, with and without ALT treatment, were obtained. Part of the material
of the resulting powders was annealed in a muffle furnace at a temperature of 400 ◦C for
4 h. For heat-treated powders, the index 400 was added to the designation (for example,
ZnO-05Ag-400). Schematically, the preparation of series of samples used in this study is
presented in Figure 11. More details on material preparation and experimental setups,
including the preparation of mixed colloids and ALT, can be found elsewhere [55,65].
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3.2. Research Methods

The crystal structure of samples was studied using an XRD-7000 X-ray diffractometer
(Shimadzu, Kyoto, Japan) with monochromatic CuKα radiation (1.54 Å) in the 2θ range
of 20–90◦ and a scanning speed of 0.02 ◦/s using Bragg-Brentano geometry. Crystalline Si
(a = 5.4309 Å, λ = 1.540562 Å) was used as an external standard to calibrate the diffractome-
ter. The phase composition of collected patterns was analyzed using the PDF-4 database
(Release 2022). To refine the parameters of the crystal lattice and determine the regions of
coherent scattering (CSR), the full-profile analysis program POWDER CELL 2.4 was used.

The Ag content in the samples was estimated using an XRF-1800 sequential spectrom-
eter (Shimadzu, Japan). To ensure accurate determination of low Ag loadings, preliminary
calibration was performed.

The thermogravimetry analysis and differential scanning calorimetry (TG/DSC) were
performed using an STA 409 PC Luxx analyzer (Netzsch, Selb, Germany) in a dry air
atmosphere at a heating rate of 10 ◦C/min in the temperature range of 25–1000 ◦C.

Morphology and chemical composition of produced samples were also studied by
transmission electron microscopy (TEM) using a JEOL JEM-2100 instrument (Tokyo Boeki
Ltd., Tokyo, Japan) equipped with an energy-dispersive X-ray (EDX) analysis system at an
accelerating voltage of 200 kV. Samples for TEM studies were prepared by depositing NPs
dispersed in ethanol on copper grids coated with a carbon film.

Specific surface area and pore size distribution were determined by means of a TriStar
II 3020 gas adsorption analyzer (Micromeritics, Norcross, GA, USA) using low-temperature
nitrogen sorption. Before analysis, samples that were not subjected to heat treatment were
degassed in a vacuum (10−2 Torr) at room temperature. Samples subjected to calcination
were degassed in a vacuum (10−2 Torr) at 200 ◦C for 2 h using a laboratory degassing
station or with a VacPrep Degasser (Micromeritics, USA) tool. The specific surface area was
determined by the Brunauer-Emmett-Teller (BET) method.

Electrokinetic properties of dispersions were examined on an Omni S/N analyzer
(Brookhaven, Upton, NY, USA). For this, powders of samples were dispersed in distilled
water by means of sonicating for 6 min. The concentration of the prepared dispersions was
0.25 mg/mL. When studying the dependence of the zeta potential of dispersed particles
on pH, the pH of the medium was adjusted by adding 0.1 and 0.001 M solutions of
potassium hydroxide.

Optical properties of materials in the UV-Vis range were studied by diffuse reflection
spectroscopy (DRS) on a Cary 100SCAN spectrophotometer with a DRA-CA-30I module
(from Labsphere, North Sutton, NH, USA) in the wavelength range 230–800 nm. MgO
powder was used as a reference for measurements. Then, the obtained DRSs were trans-
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formed using the Kubelka-Munk function, and hence the optical band gap of ZnO (as a
direct-gap semiconductor) was estimated using the Tauck method from the curves plotted
in the coordinates (F(R)hν)2 − E(eV). The calculated band gap obtained using the Tauck
method was compared with the values obtained by the DASF method [36].

3.3. Photocatalytic Experiment

Photocatalytic activity of the prepared nanocomposites was assessed by the decom-
position of the model dye Rhodamine B (with a concentration of 5 × 10−6 M), the broad-
spectrum bacteriostatic antibiotic tetracycline (with a concentration of 5 × 10−5 M) and
the organic pollutant phenol (with a concentration of 5 × 10−5 M). The concentration of
tested catalysts was 0.5 g/L (15 mg of sample per 30 mL of aqueous medium, with no
acid or alkali added). Before photocatalysis, a dark stage was carried out for 60 min to
establish adsorption-desorption equilibrium. Then, the reactor was irradiated with LEDs
with wavelengths of 375 nm (soft UV-A) and 410 nm (visible region). The wavelength of
410 nm corresponds to the surface plasmon resonance (SPR) of Ag NPs. The total radiation
power incident on the reactor from the LEDs with 375 and 410 nm was 50 and 320 mW,
respectively. The change in the concentration of Rh B and TC was monitored through their
absorption spectra using an SF-56 spectrophotometer (OKB SPECTR LLC, Saint-Petersburg,
Russia), while the changes in the concentration of Phen was determined from its fluores-
cence spectra using an RF-5031PC spectrofluorimeter (Shimadzu, Japan). To monitor the
concentration of organics spectroscopically, at certain time intervals, aliquot samples were
taken from the reactor, centrifuged (10 min, 12,000 rpm, 8 ◦C) and analyzed spectrally,
after which the samples were returned to the reactor. Next, C/C0 curves were plotted
versus irradiation time, where C and C0 are the current and initial concentrations of organic
compound, respectively. Finally, the rate constants of the photocatalytic reaction were
calculated from the corresponding kinetic curves, assuming the first-order reaction kinetics.

4. Conclusions

In this work, using laser techniques, four series of ZnO-Ag composite nanoparticles
with silver content of 0.1–1 wt% were prepared. The composites were prepared from
individual colloids first generated by pulsed laser ablation (PLA) of metallic Zn and
Ag targets in water. According to X-ray diffraction, the as-prepared ZnO nanoparticles
contained a zinc hydroxycarbonate phase Zn2(CO3)2(OH)6 as well as Zn(OH)2 hydroxide
and the main wurtzite phase ZnO (>90 wt%). Additional laser treatment of the mixed
colloids with focused laser irradiation allows for better dispersion of silver clusters on the
surface of ZnO particles, while annealing at 400 ◦C destroys hydroxycarbonates in the
samples. Nevertheless, some traces of Zn2(CO3)2(OH)6 and Zn(OH)2 are still seen in the
SAED patterns of annealed samples. Adding silver was found not to affect the absorption
band edge (and, consequently, the band gap energy) of the composite particles, and the
broad SPR band of Ag clusters indicates a strong interfacial electronic interaction between
Ag and ZnO.

At the same time, the addition of silver is shown to enhance both the photocatalytic
properties of the composite particles and their stability as catalysts. This can be explained
by the better charge separation in composite particles and by the changes in the kinetics
of electrons due to the formation of the Schottky barrier and, possibly, the SPR effect in
silver clusters. The obtained composite photocatalysts with low content of loaded Ag
were demonstrated to effectively degrade the persistent model dye Rh B, as well as the
well-known ecotoxicant phenol and the common antibiotic tetracycline (under low-power
irradiation from an LED source with a wavelength of 375 nm).
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Nitrogen adsorption-desorption isotherms for BET of samples: (a) ZnO-Ag; (b) ZnO-Ag-400; (c) ZnO-
Ag-hν; (d) ZnO-Ag-hν-400; Figure S3: TG-DSC (Thermogravimetry-differential scanning calorimetry)
curve of ZnO; Figure S4: Diffuse reflectance spectra of a series of samples: (a) ZnO-Ag; (b) ZnO-
Ag-400; (c) ZnO-Ag-hv; (d) ZnO-Ag-hν-400; and estimation of the band gap using the Tauc method
insert; Figure S5: Example spectra for calculating Eg using the DASF method for sample (a) ZnO and
(b) ZnO-hv; Figure S6: Absorption spectra of (a) Rh B, (b) TC and (c) Phen before and after 480 min
LED λ = 375 nm irradiation; Table S1: Reaction rate constants for the decomposition of RhB under
irradiation with LED λ = 375 nm; Table S2: Reaction rate constants for the decomposition of TC under
irradiation with LED λ = 375 nm; Table S3: Reaction rate constants for the decomposition of Phen
under irradiation with LED λ = 375 nm.
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Abstract: In light of the urgent need to develop environmentally friendly materials that, at some
point, will allow the reduction of concrete and, consequently, cement consumption—while at the
same time allowing the reuse of waste and industrial by-products—alkali-activated fly ash (AAFA)
geopolymer composite emerges as a material of great interest. The aim of this study was to investigate
the physico-mechanical performance of composites based on AAFA binders and the effect of different
types of aggregates on these properties. The experimental results indicate variations in flexural
and compressive strength, which are influenced both by the nature and particle size distribution of
aggregates and the binder-to-aggregate ratio. The analysis of the samples highlighted changes in
porosity, both in distribution and pore size, depending on the nature of the aggregates. This supports
the evolution of physico-mechanical performance indicators.

Keywords: geopolymer composites; fly ash; micronized quartz; glass aggregates

1. Introduction

Cement production contributes at least 5–8% of global carbon dioxide emissions [1].
Such a massive output has a significant impact on the environment. A sustainable al-
ternative to cement-intensive concrete is geopolymer binders [2–4]. These are currently
under development, and research is focused on meeting the imperative to reduce global
CO2 emissions. With excellent mechanical properties and durability in challenging envi-
ronments, these materials offer an opportunity for both environmental and engineering
considerations, providing an alternative to conventional technology [5,6]. Geopolymer
concrete is considered a third-generation binder after lime and cement. Some studies using
the European life cycle database, Ecoinvent, suggest that using it may lead to a potential
reduction in greenhouse gas emissions ranging from 25 to 45% [7], or even up to 70% [8].

Geopolymer binders are essentially formed through chemical reactions. The specific
category is created by the alkaline activation of materials abundant in SiO2 and Al2O3 [9].
The ash from thermal power plants contains significant proportions of aluminium and
amorphous silica, making it a suitable source for geopolymer production [10]. The steps of
the chemical process used to obtain geopolymers by alkaline activation of the thermal power
plant ash, as outlined by Buchwald et al. [11], can be described by the chemical reaction.
The overall chemical reaction of thermal power plant ash is expressed by Equation (1). As
a result of this repolymerization mechanism, a distinct spatial, three-dimensional arrange-
ment can be observed at a microstructural level in geopolymers; this is in contrast to the
non-spatial arrangement of Si and Ca oxides typically found in cementitious composites [12].

SiO2 · αAl2O3 · βCaO · γNa2O · δFe2O3 · εTiO2 + (β + γ + 3δ)H2O + (2 + 2α + ε)OH→
SiO3

2− + 2αAlO2− + βCa2+ + 2γNa+ + 2δFe3+ + εHTiO3− + (1 + α)H2O + 2(β + γ + 3δ)
(1)
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Therefore, as reported in the literature, the microstructural characteristics of geopoly-
mer composites are closely related to the specific raw materials and the production
technology [4,9,13–18]. These significantly influence the physico-mechanical performance
and durability of the cured and matured composite [19–72].

Several studies have documented a wide variation in the oxide composition of fly
ash; the main oxides are Al2O3, SiO2, Fe2O3 and CaO. The prevailing consensus is that
fly ash consists predominantly of spherical, amorphous particles, but it also contains
crystalline structures that dissolve more gradually and often only partially during the
geopolymerization process. In addition, it is acknowledged in the literature that these
oxides are present in fly ash in different mineralogical phases such as anhydrite, quartz,
portlandite, hematite, calcite or, to a lesser extent, mullite. The reactivity of fly ash tends to
be higher when the content of crystalline phases is lower [10].

When produced from various raw materials, geopolymers typically consist of a blend
of crystalline aluminosilicate particles and semicrystalline and amorphous aluminosilicate
gels. A detailed characterization of their structural constitution is challenging because of
their complex composition and the difficulty in separating the crystalline aluminosilicate
particles from the semi-crystalline and amorphous gel phases; however, this is vital to
understand their mechanical strength. Therefore, a comprehensive understanding of both
the structural composition and the gel phases in geopolymers is essential [73]. Scanning
electron microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS) stands
out as a primary method employed for the analysis of microstructures. These methods
have been previously employed for the characterization of clay, zeolites, fly ash, cement
and concrete [73–81].

Consequently, the literature points to a significant variation in the mechanical strength
of both the geopolymer binder and geopolymer composites (which consists of the binder
matrix containing the aggregate skeleton). The variability is influenced by factors such
as the characteristics and percentage content of Si and Al in the fly ash, the Si/Al ratio,
the type of alkaline activator used, the molarity of the NaOH or KOH solution used, the
mass ratio between the Na2SiO3 and NaOH (or KOH) solutions in the preparation of the
alkaline activator, the duration and temperature of the heat treatment or the age at testing.
Compressive strengths in the range of 10 MPa to 95 MPa have been reported for both
the geopolymer binder and the geopolymer composite, and aggregate granulation up to
4 mm has been observed [19–72]. Research has shown that heat treatment temperature is
critical in formulating and producing geopolymer materials. The ideal temperature for
heat treatment falls between 60 ◦C and 75 ◦C [61].

There are limited studies about the use of different sands as aggregates in the geopoly-
mer mortar. Aggregates greatly influence the characteristics of mortar or concrete, both
in fresh and hardened states. Their grading, shape and texture greatly affect properties of
concrete in a fresh state (i.e., workability, finishability, bleeding or segregation). Moreover,
when hardened characteristics are considered, density, mechanical strength, porosity or
water absorption are also highly affected by aggregate features [82].

Several researchers have studied the influence of different types of aggregates in
terms of mechanical properties of geopolymer materials [82–86]. Mechanical properties of
geopolymer concrete with different fine aggregate content and grading (sand and granite
slurry) were mixed together in different proportions (100:0, 80:20, 60:40 and 40:60) using
fly ash and granulated slag as raw material, with a 50:50 aggregate:binder ratio [83]. The
mechanical properties of the geopolymer materials (compressive strength, flexural strength)
were studied after 7, 28 and 90 days of curing at ambient room temperature. The results
show that the mechanical properties increased up to a fine aggregate proportion of 60:40; a
decreasing trend has been observed at a proportion of 40:60.

Other studies have investigated the influence of aggregate mass percentages in the
geopolymer binder to determine the impact of the ratio of binder:aggregate on the syn-
thesized material properties [84]. The study shows that the incorporation of aggregates
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in the reaction mixtures changes the aspect of the materials due to interactions between
binders and aggregates. Several other parameters that could influence adhesion between
the aggregates and the binder are the porosity, the roughness of the aggregates and the
chemical composition at the interface [85,86]. The optimal aggregate choice may vary
depending on the specific application, desired properties and local material availability.
Additionally, proper mix design and testing should be conducted to ensure the desired
performance of geopolymer-based materials with selected aggregates.

The aim of this study is to analyse the effects of mixing different local source aggregates
with an alkali-activated fly ash-based geopolymer binder in composite materials. These
aggregates are sourced from either recycled waste (i.e., glass waste, spent garnet) or quartz
aggregates; each is characterized by a different granulation that influences the basic physico-
mechanical properties of the material.

2. Materials and Methods
2.1. Preparation of the Geopolymer Binder

The geopolymer binder was obtained by alkaline activation of fly ash (FA) obtained
from Rovinari power plant in Romania. Fly ash was chosen because previous studies [87]
have shown that its chemical composition and particle size distribution make it suitable for
the production of geopolymer binders with increased mechanical performances. Character-
ization of the fly ash was carried out prior to its use in the preparation of the geopolymer
binder. This included the determination of the chemical composition by XRF analysis and
the assessment of the R0.045 fineness (Table 1 and Figure 1). The chemical composition and
the particle size distribution of the fly ash were investigated using X-ray fluorescence (XRF)
analysis, using a HELOS RODOS/L, R5 instrument (Sympatec GmbH, Clausthal-Zellerfeld,
Germany) (Table 1). The mineralogical composition of the fly ash was investigated using
an X-ray diffraction (XRD) analysis (Figure 2), Bruker D8 ADVANCE X-ray diffractometer
(Bruker, Karlsruhe, Germany). Scans were collected in the range of 5–60◦ (2θ) with a step
size of 0.02◦ and a scan speed of 10 s per step.

Table 1. Characterization of fly ash.

Oxide
composition

(%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5

46.94 23.83 10.08 10.72 2.63 0.45 0.62 1.65 0.25

TiO2 Cr2O3 Mn2O3 ZnO SrO CO2 P.C. SiO2+Al2O3

0.92 0.02 0.06 0.02 0.03 - 2.11 70.77

R0.045 (%) 31.40
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Figure 2. Screenshot of the XRD spectra for the fly ash powder.

The diffuse reflection peak for quartz was predominantly at 26.59◦ (2θ), with additional
smaller peaks at 20.82 and 50.14◦ 2θ. Albite was detected at 13.88, 23.53 and 27.90◦ (2θ).
Muscovite M1 was identified at various angles: 19.91, 22.93, 25.50, 26.78, 27.90, 29.84 and
35.06◦ (2θ). Hematite was identified by X-ray diffraction at angles of 24.02, 33.09, 35.47,
40.82, 49.28, 53.96 and 57.29◦ (2θ). The peak with the highest intensity at 2θmax, 26.59◦ (2θ)
was assigned to quartz.

Based on previous studies regarding the production of alkali-activated fly ash-based
geopolymer binders [87], the alkaline activator solution (AA) was prepared by mixing a
sodium hydroxide (NaOH) solution with a molar concentration of 8 M in a 1:1 constant
mass ratio with a commercially purchased sodium silicate (Na2SiO3) solution at room
temperature. After preparation and before use, the alkaline activator solution was stored in
a sealed container under laboratory conditions (23 ◦C) for 24 h to mature.

The mixing of the components and the preparation of the geopolymer binder were
carried out in a laboratory environment (23 ◦C and 65% RH) using an ELE laboratory
mixer, with a stainless-steel beater (ELE International, Milton Keynes, UK), according to
EN 196-1 [88]. The mass ratio between the amount of fly ash and the amount of alkaline
activator used in the preparation was kept constant at 0.9.

The geopolymer binder sample, identified by code P1, was used as a control sample
in comparison to all subsequent composite samples and was prepared using only fly
ash and alkaline activator. The control sample, i.e., the binder sample, was prepared
without aggregates, because the aim of the study was to comparatively analyse both the
influence of different types of aggregates on the performance of the geopolymer material
and the influence of introducing aggregates into the geopolymer binder, thus obtaining the
transition to geopolymer mortar composites.

2.2. Preparation of the Geopolymer Composite Samples

For the formulation of geopolymer composites, different types of aggregates with
a maximum particle size of 8 mm have been incorporated into the geopolymer binder
during the preparation process, with specific identification codes (P2–P12) for each mixture.
These include polygranular CEN- NORMSAND EN 196-1 sand (P2), granular class 0/4 mm
natural aggregates (P3), granular class 4/8 mm natural aggregate (P4), granular class
0/4 mm recycled glass aggregate (P5), granular class 4/8 mm recycled glass aggregate
(P6), micronized quartz (P7), 0/0.3 mm granulated quartz (P8), 0/0.5 mm granulated
quartz (P9), 0/0.6 mm granulated quartz (P10), 0.3/0.7 mm granulated quartz (P11) and
spent garnet (P12). For each type of aggregate used in the production of the samples,
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bulk apparent density was analysed in accordance with EN 1097-3 [89] (Table 2); and
particle size distribution (Figure 3) was analysed using a sieving method. This range of
aggregates was chosen to facilitate an analysis of their influence on the physico-mechanical
properties of the geopolymer composite, considering both the nature of the aggregate and
the granularity characteristics.

Table 2. Bulk apparent density of the aggregates used in production of the alkali-activated fly
ash-based geopolymer samples.
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Figure 3. Graphical representation of the particle size distribution of the aggregates used in the
production of alkali-activated fly ash-based geopolymer samples.

To analyse both the influence of the type of aggregates used in the production of the
geopolymer samples and the influence of mass ratio between geopolymer binder and ag-
gregates on the physico-mechanical properties samples, three binder:aggregate ratios were
used (1:1, 0.75:1 and 1.25:1). The components were mixed and the geopolymer composites
were prepared under the same temperature, relative humidity and equipment conditions
as those described in Section 2.1. A minimum of 3 sets of samples were produced to analyse
the influence of the type, specific granulation and geopolymer binder/aggregate ratio on the
physico-mechanical performances of the alkali-activated fly ash-based geopolymer mixtures.

After being cast into 40 × 40 × 160 mm moulds, with the corresponding vibration,
the samples were subjected to a (70 ◦C for 24 h) heat treatment using a thermostatic
MEMMERT ULE 500 chamber (MEMMERT GmbH+Co.KG, Schwabach, Germany). After
demoulding, the geopolymer samples were stored in laboratory conditions (T = 23 ◦C and
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RH = 65%). Testing to determine their mechanical properties was carried out after 7 days.
The experimental research methodology is graphically outlined in Figure 4.
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2.3. Physico-Mechanical Analysis of the Alkali-Activated Geopolymer Samples

Prior to the physico-mechanical performance evaluation tests, the density of the
geopolymer samples was determined as the ratio between the mass of the samples, deter-
mined by weighing using a precision balance (KERN FKB 36K0.1, KERN & SOHN, Albstadt,
Ebingen, Germany) and their volume, by direct measurement of the real dimensions using
an electronic calliper with an accuracy of 0.01 mm.

To obtain the flexural and compressive strength results for all of the alkali-activated fly
ash based geopolymer samples, tests were conducted according to the (EN 196-1:2006 [88])
standard method for evaluation of mechanical performances of OPC paste and standard
type mortar.

Total water absorption of the alkali-activated fly ash-based geopolymer samples was
determined by submerging the test samples in water, at a constant temperature of (20± 5) ◦C,
until they reached constant mass. The minimum immersion period of the samples was
3 days. After reaching the saturated state constant mass, they were weighed. Subsequently,
samples were placed in an oven and dried at a temperature of (105 ± 5) ◦C, to reach the
constant mass. The water absorption of each sample was expressed as mass percentage loss.

Prior to the water absorption test, porosity was evaluated using a calculation for all
alkali-activated fly ash-based geopolymer samples. This method was used by assimilation
with standardized methods for characterizing the porosity of concrete, which allows the
determination of this parameter based on the apparent and real density of the material. The
porosity of the alkali-activated fly ash-based geopolymer samples was determined using
the pycnometer method. The concrete samples were crushed and a representative amount
was collected. The obtained material was placed in the mill and then passed through a
0.02 mm sieve. After sieving, it was dried at constant mass in the oven. The porosity of the
samples was calculated by means of apparent density and real density, as a percentage.
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The porosity of geopolymer materials was monitored and quantified to study the
influence of this parameter on the mechanical properties, for the use of different types
of aggregates.

For each physico-mechanical indicator experimentally determined for the alkali-
activated fly ash-based geopolymer samples (density, flexural strength, compressive strength,
porosity), a variation of the specified indicator was calculated and expressed as a percentage
difference to the value obtained in the control sample (P1).

2.4. Optical, SEM and EDS Analysis of Samples

Aggregate distribution and porosity analysis were carried out on each sample by
microscopic examination using a Leica SAPO optical stereomicroscope (LEICA, Wetzlar,
Germany). From the overall sample set, three mixtures were selected for scanning elec-
tron microscopy (SEM) and energy-dispersive spectroscopy (EDS): P1—control sample,
P5—granular class 0/4 mm recycled glass aggregates and P7—micronized quartz. The
selection criteria included the mixtures with the most favourable physico-mechanical per-
formances for recycled glass aggregates and the mixture with micronized quartz, which
showed superior physico-mechanical performance compared to all quartz-type aggregate
mixtures. Considering that a binder-aggregate ratio greater than 1:1 (1.25:1) typically re-
sults in an increased water absorption, it was important to balance the amount of available
binder in the composite matrix to effectively incorporate the aggregates to achieve good
mechanical strength performances; therefore, samples with the average binder to aggregate
ratio of 1:1 were selected for the optical, SEM and EDS analyses.

The SEM and EDS images were acquired with a JEOL/JSM 5600-LV scanning electron
microscope (JEOL Ltd., Tokyo, Japan) using the secondary electron imaging (SEI) mode
at an acceleration voltage of 15 kV. As part of the preparation process, to increase the
electrical conductivity for electron microscopy analysis, the samples were coated with gold
by plasma sputtering.

The aim of using these methods was both to demonstrate the good conditions of the
geopolymerization reaction process, with the formation of specific compounds, and to
highlight their homogeneous distribution in the geopolymer matrix, with direct effects on
the mechanical behaviour.

3. Results and Discussions
3.1. Physico-Mechanical Properties of the Samples

The experimental results regarding the physico-mechanical properties of the alkali-
activated fly ash-based geopolymer samples are presented in Figures 5–9, as the arithmetic
mean of the individual values for each situation.

As observed in Figure 5, as expected, the density of the geopolymer samples increased
when aggregates were incorporated in the geopolymer binder matrix, regardless of their
type, compared to the control sample. However, results show that both the type of aggregate
and the geopolymer binder to aggregate ratio influence the behaviour in the variation of
this parameter. It can, therefore, be stated that irrespective of the geopolymer binder to
aggregate ratio the maximum percentage increase in bulk density compared to the control
sample was obtained when incorporating granular size 4/8 mm natural aggregates (Mixture
P4). This increase was 19.55% for the geopolymer samples with a binder: aggregate ratio
1:1, 39.72% for 0.75:1 and 27.33% for 1.25:1. The lowest increase in bulk density, regardless
of the geopolymer binder to aggregate ratio, was obtained for samples produced using
spent garnet as the aggregate: 4.91% (binder: aggregate ratio 1:1), 15.65% (binder: aggregate
ratio 0.75:1) and 6.41% (binder: aggregate ratio 1.25:1).

133



Materials 2024, 17, 485Materials 2024, 17, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 5. The influence of aggregates on the density of the alkali-activated fly ash-based geopolymer 
samples. 

The impact on flexural strength of using different aggregates is shown in Figure 6. 
Results show that adding aggregates into the geopolymer binder matrix can have both a 
positive and a negative effect on this parameter, depending on the type of aggregate and 
the binder:aggregate ratio. 

 
Figure 6. The influence of aggregates on the flexural strength of the alkali-activated fly ash-based 
geopolymer samples. 

Thus, except for micronized quartz (P7), which showed a slight increase (3.47% with 
respect to the control sample), a reduction in flexural tensile strength was observed for all 

Figure 5. The influence of aggregates on the density of the alkali-activated fly ash-based geopoly-
mer samples.

The impact on flexural strength of using different aggregates is shown in Figure 6.
Results show that adding aggregates into the geopolymer binder matrix can have both a
positive and a negative effect on this parameter, depending on the type of aggregate and
the binder:aggregate ratio.
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Thus, except for micronized quartz (P7), which showed a slight increase (3.47% with
respect to the control sample), a reduction in flexural tensile strength was observed for
all the types of aggregate used when their respective quantities were equal to that of the
geopolymer in the composite matrix.

The maximum reduction in flexural tensile strength of geopolymer binder composites
compared to the control sample was 37.72%. This was observed when using recycled glass
aggregates of granular class 4/8 mm (P6), at a geopolymer binder to aggregate ratio of 1:1.
As the amount of geopolymer binder in the composite matrix decreased (geopolymer binder
to aggregate ratio of 0.75:1), the influence of the aggregate type and its granular class on the
flexural tensile strength became more apparent. The parameter increases with respect to the
control sample were recorded when polygranular sand (P2), natural aggregates granular
class 0/4 mm (P3), micronized quartz (P7), granulated quartz 0/0.6 mm (P10), 0.3/0.7 mm
(P11) or spent garnet (P12) were used. The maximum increase was 26.41% compared to
the control sample; this was observed in the case of micronized quartz. Conversely, the
use of coarse aggregates, natural aggregates of granular class 4–8 mm (P4) or recycled
glass aggregates of granular class 4/8 mm (P6), and the effect of using recycled glass
aggregates—including small-sized recycled glass aggregates of granular class 0/4 mm
(P5)—leads to a decrease in flexural strength. The peak value is 34.80% (P6) compared to
the control sample. As the amount of geopolymer binder in the composite matrix was
increased (geopolymer binder to aggregate ratio of 1.25:1), different effects were also
observed, both in terms of increase and decrease in flexural strength, depending on the
type and granulation of the aggregate. In general, the positive effect, which results in an
increase in the parameter studied, is maintained using granular sand or quartz. This is
consistent with the previous scenario (geopolymer binder to aggregate ratio of 0.75:1).
The most significant improvement was observed when micronized quartz (P7) was
used. This resulted in an increase of 34.51% compared to the control sample. Similarly,
the diminishing effect on flexural strength due to the incorporation of recycled glass
aggregates into the geopolymer binder matrix is again evident, with the most significant
reduction of 41.01% being observed for large-sized recycled glass aggregates of granular
class 4/8 mm (P6).

When analysing the influence of the type of aggregate, its granulation and the geopoly-
mer binder:aggregate ratio on the compressive strength of the geopolymer composites
(Figure 7), several similarities can be observed when compared with the control sample
(geopolymer binder without aggregates). Regardless of the geopolymer binder to aggregate
ratio, the most significant reduction in compressive strength compared to the control is
observed when using spent garnet (P12): 34.46%, 30.99% and 11.64%. In addition, the use
of micronized quartz (P7) increased the compressive strength of the samples regardless
of the geopolymer binder to aggregate ratio, with values of 21.47%, 14.21% and 52.38%.
The use of quartz aggregates does not guarantee a consistent effect on compressive
strength. Depending on the granulation of the aggregates, compressive strength may
be improved or reduced. Even when using recycled glass aggregates, an increase in the
compressive strength was observed. It should be noted that the granular class of the
aggregates is a key element that can have either positive or negative effects. In some
cases, the compressive strength of the composite can be increased by more than 18%,
especially when these aggregates with a large grain size (4/8 mm) are introduced into
the geopolymer binder matrix. However, this is at a reduced quantity (geopolymer
binder to aggregate ratio = 0.75:1).
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geopolymer samples.

A cumulative analysis of the mechanical strength in both flexural and compressive
strength tests for all geopolymer binder composites considering all types of aggregate used
suggests that in most cases a geopolymer binder to aggregate ratio of 1:1 is not the most
favourable alternative. Thus, in most situations, reducing the amount of binder by 25%
(geopolymer binder to aggregate ratio = 0.75:1) resulted in an improvement in flexural
strength, while maintaining the aggregate type.

However, there were instances where increasing the amount of binder by 25% (geopoly-
mer binder to aggregate ratio = 1.25:1) resulted in an improvement in mechanical perfor-
mances, particularly natural aggregates with a bigger particle size (4/8 mm). In the case
of compressive strength, it was observed that an increase of 25% in the amount of binder
(geopolymer binder to aggregate ratio = 1.25:1) can be a factor, with the potential to improve
this performance, both for natural aggregates, recycled glass aggregates or quartz aggre-
gates. It can, therefore, be seen that in terms of mechanical strength performance, similar
to cementitious composites, both the binder matrix and the aggregate matrix structure
of the composite, as well as their interaction and the bond between them, contribute to
the overall result. Furthermore, as will be shown indirectly by the analysis of porosity
and water absorption of the analysed samples, all these aspects are closely related to the
porosity and distribution of pores within the composite mass.

The experimental results indicate the influence of introducing aggregates into the
geopolymer binder matrix, but there is also an influence from the characteristics of these
aggregates on the apparent porosity of the composites (Figure 8). As observed, in general,
the porosity has a decreasing trend with the introduction of aggregates into the geopoly-
mer binder matrix. This decreasing trend of porosity is generalized for the situations
binder:aggregate = 1:1, respectively 0.75:1, regardless of the nature of the aggregates. In
the case of a binder:aggregate ratio = 1.25:1, exceptions, i.e., increases in open porosity
compared to the control sample, are observed for the situations P4 (natural aggregates
granular class 4/8 mm), P5 (glass granular class 0/4 mm) and P7 (micronized quartz).
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mer samples.

The increase in open porosity is probably due to various causes: in the case of natural
aggregates, this is due to the larger grain size; in the case of glass aggregates, it is due
to the shape of the grains and the lack of adhesion in the contact zone; and in the case
of micronized quartz, it is probably due to the additional SiO2 input involved in the
geopolymerization mechanism. For each type of aggregate, the same trend of porosity
evolution is observed as a function of the binder:aggregate ratio, i.e., a higher amount
of binder results in a higher open porosity, which is in correlation with the experimental
results recorded for water absorption (a phenomenon that occurs through the capillarity of
the material and is directly related to the open porosity).

Research clearly evidences that the water to solids ratio of the mixtures plays an
important role in the pore size distribution of the cured geopolymers. In the case of
geopolymerization, water is consumed only marginally during the alkali activation process
of fly ash. For this reason, the volume fraction of the liquid activator governs the final open
porosity of the geopolymers. Curing temperature and curing time also play an important
role in the definition of geopolymer porosity. In general, a systematic increase in the total
volume of pores is observed when the curing temperature increases. Inconsistent results
have also been found in relation to the variation of porosity and pore size distribution
during the curing time [90,91].

In terms of water absorption of the geopolymer binder composites (Figure 9), it is
most evident that for all types of aggregates used, no specific behaviour could be observed
for the results obtained when compared to the control sample. It can also be observed that
a 25% reduction in the amount of geopolymer binder in the composite (geopolymer binder
to aggregate ratio = 0.75:1) results in a reduction in water absorption, whereas an increase
in the amount of geopolymer binder in the composite (geopolymer binder to aggregate
ratio = 1.25:1) results in an increase in this parameter compared to the value obtained for
the same binder to aggregate ratio.
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Figure 9. The influence of aggregates on water absorption of the alkali-activated fly ash-based
geopolymer samples.

The most significant changes were observed for the samples produced using poly-
granular sand (P2), in which a reduction in the quantity of geopolymer binder resulted
in a reduction in water absorption of over 45%. Similarly, when using natural aggregates
with a large grain size (P4), an increase in the amount of geopolymer binder resulted in a
reduction in water absorption of more than 31% compared to the situation with a binder to
aggregate ratio of 1:1. Analysis of the experimental data obtained for a constant binder to
aggregate ratio shows the influence of the nature and granulometry of the aggregates on
water absorption. Thus, for a binder to aggregate ratio of 1:1, the most significant reduction
in water absorption compared to the control sample was recorded for the composite with
recycled glass aggregates of granular size 0–4 mm (P5)—33.03%. However, this trend
was not as pronounced when using granular class 4–8 mm recycled glass aggregates (P6),
indicating that their distribution in the geopolymer binder matrix modifies the open poros-
ity. This is a factor closely related to water absorption. It is probable that recycled glass
aggregates with a small grain size allow a better distribution in the mass, together with a
lower open porosity; or even the possibility of the fine part of the aggregate closing some
of the open pores formed in the geopolymer binder during the geopolymerization process.
This hypothesis is supported by the behaviour of composites produced using polygranular
sand (P2), natural aggregates of granular class 0–4 mm (P3) or quartz aggregates; these are
all characterized by a higher proportion of fine particles and a significant reduction in water
absorption. Furthermore, when examining the results in which the amount of geopolymer
binder in the composite was reduced (geopolymer binder to aggregate ratio = 0.75:1), there
was an enhanced effect in reducing water absorption. This exceeded a 60% reduction
compared to the control sample when using polygranular sand (P2). Conversely, when
the amount of geopolymer binder in the composite was increased (geopolymer binder to
aggregate ratio = 1.25:1), the effect on reducing water absorption was less pronounced.
These results underline both the importance and the feasibility of reducing water absorp-
tion in composites through key factors: the type of aggregate, granularity and the amount
of binder available in the matrix.
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3.2. Optical, SEM and EDS Analysis of Samples

In order to assess the behaviour of the alkali-activated fly ash-based geopolymer
samples, the variation of the observed physico-mechanical indicators was further supported
by means of optical analysis and microstructural characterization of the samples.

Microscopic analysis of the structure of the geopolymers (Figure 10) has highlighted
mixtures in which the distribution of the aggregates is homogeneous and uniform. An
exception is seen when using natural or recycled glass aggregates with large particle sizes
(P4) and (P6), which show a tendency towards segregation. In addition, the presence
of pores formed during the setting process was observed in the mass, with a variable
distribution and size depending on the type and granular class of the aggregates. The
control sample has a porosity characterized by an even distribution of numerous small
pores. In contrast, the composite samples show a non-uniform distribution of porosity,
with the presence of larger pores (maximum diameter, 1140 µm, for sample P7) but in
smaller quantities. The use of recycled glass aggregates tends to reduce porosity, both in
terms of pore size and frequency. In this case, the behaviour of the geopolymer samples is
attributed to a combination of effects: improvement due to reduced porosity, but also lack of
improvement due to the tendency for segregation, with the aggregates migrating towards
the lower part of the specimens; this is probably due to a reduced degree of cohesion with
the geopolymer binder. Quartz aggregates generally tend to reduce porosity but depending
on their granulometry the composite matrix may have areas of clustered pores along with
more compact areas of few and small pores. Spent garnet has a comparable effect on
porosity, such as the patterns observed with coarse sand and natural aggregates, where the
composite matrix presents a combination of larger and smaller pores which are randomly
distributed.

Materials 2024, 17, x FOR PEER REVIEW 14 of 22 
 

 

3.2. Optical, SEM and EDS Analysis of Samples 
In order to assess the behaviour of the alkali-activated fly ash-based geopolymer 

samples, the variation of the observed physico-mechanical indicators was further sup-
ported by means of optical analysis and microstructural characterization of the samples. 

Microscopic analysis of the structure of the geopolymers (Figure 10) has highlighted 
mixtures in which the distribution of the aggregates is homogeneous and uniform. An 
exception is seen when using natural or recycled glass aggregates with large particle sizes 
(P4) and (P6), which show a tendency towards segregation. In addition, the presence of 
pores formed during the setting process was observed in the mass, with a variable distri-
bution and size depending on the type and granular class of the aggregates. The control 
sample has a porosity characterized by an even distribution of numerous small pores. In 
contrast, the composite samples show a non-uniform distribution of porosity, with the 
presence of larger pores (maximum diameter, 1140 μm, for sample P7) but in smaller 
quantities. The use of recycled glass aggregates tends to reduce porosity, both in terms of 
pore size and frequency. In this case, the behaviour of the geopolymer samples is at-
tributed to a combination of effects: improvement due to reduced porosity, but also lack 
of improvement due to the tendency for segregation, with the aggregates migrating to-
wards the lower part of the specimens; this is probably due to a reduced degree of cohe-
sion with the geopolymer binder. Quartz aggregates generally tend to reduce porosity but 
depending on their granulometry the composite matrix may have areas of clustered pores 
along with more compact areas of few and small pores. Spent garnet has a comparable 
effect on porosity, such as the patterns observed with coarse sand and natural aggregates, 
where the composite matrix presents a combination of larger and smaller pores which are 
randomly distributed. 

    
P1 4× P2 4× P3 4× P4 4× 

    
P5 4× P6 4× P7 4× P8 4× 

    
P9 4× P10 4× P11 4× P12 4× 

Figure 10. Optical microscopy images of the control sample and geopolymer binder composites for 
binder:aggregate ratio = 1:1 (4× measurement). 

The morphology and microstructure of the alkali-activated fly ash geopolymer com-
posites were investigated by analysing sections of samples P1, P5 and P7 using SEM and 

Figure 10. Optical microscopy images of the control sample and geopolymer binder composites for
binder:aggregate ratio = 1:1 (4×measurement).

139



Materials 2024, 17, 485

The morphology and microstructure of the alkali-activated fly ash geopolymer com-
posites were investigated by analysing sections of samples P1, P5 and P7 using SEM and
EDS techniques. Figure 11 P1a, P5a and P7a show the SEM images at ×50 magnification,
while Figure 11 P1b, P5b and P7b show the elemental distribution maps in the samples
investigated. Figure 11 P1a shows the SEM image of the sample corresponding to the
control composition. Visual assessment of the region examined suggests the formation of
a dense structure with uniform micro-pore distribution within the sample. The average
micro-pore size measured within the region analysed was 61.2 µm. A comparable struc-
ture was observed in sample P7. However, in this instance, the average micro-pore size
measured approximately 80.8 µm. However, in Figure 11 P5a, which illustrates the sample
containing recycled glass aggregates (granular class 0/4 mm), a distinct scenario emerges.
The glass aggregates appear embedded in the geopolymer binder mass, which appears less
cohesive and more porous.
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Figure 11. Elemental distribution map of Si, O, Ca and Al in the control sample (P1(a,b)) and the
samples with recycled glass aggregates granular class 0/4 mm (P5(a,b)) and micronized quartz
(P7(a,b)) for binder:aggregate ratio = 1:1.

The comprehensive EDS spectra (Figure 12 P1b, P5b and P7b and Table 3) as well
as the EDS elemental distribution maps (Figure 11 P1b, P5b and P7b) reveal a uniform
distribution of Si, Na and Al over the entire area examined in each specimen. This is
consistent across all specimens. These elements play a direct role in the geopolymerization
reactions that form robust Si-Al and Na-Al-Si bonds and, therefore, provide a basis for
the strength of the geopolymer composite. The elevated presence of O, Si, Al and Na in
distinct regions of the samples, correlated with the observed microstructures, suggests the
presence of sodium alumino-silicate hydrate (N-A-S-H) gel. Conversely, in the case of P5,
concentrations of Si and O are heightened in regions where glass aggregates are present
(attributed to the specific composition of glass: CaO, Al2O3 and SiO2), while Al distribution
is observable.
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Figure 12. SEM micrographs and EDS spectra, recorded in the selected marked area (1–4), of the P1a (control
composition), P5a (recycled glass) and P7a (micronized quartz) samples; for binder:aggregate ratio = 1:1.

Table 3. Spectra values of EDS for various distributions of elements in the examined regions (1–4).

Mixture Spectra O
%

S
%i

Na
%

Al
%

Ca
%

Fe
%

K
%

Mg
%

P1a

S1 49.8 23.8 10.3 8.4 3 2.3 1.8 0.6

S2 48 20.3 7.6 17 1.4 2.3 1.1 1

S3 44.3 27.7 6.9 9.2 1.7 5.6 2 1.4

S4 44.6 24.3 8.2 9.7 3.2 6.1 2.2 1

P5a

S1 53.3 22.3 6.4 9.2 1.2 3.8 1.6 1.4

S2 34.9 16.6 3.9 8.1 14.7 19.3 1.2 0.5

S3 51.4 23.5 10 6 3.1 2 1.4 1.9

S4 46.4 26.2 8.7 8 5.1 2.5 2.2 0.9

P7a

S1 55.1 12.2 26 2.2 1 1.2 0.5 0.3

S2 45.8 31.9 4.5 4.1 3.8 8 1.3 0.6

S3 52.3 28.5 6.7 5.9 2 2.2 1.2 1

S4 49.2 36.2 4.9 4.2 2.2 1.8 1.2 0.4
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The SEM images were also used to determine the influence of glass and micronized
quartz aggregates on the morphology and surface topography of the geopolymer com-
posites obtained from alkali-activated fly ash, as shown in Figure 13 control sample, at
magnifications of ×200 (Figure 13 P1a), ×1000 (Figure 13 P1b) and ×5000 (Figure 13 P1c),
the sample containing glass aggregates (0/4 mm) at magnifications of ×200 (Figure 13 P5a),
×1000 (Figure 13 P5b) and×5000 (Figure 13 P5c), and the sample containing micronized quartz
at magnifications of ×200 (Figure 13 P7a), ×1000 (Figure 13 P7b) and ×5000 (Figure 13 P7c).
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mer binder), and networks of intergranular and intragranular pores [81]. Thus, the SEM 
images reveal that sample P7 exhibits a more granular appearance, which is characterized 
by larger-diameter pores that are fewer in number compared to specimens P1 and P5. 
Although a well-developed geopolymer matrix is observed for sample P5, it appears to be 
less homogeneous and uniform than that observed for P1 and P7, which can be attributed 

Figure 13. SEM images of the control sample (P1) and the samples containing glass aggregate (P5)
and micronized quartz (P7), respectively, at magnifications of ×200 (P1a, P5a and P7a), ×1000 (P1b,
P5b and P7b) and at ×5000 (P1c, P5c and P7c); for binder:aggregate ratio = 1:1. The areas recoded at
higher magnification are marked in the low magnification image. ITZ—Interfacial Transition Zone.

The main features observed in the SEM images of the three samples analysed include
a compact distribution of fully reacted, partially reacted or unreacted fly ash particles, a
coherent and homogeneous mass encapsulating and binding the particles (the geopolymer
binder), and networks of intergranular and intragranular pores [81]. Thus, the SEM images
reveal that sample P7 exhibits a more granular appearance, which is characterized by larger-
diameter pores that are fewer in number compared to specimens P1 and P5. Although
a well-developed geopolymer matrix is observed for sample P5, it appears to be less
homogeneous and uniform than that observed for P1 and P7, which can be attributed to
the inclusion of the glass aggregate. Furthermore, the glass aggregate appears to be well
embedded and encapsulated within the geopolymer binder, with little to no porosity or
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voids surrounding the aggregate particles. In addition, all samples show small cracks at
low magnification.

Upon closer examination of all three samples (Figure 13 P1c, P5c and P7c), the images
indicate the presence of particles with smooth surfaces that correspond to the morphology
of barely reactive class F fly ash, which appears to be surrounded by a layer of a fine needle-
shaped material presumably composed of unreacted alkali that precipitated during the
process and formed these stripe-like structures. The general morphology of the geopolymer
composites shows densely packed particles with most of the small cenospheres likely
dissolved and the amorphous phase, identified as alkaline aluminium silicate hydrate gel
(N-A-S-H), surrounding the embedded aggregates. Figure 13 P7b details the aspect of the
sample containing micronized quartz at a magnification of ×1000. Two types of angular
and irregular shaped particles can be observed. The bulky, isolated crystals correspond to
the micronized quartz that is utilized as an aggregate in this specimen, while the hexagonal
prism crystals and partially acicular particles can be attributed to the incomplete dissolution
of the fly ash.

4. Conclusions

The choice of aggregates in geopolymer formulations depends on various factors,
including local availability, the desired properties of the final product, and the specific
application of the geopolymer. Experimentation and optimization of mix designs are
often necessary to achieve the desired balance of strength, workability and durability
in geopolymer concrete. The use of recycled aggregates or industrial by-products as
alternative aggregate aligns with sustainability goals by reducing the environmental impact
of construction materials.

This study investigated the effect of different aggregates on alkali-activated fly ash
geopolymer composites, produced using Romanian local materials, and shows that density
increases with the addition of aggregates, especially with 4–8 mm natural aggregates;
this is influenced by both aggregate type and geopolymer binder to aggregate ratio. The
introduction of aggregates has variable effects on flexural tensile and compressive strength,
with results dependent on the type and particle size distribution of the aggregate and the
binder to aggregate ratio. Flexural tensile strength varies, decreasing with recycled glass
aggregates and increasing with micronized quartz. A 25% reduction in binder generally
improves flexural strength, while a 25% increase in binder can improve compressive
strength. This demonstrates the interplay between binder matrix, aggregate structure
and their interaction. In addition, water absorption in geopolymer composites decreases
significantly as the amount of binder is reduced, highlighting the key role of these factors
in shaping composite properties.

These results are supported by the structural and microstructural characterization of
the samples by optical, SEM and EDS images. These images show a largely homogeneous
distribution of Si, Na and Al in the geopolymer composites, and a relatively uniform distri-
bution of macro- and micro-pores; therefore, this contributes to the physico-mechanical
properties of alkali-activated fly ash geopolymer composites.

The particle size distribution of aggregates can affect the workability, strength and
density of geopolymer-based materials. A well-graded aggregate mix is generally preferred
to optimize packing density and improve mechanical properties. The type of aggregate
can also influence the porosity and permeability of the geopolymer composite. Porous
aggregates may increase water absorption, which affects the durability of the material.
Therefore, selecting aggregates with low porosity is desirable for improved performance.

Aggregates contribute significantly to the mechanical properties of geopolymer com-
posites. The type and quality of the aggregate can impact the compressive and flexural
strength, as well as the hardness of the final material.

Considering environmental aspects, recycled aggregates or industrial by-products
may be used as alternatives to traditional natural aggregates, aligning with sustainable
construction practices.

143



Materials 2024, 17, 485

Therefore, optimizing the combination of aggregates and other components is essential
to achieve the desired properties in geopolymer materials. Trial-and-error programmes and
testing are often required to fine-tune mix designs for specific applications and performance
requirements. Further studies will be conducted with specific mix-design optimization
with variations in molar concentration of the NaOH solution, Na2SiO3/NaOH solutions
ratio and binder to aggregate ratio.
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Abstract: DyMnO3 is a p-type semiconductor oxide with two crystal systems, orthorhombic and
hexagonal. This material highlights its ferroelectric and ferromagnetic properties, which have been
the subject of numerous studies. Nevertheless, its photocatalytic activity has been less explored. In
this work, the photocatalytic activity of DyMnO3 is evaluated through the photodegradation of MG
dye. For the synthesis of this oxide, a novel and effective method was used: polymer-decomposition.
The synthesized powders contain an orthorhombic phase, with a range of absorbances from 300
to 500 nm and a band gap energy of 2.4 eV. It is also highlighted that, when using this synthesis
method, some of the main diffraction lines related to the orthorhombic phase appear at 100 ◦C.
Regarding its photocatalytic activity, it was evaluated under visible light (λ = 405 nm), reaching a
photodegradation of approximately 88% in a period of 30 min. Photocurrent tests reveal a charge
carrier separation (e−, h+) at a 405 nm wavelength. The main reactive oxygen species (ROS) involved
in the photodegradation process were radicals, OH•, and photo-holes (h+). These results stand out
because it is the first time that the photodegradation capability of this oxide in the visible spectrum
has been evaluated.

Keywords: DyMnO3; photocatalysis; malachite green dye; visible-light photocatalyst

1. Introduction

Today’s landscape is contaminated with heavy metals and inorganic and organic
compounds in seas, rivers, and lakes. Organic contaminants are the dyes used substantially
in the textile, paper, and pharmaceutical industries, and in our environment, they can
be found in products from plastics to toys [1]. Among the dyes that stand out for their
toxic effect are azo dyes. They are characterized by the presence of one or more azo
groups (-N=N-) linked to aromatic rings such as benzene and naphthalene. They are
normally resistant to biodegradation. These dyes are widely used in the textile, leather,
food, cosmetics, and paper products industries due to their fastness and variety of colors
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compared to natural ones. The annual global production of azo dyes is estimated at
around one million tons, and more than 2000 azo dyes are currently used [2]. Because
many of them are soluble in water and are related to various carcinogenic processes,
different physicochemical techniques have been proposed for their degradation, such
as adsorption, coagulation, electrodeionization, precipitation, photolysis, or membrane
filtration [3]. Sometimes, these techniques are inefficient, expensive, and consume a large
amount of energy. Therefore, photocatalysis has been proposed as an alternative technique
for the degradation of azo dyes [4].

Of the group of azo dyes, one of the most representative is malachite green (MG) dye.
MG is a cationic dye used as a fungicide and antiseptic in aquaculture and the industries of
textile and paper [5]. However, MG dye represents a risk to human health due to its negative
effects on the immune and reproductive systems, as well as its potential genotoxicity and
carcinogenic properties [6]. Thus, diverse oxides have been used as photocatalysts for the
degradation of MG dye, including: Fe2O3, TiO2, ZnO, CeO2, WO3, V2O5, Cu2O, CuO, NiO,
Mn3O4, Ag2O, and CuMn2O4 [4]. Furthermore, the photodegradation of MG dye with
an yttrium perovskite photocatalyzed in the visible spectrum was recently observed [7].
Nevertheless, there are other groups of oxides that have been used in the photodegradation
of azo dyes at wavelengths in the visible spectrum. These are oxides with a perovskite-type
structure (ABO3) (where A is a rare earth or alkaline metal, B is a transition metal, and
O is oxygen), such as: XTaO3 (X = Na, K, Ag, Li), XNbO3 (X = Na, K, Ag, Cu), XTiO3
(X = Sr, Ba, Ca, Ni), XFeO3 (X = Y, La, Bi), and AgVaO3 [8]. The reasons why oxides with a
perovskite-type structure are considered potential candidates for the photodegradation of
organic dyes are the following: they are formed from a wide variety of compositional and
constituent elements; their valency, stoichiometry, and vacancy can be varied widely; and
there is much information on their physical and solid-state chemical properties [9].

On the other hand, the oxides with a perovskite-type structure, whose photocatalytic
activity has been the subject of recent research, are the rare earth manganites. Of this group
of perovskites, DyMnO3 stands out, mainly, for its ferroelectric, ferromagnetic [10–12],
and magnetocaloric properties [13,14], which have contributed to its technological appli-
cations [15,16]. However, its optical applications (for example, its use as a photocatalyst)
have been little explored.

Considering the above, the synthesis of DyMnO3 and its use as a photocatalyst in
the degradation of MG dye are proposed in this work. Furthermore, its photocatalytic
activity will be evaluated at a wavelength in the visible spectrum (λ = 405 nm). Regarding
its characterization, this will be carried out by XRD, TEM, UV-Vis, and XPS spectroscopies.
It should be noted that it is the first time that the photocatalytic activity of DyMnO3 has
been evaluated at a wavelength of the visible spectrum, as well as the first time that the
polymer-decomposition method has been used for the synthesis of this perovskite.

2. Materials and Methods
2.1. Synthesis
2.1.1. Precursor Optimization

In the synthesis, the concentrations of dysprosium nitrate hydrate (Sigma Aldrich,
Saint Louis, MO, USA, 99.9%) and manganese nitrate tetrahydrate (Sigma Aldrich, 97%)
were 1.388 and 1 g, respectively (The concentration would be 4 × 10−3 M for each reagent).
Both were mixed simultaneously and diluted with 20 mL of bi-distilled water. Subsequently,
0.200 g of polyvinyl alcohol (PVA) (Sigma Aldrich, 99.8%, Mw = 89,000–98,000), diluted in
20 mL of bi-distilled water, was added to the solution containing the metal cations. The
final mixture was stirred moderately for 30 min and placed in a drying oven for 1 h. This
caused almost 70% of the water volume to evaporate, and a viscous solution was obtained.
Finally, this solution was placed in a conventional microwave oven for 2 min. During
that period, an exothermic reaction occurred, releasing an abundant amount of gases. The
product of this reaction was a porous-looking black powder.
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2.1.2. Temperature Optimization

The precursor powder obtained from the PVA decomposition reaction was calcined at
800, 1000, and 1200 ◦C. These temperatures were selected because, in previous research, it
was observed that, from 800 ◦C onwards, the orthorhombic phase of this material begins to
be obtained. All calcinations were for 3 h.

2.2. Characterization of DyMnO3 Powders

The crystallinity evaluation of DyMnO3 powders was carried out using an Empyrean
diffractometer (PANalytical, Westborough, MA, USA) with CuK1 radiation. The mor-
phology analysis was performed using transmission electron microscopy (TEM) with a
Jeol JEM1010 microscope (Tokyo, Japan). The absorbance spectrum of the dysprosium
manganate powders was obtained using a UV-Vis spectrophotometer (Cary 100 Agilent
Technologies, Santa Clara, CA, USA).

2.3. Photocatalytic Activity

To evaluate the photodegradation of the malachite green dye (MG) using DyMnO3 as a
photocatalyst, two solutions with 40 mL of this dye at a concentration of 1.5 × 10−5 M were
prepared. To one solution, 20 mg of DyMnO3 was added, while 40 mg was added to the
other. Both solutions were exposed to visible light (λ = 405 nm) for 180 min. An LED (Light
Emitting Diode) with an optical irradiance (Ee) of 100 mW/cm2 was used as the light source.
Then, aliquots were extracted at different intervals and analyzed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA). The degradation percentage
was estimated using Equation (1).

Degradation =
A0 −A

A0
=

C0 − C
C0

× 100 (1)

where A0 and A correspond to the solutions’ absorbance values before and after exposure to
visible light, respectively. Similarly, C0 and C represent the concentrations of the solutions
before and after irradiation, respectively.

2.4. Transient Photocurrent Tests

To carry out this test, a pellet with a diameter of 1.2 cm and a thickness of 2 mm of
DyMnO3 was fabricated. The pellet was sintered at 600 ◦C for 12 h. Subsequently, it was
placed on two NiAg foils with a thickness of approximately 1 mm. These foils served as
electrodes, applying a direct voltage (DC) of 5 V to the pellet. Then, the pellet was exposed
to visible light (λ = 405 nm) using an LED with the same optical irradiance as in the
photocatalysis experiments. Finally, the photocurrent measurements were obtained using a
DMM 6500 multimeter (Keithley, Portland, OR, USA) under the conditions described above.

The emission spectrum of the LED was obtained using a CCS200 Spectrometer (Thor-
labs, NJ, USA).

3. Results and Discussion
3.1. X-ray Diffraction

Figure 1 shows the diffraction pattern of the calcined precursor powder at 800 ◦C. As
can be observed, each diffraction line was identified and associated with the orthorhombic
phase of DyMnO3 (JCPDF #25-0330). It is worth noting that no diffraction lines associated
with the hexagonal phase or with the oxides Dy2O3, MnO2, or Mn2O3 were observed.
Moreover, when this synthesis method is compared with some of those used for obtain-
ing the orthorhombic phase, it was observed that the polymer-decomposition method
achieves this phase at a lower temperature and without the use of acidic or organometallic
reagents [17,18].
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In order to evaluate the crystalline evolution and propose a formation mechanism
for DyMnO3, diffraction patterns of the precursor powder and its calcinations at 1000 and
1200 ◦C were analyzed by XRD. The diffractogram of the precursor powder calcined at
100 ◦C shows some of the main diffraction lines related to the orthorhombic phase. Ac-
cording to this result, it is observed that the synthesis method used in this work promotes
obtaining the orthorhombic phase, even when using a relatively low calcination temper-
ature. On the other hand, the XRD patterns of the calcinations of the precursor powder
at 1000 ◦C and 1200 ◦C show diffraction lines with greater intensities. Furthermore, more
diffraction peaks associated with the orthorhombic phase appear after the calcinations.
However, these calcination temperatures also promote the formation of impurities associ-
ated with manganese, particularly the presence of the oxides Mn2O3 (JCPDF #41-1442) and
Mn3O4 (JCPDF #24-0734).

Based on the XRD patterns of the calcinations carried out on the precursor (Figure 1B),
the following reaction to obtain DyMnO3 is proposed:

Dy(NO3)3 × xH2O + Mn(NO3)2 × 4H2O + (CH2 −CHOH)n + H2O →
800◦c

DyMnO3 +

α(NOx) + β(H2O) + ε(CO2)
(2)

According to Equation (2), the mechanism to obtain the orthorhombic phase can be described
as follows: The metal cations are bound to the hydroxyl groups of the polymer. This causes the
cations to stabilize in the polymer structure via interactions with the hydroxyl groups [19]. Then,
a precipitation process does not occur. When the solution obtained is placed inside a conventional
microwave oven, a polymer-decomposition reaction at approximately 100 ◦C occurs. During the
reaction, the manganese cation is oxidized and the chemical structure of PVA is decomposed. Thus,
an abundant amount of gases is released, as shown by Equation (2). At the end of the reaction, the
metal cations adopt the architecture of a polymer network.

3.2. Transmission Electron Microscopy
Figure 2A,B show the TEM micrographs of the DyMnO3 powders. In both images, flake-shaped

nanostructures with porosity can be observed. Notably, the presence of porosity may be related to
the release of NOx gases, which are produced during the thermal decomposition of the manganese
and dysprosium nitrates used in the synthesis process. It should be mentioned that this type of
morphology has already been observed in other oxides synthesized using the polymer-decomposition
method [19].
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Based on other research, it is known that micro- or nanostructures containing porosity can con-
tribute to the photodegradation of dyes because they promote their absorption and, also, interactions
between reactive oxygen species (ROS) and the dye molecule occur more efficiently [20,21].

3.3. Porosity Analysis
Figure 3 shows the nitrogen adsorption—desorption isotherm of DyMnO3 obtained at 800 ◦C.

This isotherm can be considered II-type, which is related to macroporous material [22]. The specific
surface area (SBET) was 7.3 m2 g−1, which is similar to that corresponding to lanthanide oxides.
Its porosity is corroborated by its total specific pore volume (0.0113 cm3 g−1) and its micropore
volume (0.000128 cm3 g−1) calculated by the BJH and DR methods [22], respectively. These results
are summarized in Table 1.
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Table 1. Textural properties of DyMnO3 prepared by the polymer-decomposition method.

Material SBET (m2 g−1)
BJH Total Pore

Volume (cm3 g−1)
DR Micropore

Volume (cm3 g−1)
BJH Pore

Diameter (nm)

DyMnO3 7.3 0.0113 0.000128 2.4
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The pore diameter of DyMnO3 calculated with the BJH method was 2.2 nm, and it is at the limit
of the mesopore range according to the IUPAC classification [23]. Its pore size distribution is bimodal
since it exhibits two modal peaks corresponding to two more frequent pore sizes at 2.4 and 3.7 nm.

3.4. UV-Vis Spectroscopy
Figure 4 shows the graph of (αhν)n vs. hν (Tauc plot), where α represents the absorption

coefficient, h is the Planck constant, and υ is the frequency of the light. The exponent, n, value
is associated with the type of electronic transition the material exhibits, with n = 2 for direct and
n = 1/2 for indirect transitions. For DyMnO3, the value is n = 1

2 [24]. In the graph, the intersection
of the dashed line with the x-axis indicates the band gap energy (Eg). In this case, the approximate
value of Eg is 2.4 eV. Based on other research, it is known that the valence band (VB) of rare-earth
manganates (such as DyMnO3) consists of O 2p and lanthanide 4f orbitals, while the conduction
band (CB) consists of Mn 3d orbitals [24].
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Within the Tauc plot, the absorbance spectrum of the DyMnO3 powders is also shown. As can
be observed, this oxide exhibits an absorbance range that extends from 300 nm to 500 nm, making it a
potential candidate for evaluating its photocatalytic activity at wavelengths in the visible spectrum.

By applying Equation (3) to the band gap energy obtained in the Tauc plot, it is possible to
estimate the minimum wavelength required to promote electrons from the VB to migrate to the CB.
In this case, the value obtained is 516 nm. Based on this result, DyMnO3 can be considered a potential
candidate to be used as a photocatalyst at wavelengths in the visible spectrum.

λ (nm) =
1240

Eg (eV)
(3)

3.5. Transient Photocurrent Measurements
Figure 5A shows the photocurrent vs. time graph obtained from transient photocurrent mea-

surements. During the light exposure period, the electric current in the material increases, while in
the absence of light, it decreases. The increase in photocurrent was approximately 2.44 × 10−6 A.
This reveals that the incident photons (with energy hν = 3.1 eV) promote the creation of electron–hole
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pairs (e−, h+) on the surface of this material, preventing their recombination. Subsequently, the
applied voltage contributes to the mobility of the charge carriers, generating an electric current.
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Additionally, Figure 5B shows the emission spectrum of the LED used in the transient pho-
tocurrent tests and photocatalysis experiments. As observed, the light emitted by the LED has a
wavelength of 405 nm. Furthermore, it can be considered monochromatic because no contributions
from other wavelengths that could influence the photocatalytic activity of this oxide are detected.

3.6. Degradation of Malachite Green (MG) Dye
Figure 6A,B show the absorbance spectra of the aliquots extracted from MG solutions containing

20 mg and 40 mg of DyMnO3, respectively. A significant decrease in the absorbance peak located
at approximately 617 nm can be observed. Specifically, it is observed that 40 mg of this oxide can
promote the photodegradation of the dye by 30.8 and 88.6% in 5 and 30 min, respectively (Figure 7).
Meanwhile, with 20 mg, the percentages achieved in the same time intervals are 3.1 and 71.1%,
respectively. This increase in photocatalytic activity can be attributed to increasing the amount of
DyMnO3.

During the photodegradation process, the absorbance spectra of the MG dye show a slight
blue shift of the major absorbance peak, from 617 to 598 nm. This shift has been observed in other
research and was related to a process of N-demethylation that occurred in the degradation of the
dye [25]. Additionally, a decrease in the intensity of the absorbance peaks located at 425 and 315 nm
is also observed, indicating that the chromophore groups of the MG dye have been destroyed. These
results reveal that reactive oxygen species (ROS) attack the C-N bonds of the MG dye, causing its
degradation.
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To evaluate the contribution of the light (λ = 405 nm, Ee = 100 mW/cm2) to the photodegradation
of this dye, 40 mL of the MG dye was exposed to this wavelength of light without adding DyMnO3.
The results revealed that after 180 min, a photodegradation of 35.6% occurred. However, this value
can be considered negligible compared to those obtained using 20 and 40 mg of photocatalyst.

Due to the conditions in which these photodegradation experiments were carried out (Ee =
100 mW/cm2, λ = 405 nm), it is difficult to compare the photocatalytic efficiency of DyMnO3 with
other oxides used as photocatalysts. However, Table 2 shows some photocatalyst oxides used in the
degradation of MG dye at an optical irradiance of 100 mW/cm2.
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Table 2. Some photocatalyst oxides used in the degradation of MG dye at Ee = 100 mW/cm2.

Photocatalyst Wavelength (nm) Amount of
Photocatalyst (mg)

Degradation Obtained
after 60 min (%)

YMnO3 405 20 20 [7]
LaCoO3 365 10 50 [26]
DyCoO3 365 20 90 [27]
Ga2O3 365 30 10 [28]

The first three have a perovskite-type structure. However, in all cases, DyMnO3 shows greater
efficiency in degrading this dye.

Additionally, the contribution of DyMnO3 absorption to the degradation process of the MG dye
was evaluated. In this test, 40 mg of the photocatalyst powder was added to a solution containing 40
mL of the MG dye. Figure 8 shows the graphic results. As can be observed, the greatest degradation
occurs in the 60 min period, at approximately 32%. After 240 min, the dye degrades by approximately
40%. These results confirm that the degradation of the dye can be attributed mainly to the formation
of ROS rather than to the absorption process that occurred on the surface of the photocatalyst.
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3.6.1. Photodegradation Kinetics
To identify and associate a kinetic model with the photocatalytic degradation process of MG dye

using DyMnO3 as a photocatalyst, the pseudo-first-order kinetic model was selected as the kinetic
model (Equation (4)).

In
(

C0
C

)
= kt (4)

where C0 and C represent the concentration values of the solutions at the beginning and after a time t
of light exposure, respectively; the photochemical degradation rate is represented by k.

Figure 9 shows the graphical results obtained using the pseudo-first-order kinetic model, with
the absorbance values recorded in the spectra of Figure 5. The straight line in each graph corresponds
to the linear fit applied to the results after using the pseudo-first-order kinetic model. As can be
seen, the correlation coefficients (R2) were 0.93 (20 mg) and 0.88 (40 mg). These results indicate
that the absorbance values recorded during the photocatalytic degradation process of the MG dye
closely relate to the proposed kinetic model. It should be mentioned that other kinetic models were
also used, such as: the zero-order (R2 < 0.50), second-order (R2 < 0.70), pseudo-second-order (R2 <
0.70), parabolic diffusion (R2 < 0.70) and modified Freundlich models (R2 < 0.60). However, their
correlation coefficients were less than 0.70. Additionally, the photocatalytic degradation rate (k) was
also obtained. The apparent values for k were 0.020 min−1 (20 mg) and 0.031 min−1 (40 mg).
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of DyMnO3.

Although there are many studies based on the photodegradation of MG dye with photocatalyz-
ing oxides, only some have reported the estimated value of the k constant. Among the values of the
constant k reported for Cu/ZnO [29], ZnFeO4 [30], and ZnO [31] were 10×10−3, 7.1 ×10−3 , and 20.4
×10−3, respectively. However, it is difficult to compare the values of k obtained in this research with
those recorded previously. This is because the values obtained in the other works were in different
concentrations, and, in addition, their linear fits present an R2 close to 0.99.

It is evident that the proposed kinetic model (pseudo-first-order kinetics) does not completely
fit the photodegradation process of the MG dye with DyMnO3. Furthermore, when the zero-order,
second-order, pseudo-second-order, parabolic diffusion, and modified Freundlich models were
applied in this photodegradation process, they showed a correlation coefficient of less than 0.70. One
of the possible causes associated with this chemical behavior may be the following: In most kinetic
models, the absorption rate is greater than the photodegradation rate. However, in this case, the
photodegradation rate exceeds the absorption rate.

3.6.2. Recycling Tests and pH Influence
With the purpose of evaluating the reuse of DyMnO3 as a photocatalyst, recycling tests were

carried out. In four cycles, a decrease in the degradation rate was observed (Figure 10A). It is possible
that fragments of the dye molecule are absorbed on the surface of the photocatalyst, causing a
decrease in its degradation rate.
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Figure 10. (A) Reusability of DyMnO3 photocatalyst for MG dye degradation. (B) Influence of pH on
the degradation of the MG dye using DyMnO3 as a photocatalyst.

Additionally, the influence of pH on the surface of the photocatalyst was evaluated. For this,
two solutions with pH = 3 and pH = 12 were prepared. Then, 40 mg of DyMnO3 was added to
each solution and exposed to visible light (λ = 405 nm; Ee = 100 mW/cm2). Figure 10B shows the
graphical results. In 120 min, degradations of approximately 53% (pH = 3) and 98% (pH = 12) were
achieved. Although it is difficult to interpret the influence of pH on the photocatalytic reaction due to
its multiple roles, a possible interpretation of this result could be the following: by increasing the pH,
the surface charge of the photocatalyst would be negative. This may be possible because DyMnO3 is
a p-type semiconductor; therefore, it electrostatically attracts negative charges. This causes the dye to
be absorbed more effectively on the surface of the photocatalyst and its degradation to occur more
effectively.

3.6.3. XPS Analysis
To identify and associate the chemical species present on the DyMnO3 powder surface, the O 1s

and Mn 2p core levels (Figure 11) were analyzed through XPS.
Before being used as a photocatalyst, the O 1s XPS spectrum (Figure 11A) was deconvoluted

into two Gaussians centered at approximately 529.5 and 531.4 eV. The former was associated with
Dy-O and Mn-O bonds, while the latter was attributed to the presence of hydroxyl groups (-OH) [32].
Additionally, the area of each Gaussian curve was quantified: 60.24% for the curve associated with
the Dy-O and Mn-O bonds (O Lattice) and 39.76% for the one associated with -OH. After being
used as a photocatalyst, the new O 1s spectrum (Figure 11C) was also deconvoluted. The results
show two Gaussians associated with the same chemical species described previously. However, the
area covered by each was 54.04% (O Lattice) and 45.96% (-OH). Comparing these results with those
obtained before being used as a photocatalyst, an approximately 6.2% increase in -OH was quantified.

The XPS spectrum of Mn 2p was also analyzed before DyMnO3 was used as a photocatalyst
(Figure 11B). Two peaks located at approximately at 642 eV (Mn 2p3/2) and 653.7 eV (Mn 2p1/2)
appear in its spectrum, which are associated with the +3 oxidation state of manganese (Mn+3) [30].
However, after being used as a photocatalyst (Figure 11D), the Mn 2p spectrum was deconvolved.
The Gaussians located at 641.9 and 653.5 eV were associated with the +3 state of manganese (Mn+3),
while those located at 644 and 655.5 eV were associated with the +4 oxidation state (Mn+4) [32]. The
presence of the +4 oxidation state in the Mn 2p spectrum may be related to the creation of photo-holes,
which contribute to the change in its oxidation state, as described in Equation (5).

Mn+3 + h+VB → Mn+4 (5)
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3.6.4. Contribution of Reactive Oxygen Species to the Photodegradation of the MG Dye
To evaluate the contribution of reactive oxygen species (ROS) involved in the photocatalytic

degradation process of MG dye, disodium ethylenediamine tetra acetic acid (EDTA), isopropyl alcohol
(ISPA), and p-benzoquinone (p-BZQ) were used as scavengers of h+, OH•, and O−2 , respectively.
Three solutions with 40 mL of MG and 40 mg of DyMnO3 each were prepared for this. A scavenger
(EDTA, ISPA, or p-BZQ) at a concentration of 0.5 × 10−3 M was added to each solution. The results
are shown in Figure 12.

Comparing the photocatalytic efficiency of DyMnO3 obtained with each scavenger, it is observed
that with EDTA, a photodegradation of 50% is achieved after 180 min. On the other hand, using
p-BZQ and ISPA, 65% and 98% photodegradations are achieved within the same time interval,
respectively. According to these results, holes (h+) and hydroxyl radicals (OH•) are the main ROS
involved in the photocatalytic degradation process of MG dye. The superoxide radical (O−2 ) had the
least contribution to the photodegradation of the dye.
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3.6.5. Photodegradation Mechanism
According to the results obtained from the scavengers and photocurrent tests, a possible

photocatalytic degradation mechanism based on the formation of ROS was proposed (Figure 13) [33].
This mechanism can be explained as follows: Photons with energy hυ = 3.01 eV are emitted on the
surface of DyMnO3 (Eg = 2.40 eV). Since the energy of the incident photons, hυ, is greater than the Eg
of the oxide, electrons from the valence band (VB) can migrate to the conduction band (CB), forming
electron–hole pairs (Equation (6)). The electrons in the conduction band promote the creation of
superoxide radicals (O−2 ) (Equation (7)), which in turn contributes to the formation of hydroperoxyl
(OOH•) and hydroxyl (OH•) radicals (Equations (9)–(11)). On the other hand, the interaction of
photo-holes (h+) with water molecules and hydroxyl groups (−OH) also promotes the formation
of OH• (Equations (8) and (12)). As it is known, OH• are strong oxidizing agents that can degrade
organic molecules, in this case, allowing for the degradation of the MG dye, as shown in Equation
(13).

DyMnO3(surface) + hυ(photon) → e−
(CB) + h+

(VB) (6)

O2 + e−
(CB) → O−2 (7)

H2O + h+
(VB) → OH• + H+ (8)

O−2 + H+ → OOH• (9)

2(OOH •
)
→ O2 + H2O2 (10)

H2O2 + O−2 → −OH + OH• + O2 (11)

−OH + h+
VB → OH• (12)

OH• + MGdye → Degradation products (13)
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Figure 13. Graphical photodegradation mechanism of MG dye using DyMnO3 as photocatalyst
under visible light (λ = 405 nm).

3.7. Photocatalyst Oxides Used in the Degradation of MG Dye
Many oxides have been used as photocatalysts in the degradation of MG dye. Table 3 shows

some of them as well as the conditions under which their photocatalytic activity was evaluated.

Table 3. Photocatalyst oxides comparing the amount used, light type, irradiation time, and efficiency.

Photocatalyst Photocatalyst Amount Light Type Irradiation
Time (min) Efficiency

ZnO and Dy/ZnO [33] 80 and 30 mg,
respectively Visible light 60 90% and 100%,

respectively
Bi2WO6 [34] 1 g/L (pH = 2) Visible light 30 87%

Fe2O3 (Hematite) [35] 0.1 g UV 180 45%
NaNbO3 and

Au/NaNbO3 [36] 0.4 g, respectively Visible light 60 25% and 85%,
respectively

WO3, TiO2/WO3 [37] 0.1 g, respectively Visible light 60 50% and 100%,
respectively

GO, CuFe2O4,
GO/CuFe2O4 [38] 0.01 g, respectively Visible light 210 90%, 30% and 63%,

respectively

WO3 and Pd/WO3 [39] 150 mg/L, respectively Solar light 300 50% and 80%,
respectively

Bi2O3, CaFe2O4,
B2O3/CaFe2O4 [40] 0.05 g, respectively Visible light 240 70%, 58% and 89%,

respectively
Fe2O3/SnO2 [41] 40 mg Solar light 240 86%

ZnO [42] 0.2 g/L Solar light 100 85%
Co3O4 [43] 50 mg Visible light 100 90%
Cu2O [44] 10 mg Visible light 45 92%
DyMnO3 40 mg Visible light 60 93%

It is difficult to make a comparison regarding the photocatalytic efficiency of each one with that
obtained with DyMnO3. This is because in many cases, the optical irradiance of the light-emitting
source is not described, and in others, its photocatalytic activity was evaluated under basic or acidic
conditions. Despite this, there are oxides that are more efficient than DyMnO3 in the degradation of
this dye, such as Dy/ZnO or TiO2/WO3. However, they need to be mixed with other materials to
achieve efficiencies greater than or similar to those obtained with dysprosium manganate.
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4. Conclusions
DyMnO3 was synthesized using a novel and efficient polymer-decomposition method. Unlike

other methods used in the synthesis of this oxide (such as hydrothermal, combustion, solid-state reac-
tions), the method proposed in this work promotes the orthorhombic phase at 100 ◦C. Finally, at 800
◦C, it was possible to obtain its orthorhombic phase without the presence of residual oxides (Mn2O3,
Mn3O4, or Dy2O3). However, at 1000 and 1200 ◦C, diffraction lines associated with manganese oxides
were observed.

Regarding its photocatalytic activity, a photodegradation of 80% of the MG dye was achieved
in approximately 60 min under visible light (λ = 405 nm). The main reactive oxygen species (ROS)
involved in the photodegradation process were h+ and OH•. Due to the conditions under which
the photodegradation experiments were carried out (λ = 405 nm; Ee = 100 mW/cm2), it is difficult to
compare the efficiency obtained. However, under conditions similar to those described, the efficiency
of this material is greater than that achieved with other oxides with a perovskite-type structure, par-
ticularly YMnO3, DyMnO3, and LaMnO3. A key factor associated with the photocatalytic efficiency
of DyMnO3 was its reduced band gap energy (2.4 eV). This value allows us to approximate the
minimum wavelength at which the separation of charge carriers (h+, e−) can occur in a photocatalyst.
In this material, it was λ~516 nm.

In summary, there are diverse photocatalyst oxides, and among the most used are TiO2, ZnO,
and CeO2. However, those oxides are very efficient under UV light (λ = 365 nm). Due to this,
various synthesis methods have been developed that allow the band gap energy to be reduced.
Moreover, they have been used in heterostructures in order to increase their photocatalytic activity at
wavelengths in the visible spectrum. In this work, a new oxide photocatalyst with a perovskite-type
structure (DyMnO3) was developed, with a degradation capability greater than 90% under visible
light. However, its photocatalytic efficiency is lower than that of many heterostructures based on
semiconductor oxides. For this reason, its use in heterostructures is considered future work with the
purpose of further improving its photocatalytic efficiency.
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Abstract: Porous carbon materials have been widely used to remove pollutants from the liquid-phase
streams. However, their limited pore properties could be a major problem. In this work, the effects of
post-washing methods (i.e., water washing and acid washing) on the textural characteristics of the
resulting biochar and activated carbon products from pineapple peel biomass were investigated in
the carbonization and CO2 activation processes. The experiments were set at an elevated temperature
(i.e., 800 ◦C) holding for 30 min. It was found that the enhancement in pore property reached about
a 50% increase rate, increasing from 569.56 m2/g for the crude activated carbon to the maximal
BET surface area of 843.09 m2/g for the resulting activated carbon by water washing. The resulting
activated carbon materials featured the microporous structures but also were characteristic of the
mesoporous solids. By contrast, the enhancement in the increase rate by about 150% was found
in the resulting biochar products. However, there seemed to be no significant variations in pore
property with post-washing methods. Using the energy dispersive X-ray spectroscopy (EDS) and
the Fourier Transform infrared spectroscopy (FTIR) analyses, it showed some oxygen-containing
functional groups or complexes, potentially posing the hydrophilic characters on the surface of the
resulting carbon materials.

Keywords: pineapple peel; activated carbon; biochar; post-washing; pore analysis; surface
characteristics

1. Introduction

Pineapple (Ananas comosus) is a popular and edible fruit for drinking and food indus-
tries, but it also generates large amounts of pineapple peel in the industrial and residential
sectors. The biomass residue could cause adverse impacts on living quality if dumped into
the environment without the proper treatment. Although pineapple peel can be treated by
the sanitary landfill and incineration, these treatment methods pose potential drawbacks
due to the high contents of moisture and lignocellulose. For example, treatment by thermal
combustion at municipal solid waste (MSW) incineration plants not only reduces the energy
efficiency for power generation but also could generate huge amounts of air pollutants.
In this regard, the traditional options for utilizing pineapple peel are to reuse it as a feed-
stock for animal feed and a variety of natural products (e.g., organic acids, bioethanol,
bromelain enzyme, and phenolic antioxidants) or organic fertilizer by composting [1]. In
order to promote the circular economy, the value-added valorization of pineapple peel
(PP) has been exploited and reviewed by researchers in recent years [1–6]. In the paper by
Tran et al. [6], the authors reviewed the production and application of pineapple-derived
carbon adsorbents (i.e., biochar and activated carbon), which were produced by thermal
processing or chemical modification to improve the surface chemistry and porosity. Other
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carbon-based nanomaterials (e.g., carbon nanotube and carbon nanosphere) can be also
produced from agricultural biomass like rice-based residues [7].

In general, the dried biomass is mainly composed of lignocellulosic constituents,
thus containing oxygen-containing groups on the surface. These polar complexes can
provide the features of complexation and ion exchange, suggesting that pineapple peel
can be directly reused as a biosorbent for removing cationic pollutants from the water
environment [6,8–12]. However, these biosorbents only have limited uptake capacities due
to their poor pore properties like specific surface area and pore volume. In order to increase
the textural characteristics of biomass-derived adsorbent, the biomass precursor must be
thermally processed by pyrolysis and pyrolysis-activation methods [13,14], converting it
into biochar [15–21] and activated biochar (activated carbon) [22–29], respectively. The
maximal uptake capacities are highly associated with its physical properties like surface
porosity and particle size. It has been found that the pore properties of the resulting
biochar products derived from pineapple peel indicated relatively low values, which could
be attributed to the carbonization conditions at mild temperatures. On the other hand,
the production of activated carbon from pineapple peel has almost always been based
on chemical activation in the literature [22–29]. It should be noted that the commercial
manufacturing process for activated carbon was to employ the physical activation process
due to less wastewater treatment problems in comparison with the chemical activation
process [1].

In order to enhance the physical and chemical characteristics of biomass-based carbon
materials, a plenitude of post-washing treatment methods have been reviewed in the
literature [30–32]. In a previous study [33], the findings showed that post-washing with
deionized water and/or dilute acid can enhance the pore properties of cocoa pod husk
(CPH)-derived biochar due to the removal of the inorganic residues and the improvement
in the accessibility of the carbon structure by lessoning the pore blockage. For example,
the Brunauer–Emmet–Teller (BET) surface area of the resulting biochar produced at 400 ◦C
holding for 30 min was significantly increased from 101 m2/g to 342 m2/g after post-
washing with a dilute acid (0.25 M HCl). The effects of post-washing on the enhancing
pore properties of biomass-based carbon materials (i.e., biochar and activated carbon) were
also found by other studies [34–36].

As mentioned above, it seems that no study has reported on PP-based activated
carbon produced by physical activation using carbon dioxide (CO2). In order to upgrade
the applicability of PP as a precursor for producing carbon adsorbents, the effects of post-
washing on the textural characteristics of the resulting carbon materials were investigated in
the present study. Based on the results in a previous study [21], the porous carbon products
(including biochar and activated carbon) were produced at an elevated pyrolysis/activation
temperature (i.e., 800 ◦C) holding for 30 min in this work because of the significant pore
properties increased under the process conditions. Thereafter, the resulting carbon materials
were further treated by water washing using deionized water and dilute acid (0.1 M HCl),
respectively. The textural characteristics of the resulting carbon products were obtained
by the nitrogen (N2) adsorption–desorption isotherms for determining pore properties,
the scanning electron microscope (SEM) for observing porous structure, and the energy
dispersive X-ray spectroscopy (EDS) and Fourier infrared spectrometer (FTIR) for surveying
surface elemental compositions.

2. Materials and Methods
2.1. Materials

The starting feedstock (i.e., pineapple peel) for producing biochar and activated carbon
was collected from a local market (Chienchen district, Kaohsiung, Taiwan). It was first
dewatered in the sun and further dried in the air-circulating oven at 105 ◦C. A crusher was
used to transform the dried biomass into powdered particles, which were sieved to the size
range of 0.841 mm (opening size of mesh No. 20) to 0.420 mm (opening size of mesh No. 40).
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The dried and sieved biomass sample was used to find its thermochemical characteristics
and perform the pyrolysis-activation experiments at 800 ◦C holding for 30 min.

2.2. Thermochemical Property Determination of Pineapple Peel

Due to the different sources, the proximate analysis, calorific value, and thermogravimet-
ric analysis (TGA) of the pineapple biomass were also determined in this work. The adopted
methods and analytical instruments refer to a previous study [21]. These thermochemical
properties were relevant to the potential for producing carbon materials properly. Herein, the
TGA was performed in the temperature range of 25–900 ◦C at a specific rate of 10 ◦C/min,
which was close to the heating condition of the pyrolysis-activation experiments.

2.3. Experimental Methods

As referred to in a previous study [21], the pyrolysis-activation experiments were
carried out by using a vertical fixed-bed reactor in this work. For the pyrolysis experiment,
about 3 g of the dried pineapple (PP) biomass was used to produce biochar at 800 ◦C
holding for 30 min, where the heating profile was set at about 10 ◦C/min. For the physical
activation experiment, the first stage was to increase the system temperature from 25 ◦C
(room temperature) to 500 ◦C under the inert atmosphere by purging a nitrogen (N2) flow.
When the system reached 500 ◦C, the flowing gas was changed to pass carbon dioxide
(CO2) by stopping N2 gas. Meanwhile, the system was continuously heated to 800 ◦C at the
same rate (about 10 ◦C/min) holding for 30 min. The resulting biochar (BC) and activated
carbon (AC) products derived from PP were further treated by washing with deionized
water (WW) and dilute acid of 0.1 M HCl (AW), as based on previous studies [21,37,38].
Therefore, these carbon products were coded as PP-BC, PP-BC-WW, PP-BC-AW, PP-AC,
PP-AC-WW, and PP-AC-AW.

2.4. Characterization Analysis of Resulting Carbon Materials

As mentioned above, the adopted procedures and analytical instruments for the textu-
ral characteristics of the resulting carbon products refer to previous studies [21,39]. It should
be noted that the data on specific surface area were based on the Brunauer–Emmett–Teller
(BET) model [20–22], which were correlated by 4–6 points using the relative pressure (P/P0)
range of 0.05–0.10. However, the elemental compositions on the surface of the resulting
carbon materials were determined by the energy dispersive X-ray spectroscopy (EDS)
(model: X-stream-2; Oxford Instruments, Abingdon, UK).

3. Results and Discussion
3.1. Thermochemical Characteristics of Pineapple Peel (PP)

According to the American Society for Testing and Materials (ASTM) standards,
proximate analysis can give the gross compositions of the biomass without expensive
precision instruments. In this work, the dried PP biomass showed the values (in duplicate)
of 73.38 ± 2.33 wt% for volatile matter, 4.63 ± 0.25 wt% for ash, and 14.14 wt% for fixed
carbon (determined by difference). For this biomass, the ash content had a moderate value,
ranging from the low values of woody biomass to the high values of rice residues [40,41].
Using the preliminary analysis of the energy dispersive X-ray spectroscopy (EDS), the
elemental contents of the dried PP biomass included carbon (C, 54.07 wt%), oxygen (O,
40.77 wt%), and minor elements, which will be addressed in Section 3.3. Furthermore, the
thermogravimetric analysis (TGA) and its derivative thermogravimetry (DTG) curves of
the dried PP biomass are shown in Figure 1. The maximal weight loss rate occurred in the
pyrolysis temperature range from 200 to 450 ◦C, which should be attributed to the thermal
decomposition of lignocellulosic constituents, especially for hemicellulose [21–23]. Based
on the TGA results, the physical activation conditions were operated at 500 ◦C in the first
pyrolysis stage to produce a carbon-rich matrix which was subsequently activated at 800 ◦C
by flowing CO2 gas.
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Figure 1. TGA and DTG curves of dried pineapple peel (blue line: TGA; red line: DTG).

3.2. Pore Analysis of Resulting Carbon Materials

In this work, the process conditions were set at a temperature of 800 ◦C and a holding
time of 30 min using N2/CO2 gases and post-washing. The mass yields of the resulting
carbon materials (i.e., PP-BC and PP-AC) were about 28 wt%. After post-washing with
deionized water and dilute acid (i.e., 0.1 M HCl), the residual percentages indicated approx-
imately 84 wt% and 79 wt%, respectively. Concerning the pore properties of the resulting
carbon materials (i.e., PP-BC, PP-BC-WW, PP-BC-AW, PP-AC, PP-AC-WW and PP-AC-AW),
they are listed in Table 1. Obviously, the values of the resulting biochar products were
significantly smaller than those of the resulting activated carbon products. For example,
the values of the BET surface area in the PP-BC and PP-AC samples were 100.20 m2/g
and 569.56 m2/g, respectively. The effect of activation by CO2 gas on the pore property of
the carbon material played a determining role in pore development. On the other hand,
the post-washing of the crude carbon products also had an influential effect of enhancing
pore property. It could be attributed to the removal of the residual inorganic minerals (or
particles) that block the pore entrance, thus leading to more available pores and giving
larger pore properties. By comparison, the enhancement in pore property reached about
a 50% increase rate, increasing from 569.56 m2/g for the PP-AC to 843.09 m2/g for the
PP-AC-WW or 799.25 m2/g for the PP-AC-AW. However, it seemed to show no significant
variations on pore property by post-washing methods of DI water and dilute acid. From
the viewpoints of economic cost and environmental protection, the post-washing with
water was superior to the use of dilute acid in the production of porous carbon materials
from pineapple peel.

Furthermore, the data in Table 1 can be derived from the N2 adsorption/desorption
isotherms at −196 ◦C, mesopore size distributions, and micropore size distributions of the
resulting activated carbon products, which are depicted in Figure 2, Figure 3, and Figure 4,
respectively. Based on the adsorption–desorption isotherms in Figure 2, the microscale
structures of the resulting activated carbon products were mainly microporous. In this
regard, the 2D-NLDFT-HS model was adopted to depict their micropore size distributions,
which are depicted in Figure 4. These curves were consistent with the data in Table 1. The
significant results were further discussed as follows:

1. Based on the classification by the International Union of Pure and Applied Chemistry
(IUPAC), these carbon materials are typical of microporous solids, where micropore
filling occurs significantly at very low relative pressure (P/P0). In this regard, they
feature the Type I isotherms [42,43]. However, the adsorption–desorption isotherms
also possess a hysteresis loop from the relative pressure of about 0.45, which should
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be associated with mesoporous solids. This isotherm shape belongs to the Type IV
isotherms, where the capillary condensation occurs [42,43].

2. As compared to PP-based activated carbons produced by chemical
activation [22,23,25–29], it was clearly shown that the resulting activated carbons
produced by physical activation in this work had slightly lower pore properties
(e.g., BET surface area), as shown in Table 2. For example, the BET surface area of
PP-based activated carbon produced by KOH activation was 1160 m2/g [29], which
was higher than the optimal value (843 m2/g) in Table 2.

3. Using the Harrett–Joyner–Halenda (BJH) method and the data on desorption isotherms
for the textural characteristics of the mesoporous solids, it was found that the signifi-
cant peaks of mesopore size distribution occurred at about 3.5 nm. In addition, these
peaks were more obvious for the resulting activated carbon materials (i.e., PP-AC-WW
and PP-AC-AW) by post-washing in comparison with the crude product (i.e., PP-AC),
thus leading to higher pore properties, as listed in Table 1.

4. As mentioned above, the micropore size distributions of the resulting activated carbon
materials can be verified in Figure 3, which was obtained by the 2D-NLDFT-HS model.
The micropore peak was observed at about 0.6 nm, where it was in the range of
less than 2.0 nm. Assuming the cylindrical geometry for all pores, the data on the
average pore diameter (or width) were slightly smaller than 2.0 nm (1.6–1.9 nm).
Therefore, other significant peaks in the pore size distribution curves were observed
at the left side (less than 2.0 nm), indicating micropores are present in all activated
carbon products.

5. In order to see the porous textures on the surface of the resulting carbon materials,
Figure 5 shows the scanning electron microscopy (SEM) images (i.e., ×300 and ×1000)
for the resulting activated carbon samples (i.e., PP-AC, PP-AC-WW and PP-AC-AW).
Obviously, the resulting activated carbon products displayed a porous texture on the
rigid surface without significant difference. However, post-washing removed the
residual impurities and/or particles, thus producing a cleaner surface and greater
pore properties, as listed in Table 1.

Table 1. Pore properties of resulting carbon products.

Pore Property PP-BC PP-BC-WW PP-BC-AW PP-AC PP-AC-WW PP-AC-AW

BET surface area a 100.20 243.60 269.94 569.56 843.09 799.25

t-plot micropore area b 92.15 213.14 237.60 498.59 717.90 689.26

External surface area 8.05 30.46 31.34 70.97 125.19 109.99

Total pore volume c 0.042 0.110 e 0.121 0.253 0.391 0.371

t-plot micropore area b 0.038 0.089 0.097 0.204 0.294 0.283

Average pore width d 1.661 1.806 1.802 1.778 1.854 1.856
a Based on a relative pressure range of 0.05–0.100 (4–6 points) by the Brunauer–Emmett–Teller (BET) equation.
b Using the t-plot method. c Calculated at a relative pressure of about 0.995. d Estimated by the ratio of the
total pore volume (Vt) to the BET surface area (SBET) (i.e., average pore width = 4 × Vt/SBET). e Analogically
estimated by the total pore volume/micropore volume of the PP-BC-AW sample and the micropore volume of the
PP-BC-WW sample.

Table 2. Elemental contents of resulting carbon products by EDS spectra.

Elemental Content (wt%) PP PP-BC PP-BC-WW PP-BC-AW PP-AC PP-AC-WW PP-AC-AW

Carbon (C) 54.072 81.826 88.391 85.916 71.120 78.835 74.921

Oxygen (O) 40.773 14.451 10.186 12.402 20.466 15.819 14.406

Sodium (Na) 0.071 0.018 0.007 0.029 0.000 0.000 0.000

169



Materials 2023, 16, 7529

Table 2. Cont.

Elemental Content (wt%) PP PP-BC PP-BC-WW PP-BC-AW PP-AC PP-AC-WW PP-AC-AW

Magnesium (Mg) 0.229 0.493 0.075 0.309 0.775 1.132 0.207

Aluminum (Al) 4.470 0.123 0.067 0.150 0.006 0.111 2.555

Silicon (Si) 0.227 0.287 0.254 0.283 1.050 1.371 2.530

Phosphorus (P) 0.101 2.421 0.370 0.131 3.719 1.076 0.409

Sulfur (S) 0.058 0.345 0.544 0.460 1.738 0.632 2.913

Calcium (Ca) 0.000 0.035 0.106 0.319 1.126 1.024 2.060
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3.3. Chemical Characteristics of Resulting Carbon Materials

The carbon materials also contain to some extent contents of ash, which is derived
from the starting feedstock. These inorganic minerals consist mainly of silica, alumina,
alkaline/alkaline earth metals, and transition metals in the forms of oxides and carbon-
ates [44]. On the other hand, these carbon materials are generally hydrophilic because of
the presence of oxygen-containing complexes on the surface, which should be derived
from their lignocellulosic compositions in the starting feedstock. In order to identify the
potential for the polar feature, the resulting carbon products were measured by using the
Fourier Transform infrared spectroscopy (FTIR) and the dispersive X-ray spectroscopy
(EDS). As seen in Figure 6, it depicts the peaks by % transmittance (T) for the corresponding
functional groups of the typical activated carbon (PP-AC-AW) in comparison with the
starting biomass (PP). It shows seven peaks in Figure 6, indicating the wavenumbers at
around 3500, 2924, 2360, 2655, 1550, 1385, 1115, and 737 cm−1, respectively. Based on the
FTIR spectra of the corresponding functional groups of carbon materials [45–48], the peak
at around 3500 cm−1 generally refers to the hydroxyl (O-H) stretching due to the adsorbed
or inherent water molecule (H2O). The peak at about 2924 cm−1 could be associated with
C-H stretching. The peak at 2360 cm−1 may be due to the C≡C stretching in alkyne groups.
The peaks (i.e., 1655 and 1550 cm−1) in the range from 1700 to 1550 cm−1 are aligned to C=C
stretching. The most significant peak at 1385 cm−1 can be attributed to oxygen-containing
functional groups like C=O and C–O of carboxylic groups, or O–H bending. The peak
at 1115 cm−1 could correspond to the stretching vibration of the C–O group. The peak
at 737 cm−1 may be related to the bending vibration of C-H. It also shows a significant
difference between the oxygen-containing functional groups of PP-AC-AW and PP. Due to
its highly aromatic structure, the spectrum of the resulting activated carbon seems to not
have strong peaks, especially in the hydroxyl (O-H) stretching peak at around 3500 cm−1,
where it was almost disappeared in the activated carbon spectrum.

Table 2 lists the values of elemental compositions on the surface for all of the re-
sulting carbon materials, which were preliminarily obtained by the energy dispersive
X-ray spectroscopy (EDS). Obviously, the carbon contents of the resulting carbon materials
(71–89 WT%) were significantly larger than that (54 wt%) of the starting feedstock (i.e.,
PP), showing that the thermal treatment by carbonization/activation had a determining
effect on the textural characteristics. This result was consistent with the variations on the
spectra by FTIR analysis. In addition, the carbon contents of the resulting activated carbon
materials were smaller than those of the resulting biochar materials. It can be postulated
that the oxygen content was reduced because of the reaction of biochar carbon with CO2
(gasification gas) and the release of CO gas. On the other hand, the oxygen contents of the
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resulting carbon materials indicated a ramping reduction. This result can be attributed to
the devolatilization of non-carbon elements (e.g., oxygen and hydrogen) from the ligno-
cellulosic constituents in the forms of oxygen-containing gases (i.e., CO, CO2, and H2O)
during the thermochemical process. Concerning the inorganic elements, they could be
concentrated on alkaline and alkaline earth metal oxides during the thermal process. These
oxygen-containing organic groups and inorganic minerals may increase the hydrophilicity
of the resulting PP-based activated carbon materials, which are advantageous for various
adsorption treatment processes for effective removal of micropollutants from the aqueous
phase. This application can be attributed to the excellent pore structure and electrostatic
attraction between the negatively charged surface and cationic targets.
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4. Conclusions

The effect of post-washing on the textural characteristics of carbon materials derived
from pineapple peel biomass was investigated in this study. These carbon products (i.e.,
biochar and activated carbon) were produced at an elevated temperature (i.e., 800 ◦C)
holding for 30 min under a combined N2-pyrolysis and CO2-activation process. The
findings showed that the effect of activation by CO2 gas on the pore property of the
carbon material played a determining role in pore development, with the maximal pore
properties for the activated carbon product produced by post-water washing (i.e., BET
surface area of 843 m2/g, and total pore volume of 0.391 cm3/g). These resulting carbon
materials were porous carbon materials with microporous and mesoporous structures. On
the other hand, post-washing of the crude carbon products also had an influential effect of
enhancing pore property. However, there seemed to be no significant variations in pore
property with post-washing methods of water and dilute acid (0.1 M HCl). According to
the results of the energy dispersive X-ray spectroscopy (EDS) and the Fourier Transform
infrared spectroscopy (FTIR), the chemical characteristics of the resulting carbon materials
were rich in carbon (>70 wt%) and also posed hydrophilicity because of the significant
oxygen-containing functional groups or complexes on the surface.
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Abstract: This study investigates a sustainable alternative for composites and adhesives in high-
performance industries like civil and automotive. This study pioneers the development and appli-
cation of a new methodology to characterize a bio-based, zero-thickness adhesive. This method
facilitates precise measurements of the adhesive’s strength and fracture properties under zero-
thickness conditions. The research also encompasses the characterization of densified pine wood, an
innovative wood product distinguished by enhanced mechanical properties, which is subsequently
compared to natural pine wood. We conducted a comprehensive characterization of wood’s strength
properties, utilizing dogbone-shaped samples in the fiber direction, and block specimens in the
transverse direction. Butt joints were employed for adhesive testing. Mode I fracture properties
were determined via compact tension (CT) and double cantilever beam (DCB) tests for wood and
adhesive, respectively, while mode II response was assessed through end-loaded split (ELS) tests.
The densification procedure, encompassing chemical and mechanical processes, was a focal point of
the study. Initially, wood was subjected to acid boiling to remove the wood matrix, followed by the
application of pressure to enhance density. As a result, wood density increased by approximately 100
percent, accompanied by substantial improvements in strength and fracture energy along the fiber
direction by about 120 percent. However, it is worth noting that due to the delignification nature of
the densification method, properties in the transverse direction, mainly reliant on the lignin matrix,
exhibited compromises. Also introduced was an innovative technique to evaluate the bio-based
adhesive, applied as a zero-thickness layer. The results from this method reveal promising mechanical
properties, highlighting the bio-based adhesive’s potential as an eco-friendly substitute for synthetic
adhesives in the wood industry.

Keywords: bio-based adhesive; densified wood; pine wood; sustainable adhesive joints; zero-thickness adhesive

1. Introduction

In recent years, there has been a growing interest in the development of sustainable
alternatives to fossil-fuel-based products. As part of these endeavors, bio-based materials
have emerged as a promising solution to mitigate the environmental impact across various
industries. Among these applications, the production of load-bearing structures stands
out, wherein natural fibers from plants, such as flax, jute, and palm trees, can be integrated
into composite materials to create eco-friendlier alternatives. Another approach involves
the utilization of natural composite materials directly. Wood, in particular, has been used
for various purposes throughout history due to it being a natural and renewable resource.
Its durability, environmental resistance, mechanical strength, low weight, flexibility in
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shaping, abundance in many geographic regions, and reasonable cost make it a desirable
material [1–3].

Venkatesan et al. [4] prepared biodegradable composites from poly(butylene adipate-
co-terephthalate) (PBAT) and carbon nanoparticles. They characterized these composites in
terms of morphology, thermal stability, mechanical properties, and biodegradability. They
found that the composites showed improved thermal and mechanical performance compared
to pure PBAT, and also exhibited good biodegradability under composting conditions. In
another study [5], the authors prepared nanocomposite films from PBAT and zinc oxide
nanoparticles, determining the mechanical, thermal, and biological properties of the films.
They found that the films had good antimicrobial activity against E. coli and S. aureus.

Wood is a natural composite material that is susceptible to stress concentrations and
notches, making traditional joining methods, such as riveting and bolting, unsuitable.
Polymers from liquefied biomass were synthesized and used as wood adhesives. The
bio-based polymers exhibited comparable or superior performance to petroleum-based
adhesives in terms of bond strength, thermal stability, and water resistance [6].

Adhesive bonding is often seen as a better option as it offers a larger and more uniform
bonded area without introducing stress concentrations [7,8]. However, the joint’s failure
load and mode depend on the combined properties of the adhesive and substrates [9]. When
bonding wood substrates, the peel loading can cause delamination between different grain
plies, resulting in complete joint failure. To prevent this failure mode, recent techniques,
such as densification, substrate toughening, and physical modifications of the adhesive have
been proposed [10,11]. Additionally, working with wood substrates can present challenges
in terms of mechanical characterization and consistency [12,13], due to wood being a
complex and heterogeneous material, with properties that can vary depending on factors
such as species, growth conditions, grain slope and size, defects, knots, shakes (cracks and
notches of the wood), and age. This can make it difficult to develop standardized testing
protocols to ensure a consistent performance in different applications [14,15]. To overcome
these problems, wood densification processes can be used to alter the failure mode of
this material, improving result consistency. Other methods, like using wood particles or
laminates, and wooden composites also can help reduce these design challenges since the
material properties can be made to be more uniform. This is particularly important to
achieve a predictable behavior in structural applications [16–18].

Additionally, the mechanical properties of hemicellulose and lignin, which are key
components of wood, change significantly with service temperature, depending on whether
they are above or below their glass transition temperature (Tg). When dry, the Tg of lignin
ranges from 134–235 ◦C, while the Tg of hemicellulose ranges from 167–217 ◦C. Since
the service temperature is mostly below the Tg, these values are generally not a design
concern. However, Tg has been observed to significantly decrease as moisture content
increases. A decrease in Tg can be problematic as it can lead to reduced mechanical strength,
dimensional instability, and increased susceptibility to deformation or failure. It can also
affect thermal stability, promoting creep and relaxation at elevated temperatures. Addi-
tionally, a lower Tg can accelerate chemical reactions, causing degradation and reducing
the material’s long-term durability. Moisture acts as a plasticizer that weakens the sec-
ondary bond between polymer chains, leading to increased flexibility of the molecules.
Proper moisture management is crucial for successful wood densification and preserving
structural integrity [19–21]. The sensitivity of wood to moisture leads to a phenomenon
called set-recovery, which has implications for both the absorbed energy in calluses and the
covalent bonds between polymeric chains.

Set-recovery in wood refers to its ability to partially regain its original shape and
dimensions after undergoing deformation or stress. This behavior has an impact on
the energy-absorption capacity of calluses (scar tissue) formed within the wood and the
strength of the covalent bonds holding the polymer chains together. Sadat Nezhad et al. [22]
employed thermo-hydro-mechanical (THM) methods to increase wood density and ob-
served a set-recovery of approximately 44% after three wet–dry cycles. Additionally,
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Laine et al. [20] reported a set-recovery of around 60% after saturating densified wood
samples with water, which was later reduced to nearly zero through the application of
thermal modification post-compression [23].

To address the problem of set-recovery while achieving greater levels of densifica-
tion, chemical pre-treatments have been utilized [18]. These treatments are based on the
delignification process used in the paper industry, which can be adapted to modify wood
properties. By removing lignin and hemicellulose, the resulting densified wood exhibits
changes in mechanical properties. While the passage does not provide specific details, it
suggests that the removal of lignin decreases the stiffness of the wood in the transverse
direction. However, the overall effect on stiffness and strength depends on factors such
as wood species, processing conditions, and the degree of densification. Additionally, the
physical interlocking of cellulose fibers within the densified wood structure enhances its
mechanical strength by providing structural support and resistance to deformation. The
specific mechanical properties achieved through this treatment process will vary depending
on the intended application and desired characteristics [22–24].

Recently, the drive for more sustainable bonded structures has led to the development
of various structural and non-structural bio-based adhesives and the adaptation and
characterization of many bio-based polymers, which are natural, renewable, and non-
petroleum-based, for use in diverse applications. However, the number of materials that
can fulfil this role is limited. Tannin, lignin, carbohydrates, unsaturated oils, proteins, and
protein hydrolysates are some of the natural materials that have been used as adhesives
with good results. In addition, dissolved wood and wood welding with self-adhesion have
also been presented as potential alternatives to bonding [25–28].

The current study focuses specifically on natural-oil-based polyurethane adhesive,
a bio-based adhesive known for its advantageous properties. Oil-based polyurethane
adhesives have shown great potential in providing strong and durable bonds, while also
possessing eco-friendly characteristics.

Depending on the polar urethane group employed, a wide range of adhesive behaviors,
ranging from rubber-like elasticity to brittle–hard characteristics, can be achieved [29].
These adhesives can be categorized as one-component or two-component systems. Two-
component polyurethane adhesives consist of separate isocyanate and polyol components
that are mixed prior to application, offering faster curing rates and unlimited depth of
cure. In contrast, one-component polyurethane adhesives are prepolymers containing
isocyanate groups that react with moisture in the air or on the substrate to cure, eliminating
the need for mixing equipment but having limitations in depth of cure [27]. Several recent
studies have examined the influence of various factors on the properties of moisture-cured
polyurethane (PU) adhesives, shedding light on their potential applications.

This study develops and applies a new methodology to characterize a bio-based zero-
thickness polyurethane adhesive that uses 70% natural resources as raw materials. This
method allows for the accurate measurement of the strength and fracture properties of
the adhesive under zero-thickness conditions. The study also characterizes the densified
pine wood, a novel wood product with enhanced mechanical properties, and compares it
with natural pine wood. The main contributions of this work are the advancement of the
knowledge on bio-based adhesives and densified wood products, and the demonstration
of their superior performance over conventional materials. To understand the wood’s me-
chanical properties, dogbone-shaped samples were used for the fiber direction, while block
specimens were employed for the transverse direction. Fracture properties were deter-
mined through testing compact tension (CT) and end-loaded split (ELS) specimens. For the
bio-based adhesive, tensile properties were obtained using butt joints with a wooden sub-
strate, and fracture properties were measured using double cantilever beam (DCB) and ELS
joints. This study aims to assess the potential of densified pine wood and the zero-thickness
bio-based adhesive as sustainable alternatives by comprehensively characterizing their
mechanical properties. Given the focus on structural applications, established processes
and testing procedures commonly associated with structural adhesives were employed.
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These techniques transcend those typically used for low-strength or wood adhesives. In
this context, the tests yield precise material properties, underpinned by rigorous finite
element analysis. This analytical approach enables accurate modeling of the tests, ensuring
that the obtained properties align with the loads acting on the adhesive layer.

2. Materials
2.1. Wood
2.1.1. Natural Pine Wood

In this study, Pinus pinaster wood (pine wood) sourced from the Alentejo region in
South Portugal was used as the main material. Pine wood was chosen as the main material
for various reasons, which include its wide availability, low cost, and good mechanical
qualities, such as durability, stiffness, and strength. The wood samples were extracted
from trees that were 15 years old and located in the coastal area of the region. The age and
location of the wood samples are important factors that affect the quality and characteristics
of the wood, as they influence its density, moisture content, mechanical properties, and
durability. The precise origin of the wood samples was considered in this study, as it can
have a significant impact on the performance of the wood-based products. The wood
samples were selected based on the criteria proposed by Moura et al. [15], who studied the
properties of Pinus pinaster wood from the same regions of Portugal.

The geometries and dimensions of the pine wood blocks, used for both pine wood
characterization and the densification process, are shown in Figure 1. As represented, the
wood had the rings as parallel as possible to one of the sides of the timber. The initial
length of the timber was 1 m, and smaller pieces were cut to the required dimensions for
the tests. Pine wood was chosen for its availability, affordability, and favorable mechanical
properties, including strength, stiffness, and durability. The elastic constants and strength
properties have to be determined in the longitudinal (L), radial (R), and tangential (T)
directions. Previous work by Oliviera et al. [30] fully mechanically characterized this type
of natural pine wood, and the summarized results are presented in Table 1.
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Table 1. Elastic properties of pine wood determined by Olivera et al. [30].

EL [GPa] ER [GPa] ET [GPa] νLT νLR νTR GLR [GPa] GLT [GPa] GTR [GPa]

12.0 1.9 1.0 0.5 0.4 0.3 1.1 1.0 0.3

2.1.2. Densified Pine Wood

The blocks used for wood densification were cut from natural pine wood into pieces
measuring 45 × 40 mm, with an average length of 240 mm.
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The densification process was based on the method developed by Song et al. [31] and
involved two main steps, as in Figure 2. During the first step, wood blocks were boiled
in a chemical bath containing a solution of 2.5 M NaOH and 0.4 M Na2SO3 for seven
hours, allowing the chemical catalyst to penetrate the cell walls and increase cell volume.
This resulted in the destruction of hemicellulose and lignin matrices. Subsequently, the
blocks were boiled in deionized water for an hour to remove the catalyst, with the reaction
continuing until complete elimination. To ensure thorough chemical removal, the deionized
water was changed every 30 min. Water absorption during this step further increased
cell volume, creating empty spaces between the cells filled with water. The second step
of the densification process involved a thermo-mechanical procedure. The wood blocks
were placed in a hot-press for 24 h under a pressure of 3 MPa and 100 ◦C using a steel
mold developed in a previous study [32], to compress and deform the cell walls. This
caused the collapse of the cell walls without damaging the fibers, resulting in increased
density and strength. Maintaining precise humidity levels was paramount throughout
the production of both pine wood and densified pine wood. Typically, wood undergoes
conditioning to achieve a moisture content ranging between 12% and 20%. This is done by
exposing the wood to controlled humidity and temperature conditions for a certain period
of time. For densified pine wood, maintaining moisture content within this specified range
was of utmost importance. This ensures that the material preserves its intended strength,
flexibility, and dimensional stability. Deviations from these critical moisture levels could
cause issues such as warping, cracking, or a decline in mechanical properties, all of which
could significantly affect the quality and performance of the final product. The moisture
content range of 12% to 20% was chosen based on the expected service conditions of the
densified pine wood products, as well as the recommendations from previous studies on
wood densification. To further curtail moisture content of densified wood and align it with
that of pine wood, a meticulous process was employed. Therefore, densified wood blocks
were kept in silica gel (with a diameter of 2–5 mm with moisture indicator changing the
color), maintained at a temperature of 70 ◦C for a duration of 48 h. This method harmonized
the moisture content, enhancing both durability and resistance to chemical reactions.
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2.2. Bio-Based Adhesive

A polyurethane bio-based adhesive, derived from 70% of renewable biomass sources,
such as vegetable oils according to the ASTM D6866 standard, was characterized. This
adhesive was designed for strong adhesion to wood which is a prototype product, devel-
oped by the team of Professor João Bordado at Instituto Superior Técnico. It is not yet
commercially available, but it shows potential as a sustainable alternative to synthetic
adhesives. It is produced in an irreversible reaction, without humidity, in a reactor under
a nitrogen atmosphere, and heating is done with a thermal oil coil. It uses an aliphatic
isocyanate as a basis, which contains 70% plant matter, which are more easily biodegrad-
able. Manufacturing the bio-adhesive is estimated to consume 15 to 20% less energy than
those derived from petroleum. The bio-adhesive contains pentamethylene diisocyanate
and polyisocyanate, which react with the hydroxyl (OH) groups in the wood substrate.
This reaction creates strong bonds, and, therefore, increasing the humidity of the substrates
could speed up the curing process. To ensure uniform curing of the bio-adhesive in the
joints, it was important to keep consistent moisture levels across all samples. The syn-
ergistic interplay between the bio-adhesive and the wood’s OH groups, along with the
influence of humidity, brings about multiple benefits. Not only does it enhance mechanical
interlocking, bolstering the physical and mechanical bonds within the joints, but it also
facilitates superior chemical bonding. High-strength oak wood was used as the substrate
for reliable testing. Curing bulk samples was challenging due to the zero-thickness bond
requirement. Also, the absence of adhesive thickness was confirmed through the bonding
of substrates directly to each other by applying pressure without using any spacer, thereby
ensuring a ‘zero-thickness’ condition. The adhesive undergoes an initial curing phase at
100 ◦C for 8 h, followed by a recommended 48 h curing period at room temperature, as
suggested by the developer. This approach ensures that the curing conditions are in line
with the recommendations of the data sheet.

3. Experimental Details

The mechanical tests described in this section were conducted under quasi-static
conditions, using a uniaxial universal testing machine (Instron 3367, united states of
America based) with a load cell capacity of 30 kN and a displacement rate of 1 mm/min.
For each condition, at least three specimens were tested, and also the dimensions of all
tested specimens were controlled using a caliper with an accuracy of 0.1 mm.

3.1. Characterization of the Natural Pine Wood and Densified Pine Wood
3.1.1. Density Measurement

To evaluate the effect of the wood densification procedure on the actual densification
of wood, the volume of each wood block when natural and densified was measured, as
well as its mass. The dimensions were measured using a caliper with an uncertainty of
0.05 mm and the mass using a digital scale with an uncertainty of 0.01 g. The density was
then determined by calculating the quotient between the mass and the volume of the block.

3.1.2. Strength Tests

Bulk tensile test
To assess the strength along the fiber direction, dogbone-shaped samples were manu-

factured for both natural pine wood and densified wood, as shown in Figure 3a. Reduced
scale specimens were used due to the geometric restrictions of the densified wood block.
These specimens were validated against standard specimens of pine wood, comparing with
the standard specimen results of Moura et al. [15]. To prevent sample failure at the grips,
1 mm thick steel tabs were bonded to both ends of the samples. Adhesive fillets were also
applied to ensure a more uniform stress transfer to the gage length of the specimens; as
depicted in Figure 3b, five specimens were tested.
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Figure 3. Geometry of wooden dogbone specimen (a), and attachment of tabs for testing (b). (Dimen-
sions in mm).

Block specimen test
To determine the strength of the wood in the direction parallel to the fibers, blocks

of wood and densified wood were cut to dimensions of 20 × 25 × 20 mm. In order to
mount the wood in the testing machine, steel blocks (shown in Figure 4) were bonded to
the wood using Araldite AV138, an epoxy adhesive. The adhesive was cured for 24 h at
room temperature. Once cured, the adhesive fillets were carefully cleaned using sandpaper
to ensure accurate measurements. To minimize any potential influence of the adhesive and
steel specimens on the measurements, the strain field of all samples was obtained using
digital image correlation (DIC); four specimens were tested. This helped in accurately
assessing the properties of the wood without interference from the bonding materials.
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3.1.3. Fracture Tests

Compact tension test (CT)
CT specimens were manufactured to determine the mode I fracture energy of wood.

The CT test is commonly used to determine the fracture toughness of brittle materials such
as wood. These CT specimens were designed with a centrally located crack in both the fiber
and transverse directions, which was loaded in tension to create a pure mode I loading.
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The dimensions of the CT specimens are presented in Figure 5a. Six specimens were tested
to ensure the repeatability of the results.
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End-loaded split test (ELS)
ELS specimens were produced to determine the mode II fracture energy of the wood.

Similar to the CT specimens, the ELS specimens were designed with a centrally located
crack, which was loaded in a transverse direction to achieve a pure mode II condition. Due
to the geometrical constraints of the densified wood block, the length of ELS specimens
in the fiber direction was limited to 230 mm. Three specimens were tested to ensure the
repeatability of the results. The dimensions of the ELS specimens are shown in Figure 5b.
Mode II fracture energy is the energy required to propagate a crack perpendicular to the
direction of the applied load. To calculate the fracture energy from the load displacement
curves, the compliance-based beam method (CBBM) [33] was chosen as the preferred
data-reduction approach. CBBM [33] was used to determine the fracture energy without
the need for measuring crack propagation during testing. Additionally, CBBM takes into
account the fracture process zone (FPZ) formed ahead of the crack tip allowing for the
calculation of a corrected or equivalent crack length (aeq). In this study, load-displacement
data obtained from the universal tensile test machine were used to compute the fracture
energy using CBBM.

3.2. Characterization of Bio-Based Adhesive

This study focused on characterizing a prototype adhesive that relies on the mois-
ture in wood substrates for curing, necessitating a zero-thickness bond. To ensure that
failure occurred only in the adhesive and not the wood, stronger oak wood was used.
Nonetheless, surface preparation was critical, involving polishing with 400-grade sandpa-
per for a smooth, uniform surface. Compressed air was used to remove dust particles that
could hinder effective bonding, and acetone was applied for thorough cleaning, removing
any contaminants.

3.2.1. Strength Tests

Butt-joint test
To measure the strength properties of the bio-based adhesive, wood butt joints were

used. To prepare these joints, oak wood with an area of 20 × 25 mm was cut with the
thickness of 10 mm (Figure 6a). After the surface preparation described above, the bio-
based adhesive was applied on the surfaces of both the substrates. The substrates were
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then bonded to each other carefully, to avoid any misalignments, and pressure was ap-
plied to ensure even contact between the wood substrates, using a clamp. The adhesive
was cured and steel blocks to allow for testing were bonded as described for the wood
block specimens.
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Figure 6. Butt-joint geometry and dimensions (a); considered digital image correlation (DIC) domain
(b). (Dimensions in mm).

DIC was used to measure strain near the bondline (Figure 6), through a speckle pattern
introduced to the bonded area. This approach eliminated additional elongation caused by
the wood, resulting in a precise determination of the bio-based-adhesive strain.

Thick adherend shear test (TAST)
The TAST was used to assess the shear properties of the adhesive. The testing setup

consisted of two different joint configurations, designed to explore variations in substrate
geometry and thickness. The two joints are shown in Figure 7a,b. The first joint, shown in
Figure 7a, featured a thicker substrate loaded perpendicular to the grain direction, while
the second joint, shown in Figure 7b, employed a slightly thinner substrate, loaded in the
grain direction.
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3.2.2. Fracture Tests

Double cantilever beam test (DCB)
To determine the mode I fracture energy of the bio-based adhesive, DCB specimens

were used. Following the surface-preparation procedures, the bio-based adhesive was
applied to both sides of the joint. In order to introduce a pre-crack of 45 mm, a 0.1 mm
thick Teflon film was placed between the two substrates. To ensure uniformity in the
joint-preparation process, a total of four clamps were employed, applying controlled
pressure over the entire bondline. The testing process incorporated specimens with specific
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dimensions and geometries, as depicted in Figure 8a. To calculate the fracture energy of
the bio-based adhesive under quasi-static conditions, CBBM [33] was utilized.
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Figure 8. Representation of the test specimens used to conduct double cantilever beam test (DCB)
tests (a) and end-loaded split (ELS) tests (b). (Dimension in mm).

End-loaded split test (ELS)
To investigate the mode II fracture energy of the bio-based adhesive, ELS specimens

were employed in the experimental procedure. The manufacturing process followed the
same set of procedures used for the DCB, since it has the same joint geometry. For the
ELS joints, a pre-determined pre-crack length of 60 mm was established. The specimen
geometry and the testing procedure are shown in Figure 8b.

4. Results and Discussion
4.1. Characterization of the Wood and Densified Wood
4.1.1. Density Measurement

The pine wood displayed a substantial increase in its average density, changing from
0.56 ± 0.03 g/cm3 to 1.23 ± 0.12 g/cm3 (Figure 9). These findings demonstrate a successful
enhancement of the wood’s density through the densification process.
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4.1.2. Strength Tests

Figure 10 illustrates a representative stress–strain curve obtained from the manufac-
tured samples of both pine wood and densified pine wood for strength properties. The
determined values of Young’s modulus and strength in the fiber and transverse direction
can be seen in Table 2.
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Figure 10. Representative tensile stress–strain curve of wood and densified wood in the tensile
(a) and transverse (b) directions.

In the case of pine wood, the results for natural pine wood were in line with the
study by Moura et al. [15], that reported a Young’s modulus and strength of 12 GPa
and 97.5 MPa, respectively. This validates the reduced-scale dogbone specimens used.
Regarding transverse properties, Moura et al. [15] registered a strength of 4.2 MPa, slightly
higher than the values obtained with the block specimens used in this study.
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Table 2. Strength properties of wood (W) and densified wood (D).

EFiber direction
[GPa]

σFiber direction
[MPa]

ETransverse direction
[MPa]

σTransverse direction
[MPa]

W 12 ± 1 97.3 ± 8.3 155 ± 22 2.9 ± 0.2

D 31± 1 180.1 ±12.9 43 ± 3 2.1 ± 0.1

Densified pine wood displayed a significant increase in tensile strength and stiffness,
due to the significant increase in the volume fraction of the fibers in the wood. However,
unlike what was found for the properties in the fiber direction, the densification process
resulted in a decrease in the transverse properties of pine wood, as the wood matrix
(responsible for the transverse strength) was degraded during this process.

4.1.3. Fracture Tests

The fracture toughness for natural pine wood and densified pine wood obtained are
presented in Table 3. For the CT tests, it was seen that, both in the fiber direction and
the transverse direction, the crack propagated between the grains of wood, as shown in
Figure 11. This demonstrates that the densification process significantly enhances the
fracture properties of wood.

Table 3. Fracture properties of wood (W) and densified wood (D), along fiber direction (LR) and
perpendicular to the fiber (RL).

WLR DLR WRL DRL

KIC [MPa/m] 17.7 ± 0.3 39.4 ± 1.5 24.0 ± 4.1 128.1 ± 15.1

GIC [N/mm] 0.20 ± 0.01 0.76 ± 0.09 0.33 ± 0.04 0.75 ± 0.10
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Figure 11. Crack propagating along the grains perpendicular (LR) and parallel to the loading
direction (RL).

Mode II fracture energy of densified wood was measured by testing ELS specimens,
with CBBM being used to generate an R-curve from a P-δ curve. The average mode II
fracture energy of pine wood and densified pine wood was about 0.9 ± 0.1 N/mm, and
1.7 ± 0.2 N/mm, respectively. Typical behavior of ELS specimens is shown in the P-δ curve
ELS in Figure 12a and the obtained R-curve is presented in Figure 12b.
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Figure 12. ELS test results for the woods: P-δ curve (a) and R-curve (b). Green lines presented the
obtained fracture energy.

The densification process increases wood density, leading to improved stiffness,
strength, and dimensional stability. The alignment of fibers during densification fur-
ther enhances mechanical properties, making it suitable for structural applications. In the
fiber direction, densified wood showed a 90% increase in Young’s modulus and an 85%
increase in strength, while transverse properties decreased due to lignin- and wood-matrix
destruction. However, overall, densified wood remains still appear to be a valid option for
structural applications and a sustainable alternative to traditional materials. Finally, the
fracture properties of densified wood exhibited higher resistance to failure, with significant
improvements in fracture toughness and energy.

4.2. Characterization of Bio-Based Adhesive
4.2.1. Strength Tests

Figure 13a presents stress–strain curves for the bio-based adhesive using DIC to obtain
the described. The Young’s modulus obtained was 1.32 ± 0.05 GPa, and the average tensile
strength of the adhesive was 16.45 ± 0.55 MPa, values comparable to petroleum-based
structural adhesives. To ensure the testing process’ accuracy, the fracture surfaces were
meticulously analyzed to verify cohesive failure in the adhesive. This was confirmed by
the presence of adhesive on top of both substrates. All samples exhibited visibly cohesive
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failure without any delamination, which indicates that the bio-based adhesive exhibited an
appropriate bonding strength to the oak-wood substrates (see Figure 13b).
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Figure 13. Representative tensile stress–strain curve of the bio-based adhesive (a), and fracture
surface (b).

During the testing process aimed at determining the shear strength and modulus of
the adhesive, consistent failure occurred across the wood substrate, resulting in either the
wood breaking or delamination (Figure 14). Consequently, it became evident that accurately
measuring the shear properties of the adhesive itself was not feasible through this method.
The main challenge arose from the nature of the adhesive’s curing process, which solely
takes place on wood surfaces. This leads to interpenetration between the adhesive and the
wood substrate, contributing to the overall joint strength. As a result, it was not possible to
isolate and accurately quantify the shear properties of the adhesive alone.
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4.2.2. Fracture Tests

The fracture toughness of the adhesive in mode I was obtained from the P-δ curve
of the DCB test, shown in Figure 15a, and through applying CBBM and generating the R-
curve, shown in Figure 15b. The average mode I fracture energy of the bio-based adhesive
was 0.33 ± 0.03 N/mm. The samples exhibited cohesive failure, thus returning a fracture
toughness representative of that of the adhesive layer, shown in Figure 16.
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The same procedure was conducted for mode II from the P-δ curve of the ELS test,
shown in Figure 17a, and through applying CBBM and obtaining the R-curve, shown in
Figure 17b. The average mode II fracture energy was determined to be 1.2 ± 0.2 N/mm.
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Typically, the average fracture energy for mode I fracture in commercial synthetic-
urea formaldehyde adhesives falls within the range of 0.1 to 0.2 N/mm. For mode II
fracture, this value extends between 0.2 to 0.4 N/mm [34,35]. In contrast, the bio-based
adhesive showcased substantially elevated fracture energy values when compared to these
conventional synthetic-urea–formaldehyde adhesives indicating its potential to enhance
the durability and dependability of wooden products. In conclusion, the study highlights
the promising potential of the bio-based adhesive as a sustainable alternative for the wood
industry, offering superior fracture resistance and reliability for various fracture modes.

The cohesive properties of the bio adhesive are reviewed in Table 4.
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Table 4. Bio-based-adhesive properties.

E [MPa] σ [MPa] GIC [N/mm] GIIC [N/mm]

197.09 ± 9.76 3.27 ± 0.14 0.30 ± 0.03 1.27 ± 0.10

The study’s results reveal the large potential of the studied bio-based polyurethane
adhesive, which has demonstrated good strength and fracture energy for a bio-derived
product. This performance positions it as a compelling choice for high-performance ap-
plications across multiple industries where sustainability is mandatory. This research
also highlights the adhesive’s role as an eco-conscious alternative to traditional adhesives,
driven by its outstanding bonding capabilities, environmentally friendly composition,
and reduced emissions of harmful compounds. It is essential to note that the adhesive’s
advantages extend beyond the study’s scope, encouraging future research to explore a
wider array of applications and delve deeper into the molecular structure and formulation
for further enhancements.

5. Conclusions

The study examined natural pine wood and its densified counterpart, which showed
significant increases in density, stiffness, and strength (120%, 44%, and 85%, respectively).
However, densification negatively impacted transverse properties due to lignin- and wood-
matrix destruction. Nevertheless, densified wood remains promising for structural applica-
tions given the very large increases in strength and stiffness attained in the fiber direction.

The bio-based-adhesive characterization process revealed a significant tensile strength
and cohesive failure, indicating strong adhesion to wood surfaces. Compared to synthetic
adhesives, the bio-based adhesive exhibited high fracture energy values, offering a reliable
and sustainable alternative. Overall, the combination of densified pine wood and the bio-
based adhesive enhances mechanical properties and adhesion capabilities, with potential
implications for various applications, improving performance, durability, and sustainability
of wood-related products.
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Abstract: This research aims to study the effects of the sintering mechanism on the crystallization
kinetics when the geopolymer is sintered at different temperatures: 200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C,
1000 ◦C, and 1200 ◦C for a 3 h soaking time with a heating rate of 5 ◦C/min. The geopolymer is made
up of kaolin and sodium silicate as the precursor and an alkali activator, respectively. Characterization
of the nepheline produced was carried out using XRF to observe the chemical composition of the
geopolymer ceramics. The microstructures and the phase characterization were determined by using
SEM and XRD, respectively. The SEM micrograph showed the microstructural development of the
geopolymer ceramics as well as identifying reacted/unreacted regions, porosity, and cracks. The
maximum flexural strength of 78.92 MPa was achieved by geopolymer sintered at 1200 ◦C while the
minimum was at 200 ◦C; 7.18 MPa. The result indicates that the flexural strength increased alongside
the increment in the sintering temperature of the geopolymer ceramics. This result is supported by
the data from the SEM micrograph, where at the temperature of 1000 ◦C, the matrix structure of
geopolymer-based ceramics starts to become dense with the appearance of pores.

Keywords: geopolymer; geopolymer-based ceramics; ceramics; sintering mechanism; crystallization
kinetics

1. Introduction

The rising demand for ceramics in the industrial manufacturing, metallurgical, energy
production, and biomedical sectors has attracted worldwide interest. The manufacturing
of ceramic products entails utilizing abundant natural resources that contain a signifi-
cant proportion of clay minerals. This involves a series of steps, including dehydration
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and subjecting the materials to high sintering temperatures of up to 1600 ◦C [1,2]. How-
ever, the conventional method of fabricating ceramics demands an elevated temperature,
which reaches up to 1600 ◦C, and a lengthy heating period, and it also has issues with
agglomeration, irregular grain growth, and furnace contamination. Moreover, the primary
natural resources required, such as limestone, coal, clay, and others, are being depleted at a
rapid rate. To overcome these challenges, a dedicated effort is being made by scientists,
researchers, engineers, and industrial workers to explore and develop new, sustainable, and
innovative construction materials, as well as alternative binders [3]. Therefore, geopoly-
merization is used as a substitute method to produce ceramic materials with excellent
mechanical properties, low production costs, short fabrication times, and, with the increas-
ing threat to the environment, to develop applications for geopolymer technology. The
imperative to adopt sustainable, rational, and ecologically sound construction methods
propels the pursuit of innovative alternatives like geopolymerization and alkali activation.
These approaches are garnering growing attention in the construction industry to address
these needs [4].

Geopolymers are a class of inorganic, non-metallic materials that are produced by
the reaction of aluminosilicate materials and alkaline activators under highly alkaline
conditions. In the 1970s, geopolymers were first developed as an alternative to traditional
cement-based materials, such as ordinary Portland cement (OPC) [5]. Nowadays, geopoly-
mers have become an interesting subject of extensive research and development. This is
due to the appealing properties that they offer, including improved mechanical properties,
higher thermal stability, and reduced environmental impact [6]. This is associated with the
structure of geopolymers, which consist of a three-dimensional and cross-linked network
of aluminosilicate bonds [7], which contribute to the uniqueness of their properties. The
microstructure of the geopolymer material is strongly influenced by factors such as the
selection of raw materials, curing conditions, and sintering temperature [8]. By carefully
controlling these factors, researchers can tailor the properties of geopolymer materials to
suit specific applications.

In this study, kaolin is used as the aluminosilicate source, while sodium hydroxide
(NaOH) and sodium silicate (NaSiO3) are mixed to produce the alkali activator which
provides the necessary alkalinity to initiate the geopolymerization reaction [9]. Kaolin is
an inorganic material that has been identified as geopolymer-compatible with excellent
performance. Kaolin is composed mainly of the mineral kaolinite, which has a layered
structure consisting of alternating layers of silica tetrahedra (SiO4) and alumina octahedra
(AlO6) [10]. The layered structure of kaolinite allows the formation of pores and a high
surface area, which can enhance the reactivity of the materials. When dissolved in an
alkaline solution during the geopolymerization process, it will trigger the dissolution and
reorganisation of the tetrahedral and octahedral elements to form a three-dimensional
network of linked units.

The geopolymerization process converts the aluminosilicate material, for example
kaolin, into geopolymer materials with desirable properties by chemically reacting with an
alkaline activator solution [11–13]. Past research had concluded that the geopolymerization
process typically involves dissolution, polycondensation, and curing stages. The dissolution
stage occurs when kaolin is mixed with an alkaline activator forming a slurry. The alkaline
activator initiates the dissolution of the precursor, leading to the release of silica and alumina
ions. Then, the dissolved silica and alumina ions undergo polycondensation reactions [14],
which involve the formation of covalent bonds between the tetrahedral and octahedral
units. The resulting product is a three-dimensional network of linked tetrahedral and
octahedral units, forming the geopolymer materials. In the curing stage, the geopolymer
is set to cure or harden. During this time, the geopolymer material undergoes further
chemical and physical changes, such as the formation of additional covalent bonds and
the development of its final mechanical properties. The specific processing conditions,
including the type of aluminosilicate source materials [15], the concentration of the alkaline
activator [16], and the curing conditions [17], can significantly influence the properties of
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the geopolymer. By carefully controlling these factors, it is possible to tailor the properties
of geopolymer materials to meet specific application requirements, such as mechanical
strength, thermal stability, and chemical resistance.

From the idea of geopolymer production, geopolymer-based ceramics are introduced
as an alternative in the field of ceramic production due to their ability to offer enhanced
thermal stability, chemical resistance, and mechanical strength [18], and most importantly,
they required low sintering temperatures compared to conventional ceramic fabrication,
where the sintering temperature goes up to 1600 ◦C. Several other problems are also found
in using the conventional method, such as prolonged heating time, irregular grain growth,
and furnace contamination. Therefore, the geopolymerization method has been adapted to
the fabrication of geopolymer-based ceramics to progress the application of the geopolymer
technology. Apart from geopolymerization, the sintering temperature also affects the
properties of a geopolymer when heat is applied to geopolymer bodies. Therefore, in this
study, the effects of the sintering mechanism are investigated to study how it affects the
properties and crystallization of the geopolymer ceramics produced.

2. Experimental Method
2.1. Materials

Kaolin is a clay mineral mainly containing a chemical composition of Al2Si2O5(OH)4.
In this study, kaolin was used as a starting material for geopolymerization. The kaolin used
was supplied by Associated Kaolin Industries Malaysia as Si-Al source materials, where
the large compounds found are SiO2 and Al2O3. Table 1 shows the chemical composition
of kaolin obtained by X-ray fluorescence (XRF).

Table 1. Chemical composition of kaolin (wt.%) obtained by X-ray fluorescence.

Element SiO2 Al2O3 K2O Fe2O3 TiO2 MnO2 ZrO2 LOI

Wt. (%) 54.0 31.7 6.05 4.89 1.14 0.11 0.10 1.74

A mixture of 12 M sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) as an
alkaline activator was used to activate the source material. The ratio of Na2SiO3/NaOH
was set at 0.24. The sodium hydroxide caustic soda micro-pearls with a purity of 99%
were supplied by Formosoda-P from Taiwan. Meanwhile, sodium silicate (Na2SiO3) was
provided by South Pacific Chemicals Industries Sdn. Bhd. (SPCI), Pahang, Malaysia with
the chemical composition of H2O (60.5%), SiO2 (31.1%), and Na2O (9.4%).

2.2. Sample Preparation

Figure 1 shows the overall process of synthesizing geopolymer ceramics. The influence
of sintering temperature on the green bodies in the production of kaolin-based geopolymer
ceramics was investigated by systematically varying the sintering temperature within the
range of 200 ◦C to 1200 ◦C. The aluminosilicate source, kaolin was mixed with an alkali
activator at a solid-to-liquid ratio of 1.0 to activate the source material. The ratio of the
alkali activator and molarity of NaOH was fixed at 0.24 and 12 M, respectively. The solution
needed to be prepared 24 h before it was used to obtain a homogeneous solution. The
mixture was then cured at 80 ◦C in an oven for 24 h. To obtain the fine powder, the kaolin
geopolymer was crushed using a mechanical crusher and sieved by using a 150 µm sieve.
Subsequently, the compacted geopolymer (86 MPa, 2 min) underwent a sintering process at
various temperatures (200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C), with a soaking
duration of 180 min and a heating rate of 5 ◦C/min. Previously, Ahmad et al. [19] had
studied the sintering profile of geopolymer-based ceramics in the temperature range of
900 ◦C to 1200 ◦C, and obtained 1200 ◦C as the maximum sintering temperature. Therefore,
in this research, a thorough procedure is prepared from low sintering temperature of 200 ◦C
to study the evolution of the properties of geopolymer-based ceramics. Figure 2 shows the
sintering profile for the fabrication of geopolymer ceramics.
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To examine the influence of temperature on the properties of geopolymer ceramics,
an extensive characterization of all prepared samples was conducted. The mechanical
properties, specifically the flexural strength of the geopolymer ceramics, were evaluated.
The three-point bending method, adhering to the guidelines of ASTM C-1163b, was im-
plemented with a support span length of 30 mm and a crosshead speed of 0.3 mm/min.
The morphology of the geopolymer bodies was studied by using a JEOL JSM-6460LA
scanning electron microscopy (SEM). The microstructural development of the geopolymer
and geopolymer ceramics as well as identified reacted/unreacted regions, porosity, and
cracks were examined to study the effect of the sintering mechanism. To create a conductive
layer, the sample was coated with gold using a JEOL JFC 1600 model auto fine coater. This
data is supported by the results of the Synchrotron radiation X-ray tomographic (SXTM),
used to study the porosity of the geopolymer ceramics. The test was carried out at the
Synchrotron Light Research Institute (SLRI), Thailand.

The phase composition of the samples was determined by an XRD 6000, SHIMADZU
diffractometer. The sample was ground into a fine powder by using a ring mill small
enough to ensure that the X-ray can penetrate the sample and generate a diffraction pattern.
The sample was then mounted onto a sample holder and evenly distributed. To ensure the
diffraction pattern is accurate and reproducible, the sample was aligned so that the beam
was perpendicular to the surface of the sample. The data were collected over a range of 10◦

to 65◦.
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3. Results and Discussions
3.1. Mechanical Properties of Geopolymer-Based Ceramics

The effect of thermal treatment on the mechanical properties of geopolymer-based
ceramics is shown in Figures 3–6, based on the mean of the result of the flexural strength,
density, shrinkage, and water absorption of the sintered geopolymer ceramics, respectively.
The error bars in the graph represent the standard deviations of the data. Higher sintering
temperatures typically lead to denser ceramic materials due to increased grain diffusion and
densification. As a result, higher sintering temperatures generally lead to higher flexural
strength as well, as the denser material is better able to resist bending and deformation
under mechanical stress. Upon increasing the temperature, the flexural strength increases
from 7.18 MPa for unsintered geopolymers, caused by crystal growth, which strengthens the
materials and reduces their susceptibility to deformation and cracking. When geopolymer-
based ceramics are exposed to 1000 ◦C, a high flexural strength of 53.5 MPa is recorded.
When further sintered at 1200 ◦C, the strength achieves its maximum flexural strength
of 78.9 MPa, which is caused by the densified and crystallized matrix and the enhanced
fiber/matrix interface bonding as the sintering mechanism occurs [20].
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Figure 3. Flexural strength of unsintered and sintered geopolymer ceramics.
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Figure 5. The shrinkage of geopolymer-based ceramics after the sintering process.
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Figure 4 presents the density of the unsintered and sintered geopolymer at various
sintering temperatures of 200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C. As displayed,
along with the increments of the sintering temperature, the density of the geopolymer-
based ceramics also changes in increments. At 1200 ◦C, the density recorded the highest
value of 2.56 g/cm3, compared to a geopolymer sintered at 200 ◦C (1.61 g/cm3) and an
unsintered geopolymer (1.45 g/cm3). The increase in the density of the geopolymer-based
ceramics is related to the greater grain boundary diffusion which promotes densification
of the ceramics, thus increasing the strength [21]. High sintering temperature crystallize
the inner structure of the geopolymer-based ceramics, thus enhancing the mechanical
performance of the ceramics. The density of the ceramics is dependent on the sintering
temperature. The sintering temperature plays a significant role in the densification process.
Exposure to a high temperature eliminates the pores between particles and also facilitates
fast grain growth during the sintering mechanism [22].

When sintered at 200 ◦C, the occurrence of dehydration stages leads to shrinkage and
deformation. Linear shrinkage was defined as the reduction percentage in the thickness
of the central part of the powder compacts. This can be attributed to capillary contraction
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induced by the shape of water within micro and nanopore solutions. Generally, linear
shrinkage increases as the sintering temperature increases. Increasing the sintering tem-
perature led to greater shrinkage in the materials, as the higher temperatures cause more
particle rearrangement and compaction. The body of the ceramics achieved its maximum
shrinkage of 29.91% when exposed to 1200 ◦C. A study by Jaya et al. [23] stated that sinter-
ing above 1200 ◦C is not suitable as the geopolymer palette starts to melt as the temperature
rises to 1250 ◦C, turning the color from milky white to brown. This happens due to the
exceeding of the melting point of the geopolymer ceramics.

As the geopolymer undergoes sintering at elevated temperatures, the structure of the
material is modified. These modifications encompass the elimination of water molecules
and the formation of a new crystalline phase embedded within the geopolymer matrix. The
surface energy of incoherent particles decreases during the sintering mechanism, leading to
a decrease in the overall surface area. The application of high temperatures during the sin-
tering process induces structural rearrangement and the development of crystalline phases,
including nepheline (NaAlSiO4), kalsilite (KAlSiO4), and mullite (3Al2O3·2SiO2) [24]. This
sintering mechanism leads to enhanced material density and facilitates the growth of grains
through diffusion. As the liquid flows between particles, shrinkage takes place, exerting
greater pressure at the contact areas and prompting the material to relocate, resulting in
closer proximity between particle centers.

As for the water absorption (WA), the decreasing trend is possibly due to the densifica-
tion process of the geopolymer matrix in the ceramic materials as the sintering temperature
increases. When sintered above 1200 ◦C, the geopolymer-based ceramics absorbed 0.23% of
water in 24 h compared to unsintered and a geopolymer sintered at 200 ◦C which absorbed
28.63% and 28.55% of water, respectively. The fluctuation in water absorption may be due
to the elevated temperature, resulting in the closing of some open pores [25], thus reducing
the amount of available pore space for water to be absorbed. This phenomenon causes
the rate of water absorption to decrease while increasing the pore strength. The low water
absorption exhibits a better property for geopolymer-based ceramics as it contributes to an
increase in strength and creates barriers to the formation of cracks and voids [26].

3.2. Morphology Analysis and Porosity of Geopolymer-Based Ceramics

The SEM micrograph provides a visual representation of the unsintered geopolymer,
illustrating the scanning image obtained during the activation of kaolin with the alkali
activator. The plate-like morphology of unreacted kaolin in geopolymer ceramics can be
observed in Figure 7. It has a unique morphological structure characterized by its elongated,
plate-like particles, which function to reinforce the geopolymer matrix, thus increasing the
strength and toughness of the resulting geopolymer-based ceramics.

Figure 8 shows the SEM micrograph of unsintered and sintered kaolin-based geopoly-
mer ceramics at various sintering temperatures of 200, 400, 600, 800, 1000, and 1200 ◦C.
All of the samples have been imaged at a fracture section of the geopolymer-based ce-
ramic. Only a few micro-level cracks were visible on the sample surface when exposed to
a higher temperature. Following the heat treatment, as an effect of the grain coarsening
phenomenon, the small pores within the matrix gradually disappear, and the larger pores
form. There is no significant change in the microstructure of geopolymer when exposed
to temperatures of 200 ◦C, 400 ◦C, and 600 ◦C. During heating from room temperature
(RT) to 200 ◦C, the water content in the geopolymer evaporates causing weight loss and
minimal shrinkage. The shrinkage and deformation could be attributed to the capillary
contraction induced by the escape of water from the pores [27]. However, as the geopoly-
mer sintered at 800 ◦C, it can be observed that the geopolymer matrix starts to become
more dense. This phenomenon can be attributed to the dehydroxylation stages, during
which condensation and polymerization between T-OH groups leads to the escape of water
and subsequent shrinkage at high sintering temperatures. Sintering above 800 ◦C causes
the flexural strength to increase [28]. The thermal analysis revealed the occurrence of the
sintering process, which was evident from the observed shrinkage resulting from crystal
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coarsening. In accordance with Li et al. [29], with an increase in sintering temperature,
there is a promotion in the growth of sintering necks and sintering densification. This, in
turn, leads to an enhancement in the flexural strength of the geopolymer-based ceramics.
Subsequent sintering to 1200 ◦C induces the formation of a molten amorphous glass phase,
promoting further sintering and densification. This process significantly contributes to the
maximum shrinkage observed. Small pores form from an amorphous geopolymer into
nepheline geopolymer-based ceramics.
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The sintering process above 1000 ◦C resulted in the development of a glassy mor-
phology, signifying the closure of the majority of the small pores and the attainment of
ceramic densification [30]. Figure 9 shows the proposed scheme on the grain growth of
the geopolymer-based ceramics during the sintering mechanism which leads to the den-
sification of the geopolymer matrix. During the initial stage of sintering, the coalescence
and orientation of particles reduces the coordination number around pores and alters the
balance of surface tension around pore surfaces, which causes the closure of pores. As the
sintering temperature increases, the grain grows and leads to the formation of densified
geopolymer-based ceramics.
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At a high temperature, the ceramic structure undergoes significant structural changes,
where the porosity and mechanical properties are affected. As the geopolymer is exposed
to high sintering temperatures, the geopolymer structure begins to collapse and form
cracks. This may create new pores and increase the overall porosity of the material. While
increasing porosity is expected to decrease mechanical strength, there are cases where
the mechanical strength could be increased as the porosity increases. This is due to the
function of the pores that can act as stress concentrators, which helps in dissipating stress
and preventing the initiation and propagation of cracks [31].

The porosity of geopolymer-based ceramics can be observed in Figure 10 using data
from the XTM technique, where it is shown that the total number of pores is highest at
6.61% when sintered at 1200 ◦C, at which point they mainly consist of closed pores. This is
due to the sintering mechanism where, as the sintering temperature increases, the small
pores merge forming a larger pore due to moisture hydration. Even though the total
number of pores is highest at this temperature, the closed pores present contribute to the
high density, thus improving the strength of the geopolymer-based ceramics. Contrary to
sintered ceramics, the unsintered geopolymer happens to have the lowest number of pores
with 0.2%. This result is thus related to the SEM micrograph obtained.
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Figure 10. The porosity of unsintered and sintered geopolymer-based ceramics from XTM.

3.3. Phase Analysis of Geopolymer-Based Ceramics

Figure 11 shows the XRD pattern of unsintered kaolin-based geopolymer. The presence
of zeolite (Z), kaolinite (K), and quartz (Q) were detected in the kaolin-based geopolymer.
The kaolinite (Al2SiO5(OH)4) and quartz (SiO2) represent inherent mineral constituents of
kaolin, whereas zeolite typically crystallizes through the activation of kaolin with the alkali
activator, originating from the transformation of amorphous aluminosilicate gel. Geopoly-
merization is initiated by the combination of NaOH and Na2SiO3 solutions, leading to the
dissolution of aluminosilicate minerals in an alkali activator. The dissolved components
undergo a series of processes involving nucleation, growth, and polymerization before
ultimately solidifying through polycondensation. The alteration in crystallographic com-
position was evidenced by the disappearance of the amorphous phase hump upon heat
treatment, indicative of the transition from an amorphous to a crystalline state.
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Figure 11. XRD patterns of unsintered kaolin-based geopolymer (K = kaolinite, Q = quartz,
Z = zeolite).

Figure 12 provides a characterization of geopolymer-based nepheline ceramics, en-
compassing sintered samples exposed to different temperatures of 200 ◦C, 400 ◦C, 600 ◦C,
800 ◦C, 1000, and 1200 ◦C. At the temperatures of 200 ◦C, 400 ◦C, and 600 ◦C, amorphous
humps and reflections from quartz present between the range of a 20◦ to 40◦ diffraction
angle (2θ) were introduced by the raw kaolin. Sharp peaks in the reflection of nepheline
(NaAlSiO4) start to appear when the geopolymer-based ceramics are sintered at a tem-
perature of 800 ◦C. The absence of muscovite (KAl2(AlSi3O10)(OH)) could be attributed
to the exposure of the kaolin-based geopolymer to high temperatures during the sinter-
ing process. As the sintering temperature increased to 800 ◦C, the intensity of the peaks

204



Materials 2023, 16, 5853

increased, and the amorphous phase diminished, indicating the initiation of geopolymer
crystallization [32].

Figure 12. XRD patterns of sintered kaolin-based geopolymer at 200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C,
1000 ◦C, and 1200 ◦C (Mu = muscovite ICDD# 05-0652, Q = quartz ICDD# 46-1045, N = nepheline
ICDD# 35-0424).

Sintering at 1000 ◦C and 1200 ◦C resulted in the formation of mullite (3Al2O3·2SiO2),
which exhibits excellent thermochemical stability. The XRD pattern recorded for 800 ◦C,
1000 ◦C, and 1200 ◦C showed an incremental rise in the intensity of the nepheline peaks as
the sintering temperature increased. Nepheline contributes to the strength and stability
of ceramics. It also helps in improving their resistance to heat and erosion. Furthermore,
nepheline can impact the physical and mechanical properties of ceramics, such as their
density, hardness, and thermal conductivity [33]. Overall, incorporating nepheline into
a kaolin-based geopolymer can improve its performance and make it more suitable for a
range of applications.

4. Conclusions

Geopolymer-based ceramic materials have numerous potential uses, such as building
materials, refractories, high-temperature coatings, and even as an alternative to conven-
tional cement-based materials. The spectrum of potential uses for geopolymer materials is
projected to broaden with continued study and development, making them a more crucial
component of contemporary engineering and building.

From the obtained results, it can be inferred that the sintering process has an impact
on the characteristics and properties of geopolymer-based ceramics. The phase analysis
conducted by using XRD indicates that the results align with the compressive strength
and the morphology analysis. By detecting the major crystalline components present in
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the geopolymer-based ceramic systems, phase analysis aids in explaining the properties
of the geopolymer. As the geopolymer is sintered at high temperatures above 800 ◦C, the
XRD pattern shows an incremental increase in the intensity. Additionally, from the SEM
micrograph of the fracture section of the geopolymer-based ceramics, the morphology
analysis of geopolymer-based ceramics sintered at 1200 ◦C reveals a denser surface ap-
pearance compared to the unsintered geopolymer. Furthermore, sintering the ceramics
at a temperature of 1200 ◦C enhances their mechanical performance as they achieved a
maximum flexural strength of 78.9 MPa, a peak density of 2.56 g/cm3, and their lowest
water absorption at 0.23%.
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Abstract: Worldwide, the need for thermal insulation materials used to increase the energy perfor-
mance of buildings and ensure indoor thermal comfort is constantly growing. There are several
traditional, well-known and frequently used thermal insulation materials on the building mate-
rials market, but there is a growing trend towards innovative materials based on agro-industrial
waste. This paper analyses the performance of 10 such innovative thermal insulation materials
obtained by recycling cellulosic and/or animal waste, using standardised testing methods. More
precisely, thermal insulation materials based on the following raw materials were analysed: cellulose
acetate, cigarette filter manufacturing waste; cellulose acetate, cigarette filter manufacturing waste
and cigarette paper waste; cellulose acetate, waste from cigarette filter manufacturing, waste cigarette
paper and waste aluminised paper; cellulose from waste paper (two types made by two independent
manufacturers); wood fibres; cellulose from cardboard waste; cellulose from waste cardboard, poor
processing, inhomogeneous product; rice husk waste and composite based on sheep wool, recycled
PET fibres and cellulosic fibres for the textile industry. The analysis followed the performance in terms
of thermal insulating quality, evidenced by the thermal conductivity coefficient (used as a measurable
indicator) determined for both dry and conditioned material at 50% RH, in several density variants,
simulating the subsidence under its own weight or under various possible stresses arising in use. The
results showed in most cases that an increase in material density has beneficial effects by reducing
the coefficient of thermal conductivity, but exceptions were also reported. In conjunction with this
parameter, the analysis of the 10 types of materials also looked at their moisture sorption/desorption
capacity (using as a measurable indicator the amount of water stored by the material), concluding
that, although they have a capacity to regulate the humidity of the indoor air, under low RH con-
ditions the water loss is not complete, leaving a residual quantity of material that could favour the
development of mould. Therefore, the impact on indoor air quality was also analysed by assessing
the risk of mould growth (using as a measurable indicator the class and performance category of
the material in terms of nutrient content conducive to the growth of microorganisms) under high
humidity conditions but also the resistance to the action of two commonly encountered moulds,
Aspergillus niger and Penicillium notatum. The results showed a relative resistance to the action of
microbiological factors, indicating however the need for intensified biocidal treatment.
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1. Introduction

Today, worldwide, but especially in the highly and medium-developed countries,
there is a change in the lifestyle of the population. On one hand, more and more activities
are taking place inside buildings and, on the other hand, there is a growing awareness
of the need for sustainable use of natural resources, reduced energy consumption and
reduced environmental impact [1]. In this context, there is a strong orientation towards
identifying new possibilities and developing new, more efficient, user-friendly and eco-
friendly building materials. Various development possibilities are also being explored in the
area of materials for thermal insulation of buildings, especially as the disadvantages of one
of the most widely used thermal insulation materials, expanded or extruded polystyrene,
are now well-known. Although it is relatively cheap, easily accessible and performs well in
terms of thermal insulation, it is characterised by very low biodegradability; dangerous
behaviour in the event of fire, forming burning droplets and releasing a lot of smoke; and a
negative impact on indoor air quality by reducing the air and water vapour permeability
of walls. In other words, it no longer allows the walls to “breathe” and leads to a “sealing”
of the indoor environment, a reduction in the degree of ventilation, thus contributing to the
creation of favourable conditions for the appearance and growth of mould, algae, lichens
or other films of micro-organisms on the surface of the building [2,3]. This leads to a
reduction in the quality of the air in the inhabited space and thus to health consequences
for the population.

The literature highlights the overall negative impact on the health of users through
the term “sick building syndrome (SBS)”, which is the negative manifestation of the popu-
lation working, partially or totally, inside buildings affected by microorganism deposits,
due to the degradation of indoor air quality through contamination with spores and
toxins [1,4–6]. The most common mycotoxins identified in indoor air and the bodies of
the population living in the contaminated environment are produced by moulds such as
Cladosporium, Acremonium, Alternaria, Periconia, Curvularia, Rhizopus, Mucor, Streptomyces,
Penicillium, Aspergillus, Stachybotrys, Fusarium, and Myrothecium [7–10], known to be geno-
toxic, immunotoxic, hepatotoxic, mutagenic; and potentially carcinogenic mycotoxins are
ochratoxin [7] (OCT), aflatoxin B1 [9] and trichothecene [6–19].

The thermo-physical characteristics of thermal insulation materials used in the build-
ing industry include properties such as thermal conductivity, specific heat capacity, density
and thermal diffusivity. These characteristics specify the efficiency of a material in terms
of its ability to absorb, transfer and retain heat. Collectively, these properties contribute
to a building’s energy efficiency and ability to maintain a comfortable indoor tempera-
ture, thereby reducing the need for artificial heating or cooling. The literature points to
the possibility of developing materials for the thermal insulation of buildings which, in
addition to their specific performance, offer some advantages in terms of opening up new
opportunities for implementing the concept of the Circular Economy. However, these
“alternative” insulating materials, as of 2017, only accounted for 13% of the market, and
mostly comprise non-woven, fibre mattresses made from recycled plastics (the most com-
mon being polyethylene terephthalate (PET), polypropylene (PP) and polyvinyl chloride
(PVC)); fibres from recycled industrial textile waste, animal or vegetable fibres (sheep
wool, flax and hemp fibres, cotton wool); and/or other waste, including cellulosic waste
from agricultural or industrial waste [20–24]. Of these, insulation materials made from
agricultural raw materials, also called “bio-based insulation material”, accounted for only
6% (2012), 8% (2017) and 10% (2020) of the insulation materials market, with expectations
encouraged by EU policies of 13% in 2030, of which 40–50% should be based on wood
and other cellulosic materials [24]. At present, most reports in the literature focus on the
methods of making such thermal insulation materials and their physical, mechanical and
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thermal efficiency performance, fewer on durability and very few on the impact on indoor
air quality [24].

Depending on their nature, insulating materials are characterised by a thermal con-
ductivity coefficient, λ, with values ranging from 0.024–0.07 W/mK [20]. The thermal
performance of insulation made of homogeneous materials, simple or combined, is usu-
ally evaluated by the following parameters: thermal conductivity, thermal transmittance,
thermal diffusivity and specific heat [25]. For the most commonly used thermal insulation
materials, the current thermal conductivity coefficient range is between 0.030–0.040 W/mK
for expanded polystyrene and mineral wool, 0.020–0.030 W/mK for polyurethane-based
thermal insulation and 0.033–0.044 W/mK for glass fibre-based insulation [26].

Hadded et al. [23] studied recycled textiles in terms of thermo-physical characteris-
tics (thermal conductivity and thermal diffusivity). Danihelová et al. [27] conducted a
study on the performance of recycled technical textiles showing that, in line with other
reports [28], mattresses made of recycled waste fibres of a vegetable or animal nature can
be good thermal insulators, characterised by a thermal conductivity coefficient around
0.033 W/mK. The results of their research have shown that recycled textiles have com-
petitive thermal properties and can be used as an alternative to the “classic” building
insulation materials (extruded polystyrene or mineral wool). Thus, the thermal conduc-
tivity of these insulating materials increases with increasing temperature, identifying, for
example, a thermal conductivity coefficient, λ, for recycled denim insulation that varies
in the range 0.032 ÷ 0.036 W/mK in the temperature range 10 ◦C ÷ −30 ◦C and decreases
with increasing density. In the same context, Valverde et al. [29] analysed the influence
of the density of the thermal insulation product made by recycling textile waste on the
thermal conductivity coefficient, indicating a non-linear variation, with the highlighting
of a density range for which the thermal insulation performance is superior. Patnaik and
Mvubua [30] created panels from layers of unspun wool, (coring wool (CW)—15 mm thick
and 66.66 kg/m3 and dorper wool (DW)—17 mm thick and 58.82 km/m3), reinforced by in-
terlacing. From the point of view of thermal conductivity, the recorded values indicate that
an increase in temperature leads to an increase in thermal conductivity from 0.030 W/mK
(at −5 ◦C) to 0.034 W/mK (at 35 ◦C)—for the CW sample and from 0.031 W/mK (at −5 ◦C)
to 0.034 W/mK (at 35 ◦C)—for the DW sample. Zeinab et al. [28] analysed heat transfer
through different types of non-woven fabrics. They studied the dependence of thermal
conductivity on the thickness and density of polyester and polypropylene fibre insulation
boards and concluded that, based on the measured value of thermal conductivity (approx.
0.033 W/mK), the non-woven materials analysed were suitable for use as thermal insu-
lation material. A collective at the Brno University of Technology, Czech Republic [31]
analysed the behaviour of thermal insulation boards made of recycled polypropylene R-PP
and 5–20% bi-component polyvinyl chloride PVC fibres. It was concluded that in this case
the thermal conductivity coefficient, λ, increases with increasing test temperature, tempera-
ture difference and density, and a product density of min. 150 kg/m3 provides sufficient
physico-mechanical performance to allow in-situ vertical handling and positioning of the
thermal insulation boards. Patnaik et al. [30] developed and analysed a proposal for a
non-woven thermal insulation material based on 50% wool and 50% recycled R-PP fibres,
which showed good thermal insulation performance and biological resistance.

Over time, a number of criteria have been established to assess the quality of one
insulating material against another. In addition to thermal insulation performance, aspects
such as impact on human health from production to end-of-life, dust or fibre emissions,
biopersistence, operational safety, environmental impact, fire performance, fire toxicity,
affordability in terms of price and purchase, durability and use are now being analysed.
Although the development of innovative thermal insulation materials based on recycled
waste would apparently solve many problems, the most important of which is the further
implementation of the concept of the Circular Economy, while at the same time reducing
energy consumption for indoor comfort and reducing environmental impact, a number
of other challenges and difficulties arise. Thus, most of these materials, especially those
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developed by recovering agro-industrial wastes or by-products, are highly sensitive to
water and water vapour. At the same time, because of their structure—they are often
made in the form of non-woven or loose material (which requires supporting structures
when put into operation)—they have a low stability of shape and dimensions. This type of
material frequently weighs under its own weight, mechanical strengths are low; therefore,
it is also sensitive in terms of thermal insulation performance (this is also influenced by
dimensional and density aspects) [32]. Consequently, they are often conditioned by their
location inside buildings, unlike the most commonly used thermal insulation materials
such as expanded/extruded polystyrene or mineral wool.

Therefore, with both advantages and disadvantages, innovative thermal insulation
materials, developed by recycling waste or industrial by-products, represent an area of
interest with potential for exploitation, but which requires further research.

In terms of the possibilities for recycling cellulosic waste into thermal insulation
materials, the advantage of these materials is that, as they are often in bulk, they can
be used to insulate areas that are difficult to access for the application of other forms of
insulation material (boards, panels, etc.) [32]. However, these cellulosic waste insulations,
in addition to their sensitivity to water, have a very low resistance to fire, which makes
it necessary to identify methods of improvement, some of which use the properties of
aerogel-based composites [26]. Other studies have shown that the thermal conductivity of
cellulose thermal insulation is influenced by moisture content during use, with thermal
conductivity increasing with increasing moisture content. The percentage increase in
thermal conductivity is higher than the increase in humidity [32]. Vejelis et al. estimate
that a 1% increase in the adsorbed hygroscopic moisture content induces a 1.25–1.5%, or
even 2%, increase in the λ [33,34]. As cellulose fibres are dried, their strength increases and
porosity decreases, which also influences thermal insulation performance [35–37].

Research by Talukdar et al. [38] showed that the thermal conductivity coefficient,
measured for a temperature range between 10 ◦C and 30 ◦C at an average temperature
value of 22.5 ◦C, varies according to a polynomial function with respect to moisture content
(Ø), as shown in Equation (1):

λ = (a + b·Ø + c·Ø1.5 + d·exp(−Ø)) (1)

where a, b, c and d are coefficients determined experimentally with the following values:
a = 0.092482655, b = 0.15480621, c = 0.066517733, d = 0.1296168.

In the same trend, Sandberg [39] analysed the variation in the thermal conductivity co-
efficient as a function of the water absorption of the thermal insulation material, identifying
a linear equation of the form:

λ = 0.037 + 0.0002·w (W/mK) (2)

where w is the amount of water absorbed per unit volume of cellulose, kg/m3.
In cellulosic material, water can exist in three different ways: non-freezing bound

water, present in the large pores and between the fibres; non-freezing bound water, present
in the mycopores of the fibre; and bound water in the hemicellulose. Experimental research
has shown that capillary water tends to be lost faster than absorbed water, which induces
the advantage that such materials contribute to the regulation of indoor air humidity, i.e., in
low humidity conditions, they can release water; and in high humidity conditions, they can
retain it [40]. However, there is a risk that under conditions of high humidity for a relatively
long period, especially in cold climates, the cellulosic material may form an environment
favourable to the growth of mould, which makes antifungal treatment necessary [34]. The
most common antifungal treatments, which also have a role in increasing fire resistance,
were those based on borax, boric acid, aluminium sulphate or ammonium sulphate, most
commonly applied by wet spraying [41,42]. However, it is now known that these treatments
have limited durability, may impact on human health and are not environmentally friendly;
therefore, more effective methods are being sought that are resistant to accidental water
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infiltration and have low environmental impact and that comply with the EU Registration,
Evaluation, Authorization and Restriction of Chemicals (REACH) regulation to avoid
threatening human health and the environment.

From the information presented, we can identify, on one hand, the interest that the
potential for revalorization of waste and industrial by-products holds in the investigation
of possibilities for creating eco-innovative insulation materials. On the other hand, a series
of difficulties arise due to the high degree of diversity in the type and quality of the raw
material, leading to notable variations in the performance of the eco-innovative product
intended for thermal insulation.

This study aimed to analyse a set of 10 types of “niche” thermal-insulation materials,
produced using recycled cellulosic or agro-industrial wastes, available on the building
materials market. The comparative analysis was carried out from the point of view of
thermal insulation performance, simultaneously with water vapour sorption/desorption
capacity and resistance to the action of moulds, all of which have implications in terms of
indoor air quality. The study achieves several objectives, as follows:

• It provides a comparative analysis of the performance of a variety of thermal insulation
materials that are available in the national and European construction materials market;

• The study highlights concrete possibilities for integrating waste;
• It contributes to establishing a positive environment for interdisciplinary research.

This is done by simultaneously highlighting the characteristics of these materials from
the viewpoint of their application field (thermal insulation of buildings), as well as
the potential impact of their use on indoor air quality, and, consequently, the long-
term effects on public health. This includes aspects such as resistance to fungi and
other microorganism activity. This approach promotes a deeper understanding and
emphasises the necessity to evaluate the performance of construction materials—in
this case, thermal insulation materials—not only from the perspective of the response
they provide to the requirements of their application field but also through a broader
analysis. This wider analysis considers environmental impacts (such as opportunities
for recycling waste, the inclusion of agricultural by-products), durability, and effects
on the hygiene, safety and security conditions of the population. Historically, such
analyses were mainly focused on compatibility with the field of use. However, today,
in line with sustainable development strategies founded on the three core pillars
(economic, social and environmental) endorsed at both European and global levels, all
these requirements form an integral part of the evaluation of all materials designated
for use in construction;

• Last but not least, the study seeks to improve the supportive theoretical framework.
This is beneficial especially for the practical implementation of technological transfer
from applied research to the production of thermal insulation materials. These materi-
als have a high potential for recycling waste or agro-industrial by-products and are
optimised from a thermal efficiency point of view and for the necessary treatments to
ensure safe and hygienic use.

2. Materials and Methods
2.1. Material Characterisation

The experimental investigations carried out for the comparative analysis of the perfor-
mance of “niche” thermal insulation materials were conducted under laboratory conditions.
From the range of materials available on the building materials market, 10 types were
selected (Figure 1). Their characteristics are presented in Table 1.

While some of the selected materials might seem similar, their selection aimed to
evaluate comparatively how the degree of raw material sorting and subsequent processing
can influence the performances analysed. Thus, although materials P1, P2 and P3, which
primarily consist of waste from cigarette filters, appear similar, it is evident that the raw
material for P1 had a higher degree of sorting, specifically, just waste from these filters. In
contrast, for P2 and P3, this degree of raw material sorting was reduced, with cigarette filter
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waste mixed with cigarette paper waste (for P2) and even with waste aluminised paper
(for P3). The experimental results demonstrate that their thermophysical characteristics are
quite distinctive, also. Comparing these three situations could be particularly beneficial for
cigarette manufacturers seeking to optimise their waste recycling process, and independent
production units, which could impose certain conditions on the raw material they acquire
for producing such thermal insulation materials. For similar reasons, materials P4 and P8
were selected. Although they seem to use raw materials from the same waste category
(waste paper), they are produced by two different manufacturers, and specific elements
of the technological process could influence the final product. Conversely, materials
P6 and P7, manufactured by the same entity and derived from similar waste materials
(waste cardboard), are subject to varying degrees of technological processing. Therefore,
the experimental results for P6 and P7 are particularly beneficial for manufacturers of
construction materials. They increase awareness regarding performance and show a high
level of product quality is required to ensure the desired energy efficiency and hygiene in
the occupied spaces. Despite their similarities or differences, all these selected materials
have a common denominator: the cellulose component in various forms.
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Table 1. Coding and characterisation of thermal insulation materials.

Sample
Code

Density in Natural
State (kg/m3)

Marketing
Method Installing Raw Material for Production

P1 21.2

bulk
inside the building,

loose between
rigid panels

cellulose acetate, cigarette filter
manufacturing waste

P2 31.7 cellulose acetate, cigarette filter manufacturing
waste and cigarette paper waste

P3 38.9 cellulose acetate, waste cigarette filter manufacture,
waste cigarette paper and waste aluminised paper

P4 35.1 cellulose from waste paper, producer 1

P5 23.4 wood fibres

P6 55.8 cellulose from cardboard waste

P7 125.5 cellulose from waste cardboard, poor processing,
inhomogeneous product

P8 48.0 cellulose from waste paper, producer 2

P9 98.2 rice husk waste

P10 20.7 non-woven
mattress

inside the building, on
wooden frames

composite based on sheep wool, recycled PET
fibres and cellulosic fibres for the textile industry
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2.2. Assessing the Impact of Density and Humidity Content on Thermal Conductivity

The thermal insulation efficiency of the products was evaluated using the thermal
conductivity coefficient λ (W/m·K). Thermal conductivity was measured with a specialised
instrument, the λ-Meter EP500e guarded hot plate equipment (Lambda-Messtechnick
GmbH, Dresden, Germany). The entire process was carried out following the guidelines of
the SR EN 12667 [43] standard. This approach allowed for a complete characterisation of
the products based on their thermal insulation efficiency.

For our experimental investigation, we selected test temperatures of 10 ◦C and 23 ◦C
and subjected the materials under test to specific humidity conditions (dry material and
material conditioned at 50% relative humidity). These choices were made in compliance
with the SR EN ISO 10456 standard [44], which explicitly outlines this set of conditions for
reporting the values derived for the thermal conductivity coefficient.

Testing of bulk materials and loose insulation typically involves the use of incompress-
ible frames [45–47], often made of polyurethane (PUR) or extruded polystyrene (XPS). These
materials are not only more durable for laboratory tasks, but they also prevent mass trans-
fer from the external environment due to their sealed pore structure. For this study, XPS
frames with predetermined volume were used. Each frame measures 500 × 500 × 50 mm
on the exterior to fit λ-Meter EP500e plates and features a rectangular cavity measuring
200 × 200 × 50 mm where the materials were tested, as is shown in Figure 2. This approach
ensures that the testing area, which on λ-Meter EP500e measures 150 × 150 mm [48], exclu-
sively comprises the material under test, eliminating any possibility of inadvertent overlap
with the frame. The frame is positioned in the guarded area of the equipment, ensuring
that the sample is tested at the specified density. The sample is shielded from external
factors such as humidity, and there is no interference with the heat flow generated by the
equipment [48]. This heat flow is used to determine the sample’s equivalent conductivity
using an absolute measurement technique applicable to samples of a rectangular shape [49].
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While adherence to certain standards is not necessarily mandatory from a research
perspective, complying with these established guidelines ensures our results are repro-
ducible and can be independently validated. Moreover, the results could be useful during
potential revisions of the standards. Therefore, tested material was conditioned following
standard SR EN 15101-1+A1: 2019 [50] in an oven at a temperature of (70 ± 2) ◦C, using air
from the laboratory at (23 ± 2) ◦C and (50 ± 5)% relative humidity. The testing procedure
started with identifying the natural density of the product, defined as the lowest density
at which the material could sustain its form under its own weight. Every test is done
for three average temperatures of the sample: (10 ± 1) ◦C, (23 ± 1) ◦C and (40 ± 1) ◦C.
Following the initial conductivity test with the dry material, it was conditioned using a
climate chamber Angelantoni Challenge CH250 (Angelantoni Industrie Srl, Massa Martana,
Italy), at a temperature of 23 ◦C ± (0.25 ÷ 0.3) ◦C and a relative air humidity (RH) of
(50 ± 1)%. The conditioning time was specific to each type of material analysed, in order
to achieve constant mass. Constant mass was considered reached when, between two
successive weighings, there was no difference greater than 0.1%. This way of testing was
considered necessary because it is known that humidity influences thermal conductivity
performance [44,51]. After constant mass was achieved, the product was retested, using
the same protocol, at (10 ± 1) ◦C, (23 ± 1) ◦C and (40 ± 1) ◦C.

Another stage in the assessing of the thermal efficiency of the materials involved
studying the change in the thermal conductivity coefficient relative to density. To achieve
this, after the sample was examined in both dried and normal conditions, extra material
was incrementally added to the frame until the necessary density for the next test was
reached. The extra material was introduced in uniformly distributed layers. Each layer was
compacted before the addition of a new layer, in order to ensure a consistent sample density
throughout. This approach to analysis was considered important for two primary reasons:
firstly, due to the significant impact a material’s density can have on its thermal insulation
properties, and secondly, due to the high likelihood of the material compacting under its
own weight. The final stage of evaluating the materials’ thermal performance analysed how
the thermal conductivity coefficient varied in relation to both density and moisture content.
To do this, the test samples, once dried to a constant mass and tested for a given density,
were placed in a climate-controlled chamber at a temperature of 23 ◦C ± (0.25 ÷ 0.3) ◦C
and a relative humidity of (50 ± 1)% until they achieved a constant mass, after which the
thermal conductivity coefficient was determined for the sample conditioned in this way.
Due to existing compaction, it was observed that the moisture permeates the material more
slowly. As a result, the conditioning period required for the samples to attain a constant
mass was longer than it was for samples at their natural density.

2.3. Characterisation of Materials in Terms of Hygroscopicity Performance

The hygroscopicity characteristics were evaluated by analysing the sorption/desorption
curves according to the methodology indicated in European standard SR EN ISO 12571:2021 [52].
The sorption/desorption capacity of water vapour was quantified by plotting the character-
istic curves of the variation of the specimen mass as a function of the relative air humidity,
w(%) = f(RH(%)). For testing, specimens were exposed to the ambient environment in a
closed room at a constant temperature (23 ± 0.5) ◦C, varying only the humidity parameter
(RH) with an accuracy of ±1%. The climatic chamber used was of the type FDM F.Iii Della
Marca C700BXPRO RT100 (F.lli Della Marca s.r.l., Rome, Italy), with a temperature accuracy
of ±0.5 ◦C and a humidity accuracy of ±1%. Initially, for sorption curve plotting, the
relative humidity was increasing in 5 steps, 30%, 45%, 60%, 75% and 90%, respectively. Sub-
sequently, for the analysis of the moisture desorption capacity, the air humidity variation
plot was plotted in reverse, also in 5 steps, 90%, 75%, 60%, 45% and 30% respectively. For
stabilisation of the monitored parameters, the specimens were kept at each RH value for
7 days, after which they were weighed to an accuracy of 0.0001 g. To ensure repeatability
conditions, 5 determinations were performed for each test, presenting the mean value of
the results.
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2.4. Characterisation of Materials in Terms of Resistance to the Action of Micro-Organisms

The resistance to the action of micro-organisms was carried out in two test variants: in
the case of exposure of thermal insulation materials under conditions of high humidity and
under conditions of an environment contaminated with micro-organisms, respectively.

2.4.1. Analysis of the Risk of Mould Growth When Thermal Insulation Materials Are
Exposed to High Humidity Conditions

In the first testing variant, in accordance with the working methodology indicated
in the European guide on the elaboration of technical agreements for the marketing of
construction products in accordance with European regulations, EAD 040138-01-1201 [53]
and EAD 040005-00-1201 [54], and the European standard SR EN ISO 846:2019 [55], the
test specimens were exposed in an environment with high humidity achieved as a result
of water evaporation under conditions of normal pressure and constant temperature
(23 ± 1) ◦C, in a closed enclosure. This method is specific to the evaluation of the biological
resistance of thermal insulation materials or acoustic insulators made of animal fibres,
manufactured in the factory or in-situ. During the 28 days of exposure, the specimens did
not come into contact with liquid water. At regular intervals (5, 10, 15, 20 and 25 days) and at
the end of the 28 days of testing, the test specimens were examined visually without optical
magnification and microscopically using a LEICA SAPO microscope (Leica Microsystems,
Wetzlar, Germany) to identify signs of mould growth. The quantification of resistance to the
action of microorganisms was evaluated by classifying the fungal growth in rating classes
and categories indicating the performance of the product in terms of nutrient content
conducive to the growth of microorganisms, according to the SR EN ISO 846:2019 [55]
reference, summarised in Table 2. With the character “+”, it was evidenced that the
fungal load increased significantly from the evaluation performed at exposure time t to the
evaluation performed at exposure time t + 1, without however being a sufficient change in
order to affect the fungal growth rating class.

Table 2. Evaluation of fungal growth and product performance.

Class Evaluation of Fungal Growth Category Product Performance Estimation

Class 0 No sign of growth on microscopic examination 0 The material is not a nutrient medium for
microorganisms (it is inert or fungistatic).

Class 1 Growth invisible to the naked eye but clearly
visible under a microscope 1 The material contains few nutrients or is so little

contaminated that it allows very little growth.

Class 2 Increase visible to the naked eye, covering up
to 25% of the test area

2–3
The material is not resistant to attack by

micro-organisms; it contains nutrients that
allow them to grow.

Class 3 Increase visible to the naked eye, covering up
to 50% of the test area.

Class 4 Increase visible to the naked eye, covering
more than 50% of the test area.

Class 5 Strong growth covering the entire test surface.

2.4.2. Evaluation of the Resistance of Thermal Insulation Materials in Conditions of a
Micro-Organism Contaminated Environment

In the second variant of testing the resistance of thermal insulation materials to the
action of moulds, systems of exposure of specimens in an environment contaminated with
two species of moulds, most encountered in daily activity, were carried out. The microbial
laboratory procedure was performed on potato dextrose agar (PDA) culture media in the
presence of two fungal species—Penicillium notatum and Aspergillus niger. Each sample
of insulation was placed in the middle of a Petri dish, and the two fungal species were
inoculated on media in a cross-system. Both species were collected from the indoor walls of
buildings and were chosen as fungal contaminants due to their presence in inhabited areas.
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Inoculation was performed with a sterile 10 µL loop and the fungal-insulation culture was
incubated at 25 ◦C for 5 days. A secondary culture test was performed, with insulation
incubated on culture media. The test was designed to assess the fungal component present
on insulation. The readings were performed each 24 h with the recording of results on the
6th level of the proposed scale.

3. Results and Discussion

The results of the experimental research on thermal insulation performance including
water vapour sorption/desorption capacity and resistance to mould growth, all of which
have implications for indoor air quality, showed similarities and differences between the
10 types of materials analysed. These specific behaviours of each material type are believed
to have been influenced by several factors, of which the characteristics of the raw material
used to make the material is the main one.

3.1. Characterisation of Materials in Terms of Thermal Insulation Efficiency

Heat transfer through a solid sample of material primarily occurs through conduction
and convection mechanisms, as is already established [56–59]. Convection is affected by
the arrangement and volume of air gaps between particles [60,61], while conduction is
influenced by the contact area and number of contact points between solid particles [62].
These mechanisms collectively determine how heat is transferred. As the density of a mate-
rial increases due to subsidence, the size of air voids decreases and the number of contact
points between particles increases. Therefore, when compressing a uniformly air-filled
material, the convective component of the heat transfer is reduced, while the conduction is
increased due to improved connectivity between the solid parts [63,64]. For thermal insula-
tors that incorporate recycled textile fibres [25,29] or natural fibrous insulation material,
byproducts from the agricultural industry [60,64], polynomial correlations between thermal
conductivity and density have been already presented. The test results from the present
research indicate that compression of a low-density product with uniformly distributed
air gaps leads to a significant decrease in thermal conductivity, as seen for the products
P1, P2, P5, and P10 in Figure 3. Compression produces a sharp decline in convective heat
flow in the initial segment of the density range, specifically between the natural density of
the material and approximatively 40 kg/m3. For this interval, the reduction in convective
heat flow surpasses the increase in the conductive part of heat transfer. However, after a
certain density threshold is reached, the rate of increase in heat transfer through conduction
surpasses the decrease in convection; therefore, the value of thermal conductivity rises.
For easier comparison of the evolution of the thermal conductivity coefficient depending
on density, for the dry situation (a), versus conditioned at 23 ◦C ± (0.25 ÷ 0.3) ◦C and
RH (50 ± 1)% (b), the graphical representation for each of the analysed thermal insulation
materials was made while maintaining the same scale (on the X and Y axes).

Increasing material density leads to different variations in thermal conductivity, de-
pending on the type of material. Thus, in the case of samples P1, P2, P10, the increase in
density initially causes a reduction in the thermal conductivity coefficient, with a tendency
to linearise, possibly with the recording of a minimum value on the graph λ = f(density)
marked by an inflection point. A similar trend, with the existence of an inflection point
on the λ = f(density) graph, but without a linearisation tendency, i.e., with the existence
of an inflection point, is also recorded for the materials P4, P5, P6, P9. It should be noted,
however, that in these cases the zone of decrease and existence of the inflection point
is more evident, followed by a zone of increase in the thermal conductivity coefficient
with increasing density. This trend is particularly evident in dry samples. Testing these
materials after they have been conditioned at 50% RH, the λ = f(density) variation graph
undergoes changes, generally emphasising the existence of the inflection (minimum) point.
Therefore, it is considered that, in the case of these materials, increasing the density to a
material-specific value may have beneficial effects by reducing the thermal conductivity
coefficient. Above this optimum density value, the effect on the coefficient of thermal
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conductivity is either not significant (λ increases by less than 10%, e.g., sample P1) or even
negative (λ increases by more than 10%, e.g., samples P2, P4, P6).
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Figure 3. Influence of material density: dry (a), respectively, conditioned at 23 ◦C ± (0.25 ÷ 0.3) ◦C
and RH (50 ± 1)% (b), on the thermal conductivity coefficient determined at sample average temper-
ature of 10 ◦C, 25 ◦C or 40 ◦C.

An entirely different aspect is presented by the λ = f(density) curves for samples P3,
P7 and P8. In the case of these materials, an increase in the thermal conductivity coefficient
is clearly identified as the density increases, both for tests on dry samples and material
conditioned at 50% RH. Therefore, in these cases a densification of the material, either as a
result of compaction under its own weight or by the way it is laid, induces disadvantages in
terms of thermal insulation performance, all the more evident as the temperature difference,
warm zone-cold zone, is greater (more obviously identified on the graph of sample P8
conditioned at 50% RH where the distance between the λ = f(density) curve recorded at the
10 ◦C test temperature is far removed from the λ = f(density) curve recorded at 23 ◦C).

A comparative analysis of the values recorded for each dry tested material, respectively,
after conditioning at 50% RH, shows that, in general, the existence of moisture content in
the material leads to slight increases in the thermal efficiency indicator. Exceptions are
recorded in the case of testing at 10 ◦C for samples P3, P4, P5, P8.

Increasing the test temperature of the material (10 ◦C, 23 ◦C or 40 ◦C) generally results,
for each material analysed, both dry and conditioned at 50% RH, in a similar appearance and
parallel positioning of the λ = f(density) graphs; the higher the test temperature, the higher
the thermal conductivity coefficient. Therefore, it is estimated that the benefit obtained by
using such materials is greater the lower the temperature, which contributes to obtaining a
benefit on the quality of indoor comfort and energy consumption, especially in cold climates.

By analysing the thermal performance indicator, λ, as a function of the macroscopic
structure of the material, some similarities in behaviour can be identified. For example,
samples P1, P2 and P5, cellulose thermal insulation materials with a fibre-bound appearance
and even P10, which is a fibre composite, show λ = f(density) graphs with a similar
appearance. Therefore, it is considered that the type, raw material, structure, density and
moisture content are important factors influencing the thermal insulation performance,
being in correlation with previous studies [38].
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The functions showing the variation of the thermal conductivity coefficient with
respect to density are shown in Table 3, and those showing the variation of the coefficient
of thermal conductivity with respect to the mean temperature of the samples during the
test are shown in Table 4. It should be noted that, in order to achieve a correct degree of
appreciation of the variation function, the condition was imposed that the correlation factor
R2 > 0.9. On the basis of these functions, at value 0 of the derivative of the function, it
is possible to determine the density value for which the thermal conductivity coefficient
is minimum, as shown in Table 5. Thus, it can be said that an increase of 149.1% (P1),
83.9% (P2), 41.6% (P4), 116.0% (P5), 54.3% (P6), 5.8% (P9), 325.1% (P10), respectively, will
lead to a reduction of the thermal conductivity coefficient recorded on dry material, at
10 ◦C, λ10,ct., by 13.2% (P1), 7.4% (P2), 0.7% (P4), 8.2% (P5), 5.2% (P6), 3.5% (P9), 22.4% (P10),
representing the highest benefit that can be obtained in this way. As can be seen, in some
cases, this effort to increase the material density is substantially beneficial and justified; in
other cases, it is less significant in terms of improving thermal performance. An exception
is recorded for the P3 material for which the identified function is linear, continuously
increasing. In this case, no benefit of reducing thermal conductivity can be obtained
by increasing the material density; the λ10,ct. value recorded experimentally at natural
density being the lowest of the set of experimental values. Similarly, the P8 material is
identified as an exception whose density, theoretically, should be reduced by 4.4% in order
to achieve an optimal conductivity coefficient λ10,ct. Although these theoretical conclusions
exist, reducing the natural density of the materials (case P3 and P8) is hardly possible
from a practical, implementation point of view, possibly requiring interventions in the
manufacturing technology. Another exception was the P7 material, for which, although
apparently polynomial functions were identified, it turned out that the evolution of the
λ = f(density) curve is increasing and with the increase in the density of the material, the
thermal conductivity coefficient also increases, the subsidence even under its own weight
having a negative effect. In fact, of all the materials analysed, P7 is considered to have the
lowest quality, being inhomogeneous, with frequent agglomerations of material, which
could be one of the explanations for this behaviour: not only the type of source material
but also the quality of its processing, the homogeneity of the final product, have a great
influence on the thermal insulation performance.

By comparing the experimentally obtained thermal conductivity coefficient of the
materials with general values characteristic of commonly used thermal insulation materials
or cellulose-based thermal insulation materials reported in the literature [32] (Table 6), it is
judged that in terms of efficiency as an insulating material, P1–P10 materials correspond to
the intended field of use.

Table 3. Dependence of thermal conductivity coefficient on dry material density.

Dry Material
Sample Temperature 10 ◦C Sample Temperature 25 ◦C Sample Temperature 40 ◦C

λ = f(Density) R2 λ = f(Density) R2 λ = f(Density) R2

P1 y = 0.0047x2 − 0.4963x + 46.103 0.95 y = 0.0051x2 − 0.5519x + 49.817 0.92 y = 0.0058x2 − 0.642x + 54.771 0.93

P2 y = 0.0038x2 − 0.4432x + 48.245 0.96 y = 0.0045x2 − 0.5431x + 53.096 0.98 y = 0.0045x2 − 0.5567x + 56.44 0.98

P3 y = 0.5337x + 49.509 0.99 y = 0.5382x + 52.702 1.00 y = 0.5063x + 58.577 0.99

P4 y = 0.0016x2 − 0.1591x + 43.732 0.99 y = 0.0016x2 − 0.1727x + 46.485 0.95 y = 0.0021x2 − 0.2479x + 50.885 0.99

P5 y = 0.0037x2 − 0.3886x + 47.437 0.97 y = 0.0049x2 − 0.516x + 52.508 0.98 y = 0.0052x2 − 0.5732x + 56.907 0.98

P6 y = 0.0027x2 − 0.4649x + 66.824 1.00 y = 0.0032x2 − 0.5704x + 74.574 1.00 y = 0.0037x2 − 0.6797x + 83.456 1.00

P7 y = 0.0007x2 − 0.1633x + 64.8 1.00 y = 0.0007x2 − 0.1699x + 69.025 1.00 y = 0.001x2 − 0.2772x + 82.96 1.00

P8 y = 0.0016x2 − 0.1468x + 45.449 1.00 y = 0.0017x2 − 0.1745x + 48.743 1.00 y = 0.0018x2 − 0.1945x + 51.474 1.00

P9 y = 0.0074x2 − 1.6584x + 136.88 0.99 y = 0.0135x2 − 3.0344x + 216.08 0.98 y = 0.0099x2 − 2.1941x + 171.64 0.98

P10 y = 0.0018x2 − 0.3168x + 44.139 0.95 y = 0.0021x2 − 0.3684x + 48.13 0.96 y = 0.0025x2 − 0.4435x + 53.464 0.96
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Table 4. Dependence of the thermal conductivity coefficient on the density of the conditioned material
at 23 ◦C ± (0.25 ÷ 0.3) ◦C and RH (50 ± 1)%.

Material Conditioned at
23 ◦C ± (0.25 ÷ 0.3) ◦C and

RH (50 ± 1)%

Sample Temperature 10 ◦C Sample Temperature 25 ◦C Sample Temperature 40 ◦C

λ = f(Density) R2 λ = f(Density) R2 λ = f(Density) R2

P1 y = 0.0045x2 − 0.4872x + 46.85 0.97 y = 0.0047x2 − 0.5034x + 50.052 0.97 y = 0.0051x2 − 0.5706x + 55.084 0.98

P2 y = 0.003x2 − 0.3775x + 47.308 0.92 y = 0.005x2 − 0.5988x + 55.32 0.99 y = 0.0041x2 − 0.5128x + 56.485 0.98

P3 y = 0.489x + 50.809 0.99 y = 0.5024x + 54.4 0.99 y = 0.5481x + 56.682 0.99

P4 y = 0.0031x2 − 0.3843x + 49.652 0.95 y = 0.0021x2 − 0.2408x + 49.443 0.93 y = 0.0018x2 − 0.2059x + 50.745 0.99

P5 y = 0.0039x2 − 0.38x + 46.878 0.99 y = 0.0039x2 − 0.4263x + 52.667 0.95 y = 0.0036x2 − 0.4167x + 55.488 0.96

P6 y = 0.0042x2 − 0.7433x + 78.387 1.00 y = 0.0032x2 − 0.5817x + 76.898 1.00 y = 0.0036x2 − 0.7015x + 87.968 1.00

P7 y = 0.0008x2 − 0.1617x + 64.769 1.00 y = 0.0005x2 − 0.0989x + 65.97 1.00 y = 0.0008x2 − 0.1919x + 77.077 1.00

P8 y = 0.0022x2 − 0.2147x + 46.37 1.00 y = 0.0025x2 − 0.2451x + 51.515 1.00 y = 0.0037x2 − 0.4469x + 62.038 1.00

P9 y = 0.006x2 − 1.4232x + 131.05 0.91 y = 0.0082x2 − 1.9444x + 165.66 0.99 y = 0.0094x2 − 2.2358x + 184.11 0.99

P10 y = 0.002x2 − 0.3411x + 45.721 0.98 y = 0.0021x2 − 0.3837x + 50.267 0.98 y = 0.0022x2 − 0.4147x + 55.211 0.96

Table 5. Calculated density (kg/m3) for which the thermal conductivity coefficient (W/mK) is
minimum, for dry material, i.e., conditioned at 23 ◦C ± (0.25 ÷ 0.3) ◦C and RH (50 ± 1)%.

Material

Dry Conditioned at 23 ◦C ± (0.25 ÷ 0.3) ◦C and RH (50 ± 1)%

10 ◦C 25 ◦C 40 ◦C 10 ◦C 25 ◦C 40 ◦C

kg/m3 W/mK kg/m3 W/mK kg/m3 W/mK kg/m3 W/mK kg/m3 W/mK kg/m3 W/mK

P1 52.8 0.0330 54.1 0.0345 55.3 0.0370 54.1 0.0337 53.6 0.0366 55.9 0.0391

P2 58.3 0.0353 60.3 0.0367 61.9 0.0392 62.9 0.0354 59.9 0.0374 62.5 0.0405

P3 * - - - - - - - - - - - -

P4 49.7 0.0398 54.0 0.0418 59.0 0.0436 62.0 0.0374 57.3 0.0425 57.2 0.0449

P5 52.5 0.0372 52.7 0.0389 55.1 0.0411 48.7 0.0376 54.7 0.0410 57.9 0.0434

P6 86.1 0.0468 89.1 0.0492 91.9 0.0522 88.5 0.0455 90.9 0.0505 97.4 0.0538

P7 * - - - - - - - - - - - -

P8 45.9 0.0421 51.3 0.0622 54.0 0.0462 48.8 0.0411 49.0 0.0455 60.4 0.0485

P9 112.1 0.0440 112.4 0.0456 110.8 0.0501 118.6 0.0467 118.6 0.0504 118.9 0.0512

P10 88.0 0.0302 87.7 0.0320 88.7 0.0338 85.3 0.0312 91.4 0.0327 94.3 0.0357

* The calculation of corresponding values for materials P3 and P7 was not performed due to the monotonically
increasing nature of the modelling functions. This means that the lowest thermal conductivity coefficient value is
found at the material’s natural density, specifically, the density under its own weight.

Table 6. Typical thermal conductivity values for insulation materials.

Material Density (kg/m3) Thermal Conductivity
(W/mK) Material Density (kg/m3) Thermal Conductivity

(W/mK)

EPS foam 30 0.0375 P3 38.9 0.070
Rock wool 60 0.040 P4 35.1 0.040

Polyurethane rigid foam 30 0.032 P5 24.3 0.040
Cork slab 150 0.049 P6 55.8 0.049

Cellulose fibre 50 0.040 P7 125.5 0.055
Wood wool 180 0.070 P8 48.0 0.042

P1 21.2 0.038 P9 106.0 0.045
P2 31.7 0.038 P10 20.7 0.039

Note: For the materials analysed (P1–P10), the thermal conductivity coefficient, λ10,ct, determined for the dry
material, at natural density (without settling), determined at a sample average temperature of 10 ◦C, was given.

These findings align with similar results documented in the specialised litera-
ture [25,46,60,65–67].
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3.2. Characterisation of Materials in Terms of Hygroscopicity Performance

The hygroscopicity of the thermal insulation materials evaluated was analysed using
as a measurable indicator the variation of the specimen mass as a function of relative air
humidity, w(%) = f(RH(%)). The average amount of adsorbed/desorbed water, expressed
as a percentage of constant specimen mass, for each material type is shown in Figure 4; the
sorption/desorption curves are shown in Figure 5.
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of the specimen, recorded at RH of 30%, 45%, 60%, 75% and 90% during the sorption/desorption cycle.

Analysing the evolution of the indicators presented in Figure 4, it can be said that, in
general, for all the 10 types of material analysed, there is a relative constancy of the sorption
phenomenon, with a slightly increasing trend, up to and including RH 75%. When the
specimens are exposed to RH 90%, the sorption phenomenon is greatly amplified for all
materials, with the most evident intensification of sorption being recorded for P5 and P7
materials. Subsequently, going through the relative humidity decrease diagram induces, as
expected, the desorption phenomenon in each material type. In this area, a hindrance of
water loss is noticed at RH 75%. Specifically, it is shown that materials exposed to RH 75% in
the desorption zone (gradual RH decrease) store more water than the same specimens in the
situation where they have crossed the sorption diagram (gradual RH increase). Therefore,
part of the water adsorbed at maximum RH (90%) is no longer delivered to the environment
when RH is reduced to 75%. A similar phenomenon occurs for samples P9 and P10 in the
RH 60–30% range. For all the other materials, in the desorption zone at RH 60%, 45% or
30%, there is a strong reduction of stored water, i.e., a very good capacity to release water
as the relative humidity decreases.

Analysing the positioning of the sorption/desorption curves with respect to each
other (Figure 5), for the case of P1–P8 materials, the existence of an intersection point is
observed each time. Initially the sorption curve has a relatively linear evolution and is
placed above the desorption curve. In the vicinity of relative air humidity RH = 60% (with
small variations from one material to another) and up to RH = 90%, the position of the
curves changes, the desorption curve being placed above. This behaviour indicates the
strong influence that the relative humidity has on the ability of these materials to regulate
the humidity of the indoor environment. On the other hand, the behaviour of P9 and
P10 materials is different. In these cases, the intersection of the two curves, sorption and
desorption, is no longer recorded, the sorption curve being placed below the desorption
curve. This behaviour indicates the limited capacity of these materials to release the stored
water in order to contribute to the regulation of this parameter under conditions of reduced
relative humidity of the air in the interior space.

By analysing the behaviour of all 10 material types, it can be hypothesised that the
type of material and its characteristics significantly influence its ability to contribute to air
humidity regulation (indoor air quality parameter).
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On the other hand, according to the literature, due to the limited capacity to release
adsorbed moisture, there is a possibility of accumulation of this moisture in the insulation
material. This accumulation of moisture not only does not help to regulate the humid-
ity of the air in the interior space but may even lead to the creation of an environment
favourable to the growth of mould, as shown in studies carried out mainly in northern
climates [43–45,68–70]. Therefore, considering that residual humidity contributes to cre-
ating a suitable environment for the development of microorganisms, as presented in
Section 3.2, it is considered that the analysed thermal insulation materials would be more
suitable for use for the function of thermal insulation rather than for the function of regu-
lating the humidity of the air in the interior space, by applying a vapour diffusion barrier
to avoid mass transfer to the thermal insulation layer.
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3.3. Characterisation of Materials in Terms of Resistance to the Action of Micro-Organisms

As the samples of materials analysed were taken from the footprint of the building
materials, it is not possible in this case to analyse whether the existence of an antifungal
treatment influences their behaviour. The existence of this antifungal treatment, as well as
details of the treatment solution, is specific to each manufacturer and often confidential
information, which provides elements that contribute to the degree of competitiveness
among the manufacturers of these niche materials.

3.3.1. The Risk of Mould Growth If Thermal Insulation Materials Are Exposed to High
Humidity Conditions

Visual and microscopic analysis of thermal insulation materials made by recycling
selected agro-industrial wastes were carried out after 5 days, 10 days, 15 days, 20 days,
25 days and 28 days, respectively, of exposure under conditions of high humidity and
constant temperature. The experimental results are shown in Figure 6 and summarised
in Table 7 by indicating the rating class of fungal growth and performance category in
terms of nutrient content conducive to the growth of micro-organisms, according to SR EN
ISO 846 [55].
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(d) P5 (wood fibres)/28 days, (e) P2 (cellulose acetate, cigarette filter manufacturing waste and
cigarette paper waste)/28 days, (f) P9 (rice husk waste)/28 days, (g) P10 (composite based on sheep
wool, recycled PET fibres and cellulosic fibres for the textile industry)/15 days, (h) P10 (composite
based on sheep wool, recycled PET fibres and cellulosic fibres for the textile industry)/28 days, (i) P1
(cellulose acetate, cigarette filter manufacturing waste)/28 days.

Table 7. Fungal growth rating class and performance category of the material in terms of nutrient
content conducive to the growth of microorganisms.

Sample Code P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Fungal Growth Rating Class/Performance Category

5 days exposure 0/0 0/0 1/1 1/1 0/0 0/0 0/0 0/0 0/0 0/0
10 days exposure 0/0 1/1 1/1 1+/1 0/0 1/1 0/0 1/1 1/1 0/0
15 days exposure 0/0 1+/1 1+/1 1+/1 1/1 1+/1 1/1 1+/1 1+/1 1/1
20 days exposure 0/0 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1
25 days exposure 0/0 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 1+/1 2/2
30 days exposure 1/1 2/2 2/2 2/2 1+/1 1+/1 2/2 2/2 2/2 2+/2

Visual analysis, without optical magnification means, indicates a superficial degrada-
tion of the materials; they show slight changes in appearance, mostly in terms of colour,
with a “slightly moist and damp” appearance.

Microscopic analysis of the materials showed signs of mould growth from the eval-
uation after exposure to damp conditions for 5 days in the case of samples P3 and P4,
and from the evaluation after 10 days in the case of samples P2, P6, P8, P9. Evaluation
after exposure for 15 days in a wet environment showed the presence of mould in all
samples except P1. Moreover, in this sample P1, increased resistance was observed, with
the first signs of mould being microscopically identified only after 28 days of exposure in a
wet environment.

On the other hand, the microscopic analysis of the samples showed, in general, quan-
titative growth in mould from one evaluation to the next, with some of the samples being
classified in the next class of fungal growth rating, i.e., class 2. Due to the shape of the
material, most of which is loose, it is very difficult to assess the mould surface area pro-
portionally, but for all these samples classified in fungal growth rating class 2, a material
performance category of minimum 2 can be assumed, i.e., the material can be assessed as
containing nutrients that allow mould growth.

Of the 10 materials analysed, none was identified as having a behaviour compatible
with maintaining fungal growth rating class 0 (no sign of growth on microscopic exami-
nation) and performance category in terms of nutrient content conducive to the growth
of microorganisms 0 (not a nutrient medium for microorganisms—inert or fungistatic).
Therefore, it is considered that for all the cases analysed an antifungal treatment is required
or, if this treatment existed in the production process, it is insufficient. Also, based on the
results, it is considered necessary that, when these products are put into operation, the
technology should provide for the use of specific protections to reduce the contact of the
material with the humidity in the environment.

3.3.2. Resistance of Heat-Insulating Materials under Conditions Contaminated
with Micro-Organisms

Both cultivation techniques showed an interesting behaviour of the tested insulation.
The test for native microflora revealed the growth of fungi on all the insulations, regardless
of the type (Table 8 and shown in Figure 7). Sample P1 showed class 2 growth of native
fungi, with the development of small colonies around the insulation. The same class was
established in inoculated conditions, both fungal species showing growth but with colonies
under 1 cm in diameter. Sample P2 permitted the development of numerous colonies
around the insulation, with the native microflora established as class 4, but in controlled
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inoculation, this insulation maintained the colonies of both species under 1 cm in diameter.
The third type of insulation showed multiple small colonies (class 3), which developed
as native microflora. In controlled inoculation, this insulation did not permit the growth
of Penicillium notatum, unlike Aspergillus niger which proliferated on media. Insulation
P4 showed abundant mycelium growth (native microflora), but blocked the development
of A. niger. The same insulation restricted the development of P. notatum as a long and
thin colony. The P5 insulation did not permit the development of either inoculated species
but was sensitive to the native microflora test—where multiple confluent colonies were
observed. The same results were obtained for insulations P6 and P7 in the native test,
both showing high dimension colonies. The inoculation test for both insulations showed
medium resistance to fungal contaminants, with small colonies developed—under 1 cm
in diameter. Insulation P8 was considered as class 4 resistant to native microflora test,
compared to insulations P9 and P10, which were considered as class 5. All three insulations
showed well-developed colonies emerged from the insulation up to the complete coverage
of fungal mycelium. In terms of controlled inoculation, all three insulations showed a
different reaction. Insulation P8 was affected by both inoculated species, each having an
equal share on culture media. Both P9 and P10 showed a resistance to P. notatum, but no
resistance to A. niger.

Table 8. Fungal growth rating class and performance category of the material under growing
medium conditions.

Sample P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Native microflora 2 4 3 3/4 4 4 4 4 5 5

Inoculation test
Penicillium notatum 2 2 - 2 - 2 2 4/5 2 2

Aspergillus niger 2 2 4 - - 2 2 4/5 5 5
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Figure 7. Development of inoculated and native microflora on culture media (A—Aspergillus
niger; P—Penicillium notatum). (a) P3 (cellulose acetate, waste cigarette filter manufacture, waste
cigarette paper and waste aluminised paper)—inoculated, (b) P8 (cellulose from waste paper,
producer 2)—inoculated, (c) P10 (composite based on sheep wool, recycled PET fibres and cellulosic
fibres for the textile industry)—inoculated, (d) P2 (cellulose acetate, cigarette filter manufacturing
waste and cigarette paper waste)—native, (e) P3 (cellulose acetate, waste cigarette filter manufacture,
waste cigarette paper and waste aluminised paper)—native, (f) P5 (wood fibres)—native, (g) P6
(cellulose from cardboard waste)—native, (h) P7 (cellulose from waste cardboard, poor processing,
inhomogeneous product)—native, (i) P8 (cellulose from waste paper, producer 2)—native.

3.4. Benefits and Challenges of Loose-Fill Insulation in Construction

Loose-fill insulation has become popular due to its installation facility, cost-effectiveness,
and suitability for insulating rather complex spaces. For example, insulating the voids
between roof rafter structures is greatly accelerated when blowing loose-fill insulation,
compared to the more labor-intensive installation of traditional insulation [57] that presents
as rolls or boards. A remarkable use of loose-fill insulation is for house attics, a process
proven to be quick and that minimises material waste [71]. The installation process of this
thermal insulation method is simple, which helps reduce labour costs and makes it cost-
effective overall. These features are appealing to construction companies and other relevant
stakeholders. As a result of the specific behaviour and efficiency of eco-innovative thermal
insulation materials, in the specialised literature, some reviews indicate the possibility
of use, for example, for bedroom wall insulation (which could provide benefits of even
5–30% in terms of energy consumption) as indicated by [72,73]. Other studies [74,75]
suggest that this insulation material would be suitable for insulating buildings with air
conditioning and humidity control systems.

Additionally, incorporating loose-fill insulation aligns with sustainable and envi-
ronmentally conscious construction practices. However, sourcing and producing these
insulating materials locally is crucial to meet the eco-friendly goals. This approach signifi-
cantly reduces both environmental and transportation costs associated with the product.
By doing so, we can minimise transportation’s carbon footprint while also strengthening
local economies. It is important to note that produced loose-fill insulating materials may
have unique properties due to variations in local resources [76,77] and manufacturing
techniques [78,79]. One target of this research is to present some differences, where similar
products or identical raw materials used in conjunction with different technologies yield
notably different results. Consequently, conducting thorough testing of these products
is vital to ensure their quality, performance, and safety. Thorough testing can identify
the product’s characteristics, such as thermal conductivity and density, allowing these
materials to be used where they perform best.

4. Conclusions

The aim of this work was to analyse the performance and behaviour of 10 types of
thermal insulation materials available on the building materials market in the “niche” area,
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given their origin from agro-industrial waste raw materials. The experimental requirements
followed three directions:

1. Impact on the energy consumption of buildings and indoor air quality through
their thermal insulation performance, quantified by the thermal conductivity coeffi-
cient determined on dry material, and on conditioned material at a temperature of
23 ◦C ± (0.25 ÷ 0.3) ◦C and a relative air humidity (RH) of (50 ± 1)%.

2. Impact on indoor air quality through its ability to regulate humidity through the
phenomenon of moisture sorption-desorption.

3. Impact on indoor air quality in terms of contamination by micro-organisms, through
an analysis of the risk of mould growth and resistance to mould attack by Aspergillus
niger and Penicillium notatum.

Based on the experimental results obtained, the following can be appreciated:

• In terms of thermal performance, the 10 types of materials analysed correspond to the
criteria imposed by the intended field of use, with thermal conductivity coefficients
comparable to those of common insulating materials;

• The coefficient of thermal conductivity is influenced by a variety of factors. These
include, evidently, the type of raw material used in the production of the material,
the process by which it is manufactured, its density, its moisture content, and the
temperature at which the test is conducted. Typically, the presence of moisture has
a negative impact on thermal performance. An increase in density, usually achieved
by compressing the material, tends to reduce thermal conductivity for materials
with uniform distributed air-gaps. Our experimental results show that product P3
(composite containing cellulose acetate, waste cigarette filter manufacture, waste
cigarette paper and waste aluminised paper), as well as P8 (produced from waste
paper by producer 2), perform best at their natural densities. For these materials,
the most effective and practical thermal conductivity coefficient is achieved without
altering their natural density;

• In terms of sorption-desorption capacity, a relative consistency of sorption was ob-
served, with a slightly increasing trend, up to and including RH 75%, followed by
an amplification of the phenomenon in the area of RH >75%. The most obvious in-
tensification of sorption was recorded in the case of the thermal insulation material
made from wood fibres (P5) and the one made from cellulose from waste cardboard,
poor processing, inhomogeneous product (P7). The desorption curves show a lower
capacity for loss than for accumulation of atmospheric moisture, i.e., following des-
orption, a residual amount of the adsorbed water remains in the material. Therefore,
the materials analysed showed a certain capacity to contribute to the regulation of
indoor air humidity, but the residual water indicated by the desorption curves not
only does not contribute to the regulation of indoor air humidity, but may even lead
to the creation of an environment favourable to mould growth;

• In terms of resistance to mould growth in a high humidity environment, the exper-
imental results showed that all the materials analysed are at risk of mould growth
after a longer or shorter period of exposure to a humid atmosphere, depending on the
nature of the material;

• Each type of tested insulation carries a specific microflora, which can grow in optimum
conditions from small-isolated colonies around the material up to complete cover of
it. The artificial inoculation of insulation with two fungal species revealed a gradual
resistance to colonisation from zero growth up to complete cover of one or both species;

• For none of the analysed materials, the preservation of the fungal growth rating
class 0 and the performance category in terms of nutrient content conducive to the
growth of microorganisms 0 was not identified; therefore a more effective antifungal
treatment is required.

The scientific contribution of this study can be summarised as follows:
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• It analyses a significant number of thermal insulation materials made by recycling
agro-industrial waste, materials that are present in a construction materials market
that is still underdeveloped;

• The experimental analysis is interdisciplinary, considering several aspects: thermal
insulation performance both under dry conditions and under conditions of condition-
ing at a temperature of 23 ◦C ± (0.25 ÷ 0.3) ◦C and RH (50 ± 1)%; thermal insulation
performance both under natural density conditions and for several degrees of com-
paction; the capacity for moisture absorption/desorption depending on the relative
humidity of the air and resistance to mould action;

• It draws attention to weak points, particularly the need for antifungal treatments;
• Although there are some weak points, opportunities for improvement are identi-

fied and the possibility of obtaining materials that simultaneously respond to two
pressing needs is highlighted: environmental protection through waste recycling and
reducing energy consumption through the thermal insulation of spaces dedicated to
human activities.
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Abstract: Three bismuth silicate-based photocatalysts (composites of Bi2SiO5 and Bi12SiO20) pre-
pared via the hydro-/solvothermal approach were studied using electrochemical methods. The
characteristic parameters of semiconductors, such as flat band potential, donor density, and mobility
of their charge carriers, were obtained and compared with the materials’ photocatalytic activity. An
attempt was made to study the effect of solution components on the semiconductor/liquid interface
(SLI). In particular, the Mott–Schottky characterization was made in a common model electrolyte
(Na2SO4) and with the addition of glycerol as a model organic compound for photocatalysis. Thus, a
medium close to those in photocatalytic experiments was simulated, at least within the limits allowed
by electrochemical measurements. Zeta-potential measurements and electrochemical impedance
spectroscopy were used to reveal the processes taking place at the SLI. It was found that the medium
in which measurements were carried out dramatically impacted the results. The flat band potential
values (Efb) obtained via the Mott–Schottky technique were shown to differ significantly depending
on the solution used in the experiment, which is explained by different processes taking place at the
SLI. A strong influence of specific adsorption of commonly used sulfate ions and neutral molecules
on the measured values of Efb was shown.

Keywords: bismuth silicates; photocatalyst; semiconductor in liquid; interface; electrochemical study;
electric double layer; zeta-potential

1. Introduction

Currently, catalysts based on nanostructured semiconductor materials are widely used
for a variety of processes, ranging from organic chemical synthesis [1,2] to solar-induced
hydrogen production [3]. So far, many efficient semiconductor photocatalytic systems have
been developed or are in progress. Among them are bismuth-based nanomaterials that
keep attracting more and more attention from researchers [4,5]. Bismuth silicates (Bi2SiO5,
Bi12SiO20, Bi4Si3O12, etc.) and their composites seem to be promising photocatalysts [6–9],
which is due to their activity in the visible range [10] and high polarization and internal
electric field [11,12], as well as their ability to form effective junctions (S-scheme [13], type-
II [14]), and so on. Previously, we obtained bismuth silicate (BSO)-based materials via
mechanical activation [15] and laser fragmentation [16]. The latter material demonstrated
catalytic activity in decomposing organic substances under visible light irradiation [16]. We
also prepared photocatalytic BSO materials via a new hydro-/solvothermal approach and
studied their activity for Rhodamine B (RhB) and phenol photo-decomposition [17].
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The development of new photocatalysts would be unimaginable without studying
carefully their morphology, chemical and phase composition, and drawing mechanisms
of their interaction with target molecules under different conditions. The majority of
photocatalytic reactions are carried out in liquids, e.g., degradation of water pollutants,
oxygen or hydrogen evolution reactions, and so on. In this case, the catalytic process takes
place at the semiconductor/liquid interface (SLI), which is formed when the semiconductor
is immersed in a liquid. Several important processes are known to take place at the SLI,
among which are: (1) charge transfer between semiconductor and components of the liquid;
(2) formation of the electric double layer (EDL) consisting of a space charge (SC) layer in the
semiconductor and the Helmholtz and Gouy layers located in the liquid; and (3) adsorption
and formation of “surface states” [18]. Generally, when a semiconductor is placed into a
liquid, the position of its conduction (CB) and the valence (VB) bands does not change, but
its Fermi level (EF) moves towards the equilibrium state, resulting in the so-called “band
bending” [19]. An equilibrium in the semiconductor/liquid system is achieved when the EF
of the semiconductor and the Eredox level of the solution are equalized. A flat band potential
(Efb), at which the bands are flat, is a characteristic of such an equilibrium [20]. This is
achieved using the SLI processes listed above. Therefore, investigating these processes
is important for a better understanding of the effectiveness of the photocatalyst and the
conversion mechanisms it is involved in.

Various electrochemical methods are commonly used to study SLI-related
processes [21,22]. Voltammetry, photocurrent and/or open circuit potential measurements,
electrochemical impedance spectroscopy (EIS), and other methods are applied to study
the behavior of charge carriers and their participation in targeted photocatalytic processes.
EIS occupies a special place in modern electrochemistry as one of its most informative
and prospective analytic tools available. As a method, it reveals valuable information
about electrochemical processes near the equilibrium state (and not only) of the studied
system [23] (see Section S1, Supplementary Material).

Both EIS and calculations based on the Mott–Schottky (M–S) equation are actively
used to reveal the semiconductor’s properties and mechanisms of processes occurring at
its SLI. These approaches permit obtaining the Efb value and the concentration of charge
carriers [19], both characteristics being necessary for further understanding of target pho-
tocatalytic processes, their effectiveness and mechanisms. Therefore, the above two tech-
niques are widely applied to semiconductor-based systems, even though deviation from
the M–S behavior is highly probable for a number of reasons, such as structural and compo-
sitional inhomogeneity of the material, appearance of surface states, and so on. [24,25]. The
application of the EIS and M–S methods requires careful experimentation and extremely
accurate handling of results. In this regard, clear and extensive recommendations can be
found in the work of Hankin et al. [24].

Based on the above, this work aimed to obtain characteristics such as flat band poten-
tial, donor density, and mobility of charge carriers by applying electrochemical methods to
three BSO-based photocatalysts prepared and described in our previous work [17]. The
obtained results were then compared with the photocatalytic activity of the same samples,
which allowed us to draw conclusions on the effect of solution components on the processes
taking place at the SLI. Since the electrochemical parameters, such as Efb, are governed by
components dissolved in the liquid, the mechanisms of photocatalytic decomposition of
organic dyes are concluded to be studied electrochemically in the presence of the same
organic molecules and in the same solvent that is used in photocatalytic experiments.

2. Materials and Methods
2.1. Reagents

A sodium silicate lump (Na2O × 3SiO2) was obtained from CheMondis GmbH (Köln,
Germany), while the other reagents (TEOS, ethylene glycol, Bi(NO3)3, NaOH, Na2SO4,
glycerol, polystyrene, 1,2-dichloroethane, HNO3, KCl, K3Fe(CN)6, and K4Fe(CN)6) were
purchased from Merck (Germany) and used as received.
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2.2. Synthesis of BSO Materials

All three BSO materials investigated in this work were obtained via the hydro-
/solvothermal approach. Their preparation procedure, previously described elsewhere [17],
is schematically presented in Figure S1. Below, the materials are denoted as BSO/TEOS,
BSO/OH, and BSO/NaSi, since TEOS, NaOH and Na2Si3O7 were used as distinct reagents
during their preparation, respectively (see Figure S1). In our previous work, these samples
were marked as BSO_600, BSO_OH_600, and BSO_NaSi_OH_600, respectively [17].

2.3. Characterization of BSO Materials

Phase composition and size of coherent scattering regions (CSRs) were studied using
an XRD 6000 diffractometer (Shimadzu, Japan) and the PDF-4 database. XPS analysis was
performed with an ES-300 device (Kratos Analytical, Manchester, UK). The qualitative
content of sample surfaces was studied by means of survey spectra, in accordance with
the standard protocol, using the most intense spectral lines and taking into account the
atomic sensitivity factors (ASF) for each element. The BET surface area was measured on
the gas adsorption analyzer TriStar II 3020 (Micromeritics, Norcross, GA, USA). Before
analysis, samples were degassed in vacuum (10–2 Torr) at 200 ◦C for 2 h. Scanning electron
microscopy (SEM) images of electrode surfaces were obtained on a Vega 3H instrument
(Tescan, Brno, Czech Republic) in back-scattered electron (BSE)–collecting mode.

2.4. Zeta-Potential Measurements

The zeta-potential of semiconductor particles was measured using an Omni S/N
(Brookhaven, Holtsville, NY, USA) in ZetaPALS mode with a BI-ZTU autotitrator (Brookhaven,
Holtsville, NY, USA). To measure zeta-potential values, samples were dispersed as powders
(0.5 mg/mL) in distilled water or in a solution of interest: 1 mM aqueous Na2SO4, 1 mM
aqueous glycerol, joint (1:1 molar ratio) aqueous solution of Na2SO4 (1 mM) and glycerol
(1 mM). The pH values were adjusted by adding HNO3 solution.

2.5. Electrochemical Studies
2.5.1. Electrochemical Measurements in Liquids

Electrochemical measurements in solutions were carried out using a CHI 660E electro-
chemical workstation (CH Instruments, Bee Cave, TX, USA). A three-electrode electrochem-
ical cell was used, with a homemade graphite electrode (impregnated with polyethylene
and paraffin) as a working electrode coated with semiconductor powder samples on its
surface. A reference Ag/AgCl (1 M KCl) electrode and auxiliary Pt plate electrode were
also applied. The electrodes were immersed in degassed (with Ar, 15 min) electrolyte
solution that was placed in a sealed glass cell of 50 mL. Before proceeding to EIS and
M–S measurements, linear sweep voltammograms in the region from −1 V to +1 V were
recorded in each solution at a rate of 0.03 V/s.

The EIS measurements were carried out under a sinusoidal alternating voltage am-
plitude of 10 mV in the frequency range from 1 Hz to 100 kHz. The open circuit potential
(OCP, EOC) was chosen as an initial E value for each measurement. The EIS data were
analyzed and simulated using the ZView software (Scribner Associates Inc., Southern Pines,
NC, USA).

M–S plots were registered using the impedance-potential mode of the CHI Electro-
chemical Station in the potential window chosen from voltammetry data at the frequency
of 1 kHz. The capacity was calculated using Z” values [26] and was normalized to the
geometric electrode area in accordance with standard protocols.

2.5.2. Solutions for Electrochemical Measurements

All solutions used were prepared with distilled water (pH of 6.0, specific conductivity
of 1.3 µS/cm, ion content below 3.2, 5.2, 0.6, and 20 µM for NO3

−, SO4
2−, Cl− and Ca2+,

respectively). To estimate the electroactive surface area of the working electrode (SEA),
0.025 M equimolar aqueous solution of K3Fe(CN)6 and K4Fe(CN)6 with 0.1 M KCl was
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used as a redox probe for cyclic voltammetry measurements. For the EIS measurements,
two liquids were used: 0.5 M aqueous Na2SO4 (pH of 4.8) and a mixed aqueous solution
(10:1 molar ratio) of 0.5 M Na2SO4 and 0.05 M glycerol (pH of 5.8).

2.5.3. Preparation of Electrodes with BSO Material

The working graphite electrode was covered with a thick coating based on the studied
material. For this, 18 mg of BSO powder was mixed with 2 mg of polystyrene and 100 µL
of 1,2-dichloroethane. The obtained dispersion was sonicated for 3 min. Then, 5 µL of the
obtained dispersion in polymer solution was applied to the graphite electrode’s surface
and dried at room temperature for 12 h to get rid of the solvent. Thus, a relatively thick
non-porous dielectric polymer coating covered the electrode surface, completely preventing
any direct contact of the graphite electrode with the tested liquid. Hence, the entire electric
contact was through the coating consisting of semiconductor particles dispersed in a
polymer binder. For every measurement, at least three freshly prepared electrodes were
used, after which the results were averaged, and accuracy was estimated.

2.5.4. Electroactive Surface Area Measurements

To calculate the electroactive surface area (SEA), cyclic voltammetry measurements
were carried out in the solution with a redox probe (K3/4Fe(CN)6), and voltammograms
were recorded in the potential region from −1 V to +1 V at a scan rate of 0.03 V/s. The
current of the anodic peak of the redox probe oxidation was measured, and SEA was
calculated using the Rendles–Shevchik equation [27]:

I = 2.69 × 108 n3/2 SEA D1/2 v1/2 C (1)

where I is the peak current (in A); D is the diffusion coefficient (m2/s); v is the scan rate
(V/s); C is the concentration of the redox probe (M); n is the number of the electrons
involved in the oxidation process; and SEA expressed in m2.

2.5.5. Measurements of Charge Carrier Mobility

A cell filled with a powder sample (so-called “solid electrochemical cell”) was used
for the calculation of the mobility of charge carriers via the Mott–Gurney law [28,29]. It
consisted of two flat steel electrodes (d = 5 mm). A powder sample was placed between the
electrodes and fixed there with spring clamps with a constant force to a thickness of 1 mm
(the mass of each material depended on its bulk density). The I–V curves (from 0 to +10 V)
and PEIS data (eight potential steps at 0; 0.2; 1; 2; 3; 4; 6; and 8 V with 100 mV amplitude in
the frequency range of 1–700 kHz) were registered using an SP150 potentiostat (BioLogi,
Seyssinet-Pariset, France). The ZView (Scribner, New York, NY, USA) and EC-Lab (BioLogic,
Seyssinet-Pariset, France) software were used for data simulation and calculations.

3. Results and Discussion
3.1. Characterization of BSO Samples

The phase composition and structural features (the size of coherent scattering regions,
CSRs) obtained from XRD data are presented in Table 1. Two main phases of bismuth
silicates, Bi2SiO5 and Bi12SiO20, are seen to be present in all the samples. Only sample
BSO/TEOS was found to contain two additional oxide phases, α-Bi2O3 and β-Bi2O3. (The
presence of a small amount of amorphous SiO2 at grain boundaries or between silicate
layers was also possible in all the samples). Sample BSO/NaSi was found to have the
highest content in the Bi2SiO5 phase. This sample also demonstrates the largest CSRs of 233
nm and, consequently, the lowest BET surface area among the three samples, i.e., 0.4 m2/g.
The BET surface area of samples was found to decrease as follows: BSO/TEOS > BSO/OH >
BSO/NaSi. However, the electroactive surface area values for both samples BSO/TEOS and
BSO/OH were very similar, and the largest one was demonstrated by sample BSO/NaSi. In
addition, Table 1 also presents the values of band gap energies (Eg) obtained earlier for all
three samples [17].

237



Materials 2022, 15, 4099

Table 1. Composition and structural characteristics of BSO samples.

Sample Phase Composition
(Content, %) a

Structural
Features b, nm

BET Surface
Area a, m2/g

Electroactive Surface
Area c, cm2 Eg

a, eV

BSO/TEOS

Bi2SiO5 (79)
Bi12SiO20 (16)
α-Bi2O3 (3)
β-Bi2O3 (2)

150 12 ± 2 (3.2 ± 0.1) × 10−4

3.24
2.81

–
2.10

BSO/OH Bi2SiO5 (85)
Bi12SiO20 (15) 227 2.0 ± 0.4 (3.24 ± 0.08) × 10−4 3.41

3.02

BSO/NaSi Bi2SiO5 (96)
Bi12SiO20 (4) 233 0.40 ± 0.08 (13.0 ± 0.9) × 10−4 3.27

2.88
a Data previously published elsewhere [17]. b CSR values obtained from XRD data were used to characterize
the microstructure of the main phase in the materials (Bi2SiO5). c Geometric area of the working electrode was
0.28 cm2.

The XPS results on the relative content of Bi, Si, O, and Na found on the samples’
surfaces are presented in Table S1. The presence of trance amounts of Na found in two
samples is explained by the use of NaOH during their preparation. Additionally, here, one
should keep in mind that the surface may also contain a thin layer of SiO2, which could
affect the results. Despite this, it is seen that the element ratio closest to that in Bi2SiO5 was
observed for sample BSO/NaSi. The composition of its counterpart BSO/OH is seen to
slightly deviate from the ratio of 2:1:5. Finally, sample BSO/TEOS demonstrated its surface
composition to be the farthest from that of bismuth silicates. So, the XPS results are well
consistent with those obtained by XRD.

The observed values of SEA are much lower than the geometric area of corresponding
powders because of the working electrode’s design. The polystyrene layer covering the
graphite surface only allowed for electric contact through the powder dispersed in it.
Therefore, it was only the particles contacting the liquid that determined the SEA. This also
explains the discrepancy between the BET and electroactive surface areas. The powder
only partly contacted the solution being imbedded into the polystyrene binder, and the
reduced contact area was a result of power pores filled with polymer.

The surfaces of the prepared electrodes were characterized by SEM. Figure 1 presents
SEM images obtained by collecting back-scattered electrons (in the so-called “Z-contrast”
mode). In this case, larger atoms (i.e., with higher Z) are displayed as brighter spots
in the image. Because of the polymer binder used, the electrode surfaces were smooth
and pore-free (the BSO powders used were not porous, based on their low SBET). Thus,
the bright spots seen in Figure 1 present BSO particles and their agglomerates, while the
dark locations stand for polystyrene. Because of a relatively low binder fraction used, the
dispersed BSO particles were in close contact with each other, providing good electric
contact between the graphite electrode and tested liquid. It is seen in Figure 1 that all
the working electrodes are characterized by a coral-like structure of their BSO material
buried in polystyrene. The BSO/TEOS sample shows the most inhomogeneous structure,
with denser and sparser areas (Figure 1a). Its BSO/OH counterpart in Figure 1b is seen
to contain lamellar structures mixed with corals. The presence of denser and lamellar
structures led to lower SEA values in these two samples. Finally, sample BSO/NaSi exhibits
the most homogeneous distribution of small coral-like particles dispersed in the polymer
(Figure 1c), which is why its SEA value was the largest.
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3.2. Correlation between Electrochemically Determined Semiconducting Properties and
Photocatalytic Activity of BSO Materials

To choose the region of potentials for the M–S measurements, corresponding I–V
curves were obtained for the samples (Figure S2). The chosen regions were linear and
located to the left of the turning point, as seen from the Tafel representation (as an example,
see the case of sample BSO/TEOS in Figure 2a). This implies that the same mechanisms
governed the processes at the SLI during M–S data collection. Additionally, the region
without redox peaks was chosen for each sample in order to make sure that all the signals
detected during measurements belonged to EDL and SC processes.

As mentioned above, the M–S technique is one of the most widely used methods for
obtaining the Efb value. For all the samples, impedance was measured at different potentials
in the chosen region at a fixed value of frequency (1 kHz), and Csc was determined for
each potential. As a result, Csc

−2–E curves were obtained (see an example in Figure 2b)
with the slope direction characteristic of n-type semiconductors. The resulting Efb values
calculated from the obtained plots for the three BSO samples are presented in Table 2.
Measurements conducted in widely used Na2SO4 solution resulted in either positive (for
samples BSO/OH and BSO/NaSi) or slightly negative (sample BSO/TEOS) Efb values.

Using the Efb values obtained in this work and the Eg values provided in our previous
work (Table 1), then taking that for n-type semiconductors ECB ≈ Efb [30] and assuming that
the Efb for the materials was determined by a dominant phase (Bi2SiO5 for all the samples,
see Table 1), we constructed energy band diagrams for the materials. The diagrams are
shown in Figure 2c, clearly indicating that generating ·OH radicals is possible under photo-
excitation of all the three materials, while their CB bottom is located too low for active ·O2

−

radical formation.
Using the slope of the linear part of the M–S curve, donor density values were calcu-

lated following standard approach (Table 2). The mobility of charge carriers (µ) was also
calculated, being within the range 30–45 cm2/V·s for all the samples (Table 2). Of all the
samples, the BSO/TEOS one is seen to exhibit the highest mobility of its charge carriers
even though its donor density was the lowest and its CB bottom is seen in Figure 2c to
be the closest to the potential of active ·O2

− radical formation. Thus, sample BSO/TEOS
appears to be the most promising material for photocatalytic applications.

239



Materials 2022, 15, 4099Materials 2022, 15, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 2. Results obtained by electrochemical methods for sample BSO/TEOS in 0.5 M aqueous 
Na2SO4: (a) Tafel representation of I–V curve; (b) Mott–Schottky plot; (c) Energy band diagram based 
on Efb values, with potentials of active radical formation marked with red (for ·OH and ·O2− species). 

Table 2. Data from electrochemical measurements in aqueous Na2SO4 (Efb and ND) and for powder 
samples (µ). 

Sample Efb a, V vs. NHE ND a, m−3 μ, cm2/V·s 
BSO/TEOS –0.076 ± 0.008 1022 45 
BSO/OH +0.024 ± 0.009 1023 43.9 

BSO/NaSi +0.004 ± 0.001 1023 30.2 
a From M–S results obtained in 0.5 M Na2SO4. 

Using the slope of the linear part of the M–S curve, donor density values were calcu-
lated following standard approach (Table 2). The mobility of charge carriers (µ) was also 
calculated, being within the range 30–45 cm2/V·s for all the samples (Table 2). Of all the 
samples, the BSO/TEOS one is seen to exhibit the highest mobility of its charge carriers 
even though its donor density was the lowest and its CB bottom is seen in Figure 2c to be 

Figure 2. Results obtained by electrochemical methods for sample BSO/TEOS in 0.5 M aqueous
Na2SO4: (a) Tafel representation of I–V curve; (b) Mott–Schottky plot; (c) Energy band diagram based
on Efb values, with potentials of active radical formation marked with red (for ·OH and ·O2

− species).

Table 2. Data from electrochemical measurements in aqueous Na2SO4 (Efb and ND) and for powder
samples (µ).

Sample Efb
a, V vs. NHE ND

a, m−3 µ, cm2/V·s
BSO/TEOS –0.076 ± 0.008 1022 45

BSO/OH +0.024 ± 0.009 1023 43.9

BSO/NaSi +0.004 ± 0.001 1023 30.2
a From M–S results obtained in 0.5 M Na2SO4.

The results of photocatalytic tests previously reported for the three samples are briefly
given in Table 3. It should be mentioned that the photocatalytic activity of the materials
was tested for 5 cycles, during which no significant decrease in their performance was
observed. Table 3 shows that indeed sample BSO/TEOS exhibited the highest activity for
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both RhB and phenol degradation. Sample BSO/OH demonstrated quite close results,
while sample BSO/NaSi was relatively inactive. This is well consistent with the values of
charge carrier mobility obtained for the same samples tested in the solid electrochemical
cell. However, according to the M–S measurements, the activity of all the materials (at least
that of samples BSO/TEOS and BSO/OH) should have been much lower as they should
not generate ·O2

− species. Hence, the question arises: why was their observed catalytic
activity better than expected?

Table 3. Photocatalytic activity of the BSO samples from [17].

Sample
Photocatalytic Conversion a, %

Rhodamine B Phenol

Xe b LEDs c LEDs c

BSO/TEOS 88 100 28

BSO/OH 75 100 27

BSO/NaSi 52 66 7
a For a period of 4 h. b Full spectrum. c Wavelength of 378 nm.

To answer this question, we considered all possible factors that could influence the
results observed during either the electrochemical measurements or the photocatalytic
process itself. One of the most obvious conditions that differed in the two above processes
was the medium. More specifically, while the electrochemical measurements were carried
out in quite a concentrated (0.5 M) solution of a strong electrolyte, the photocatalytic
experiments were run in diluted solutions of organics (10−5 M). Therefore, it was decided
to repeat similar electrochemical measurements in presence of organic molecules to see
how they may affect the results.

In principle, both RhB and phenol can exhibit electrochemical activity. Rh B is known
to undergo electrochemical oxidation, in particular in Na2SO4 solutions [31,32]. In turn,
phenol exhibits electro-transformations and can form different products starting from
0.08 V [33,34]. That is why, to avoid additional electrochemical signals, we chose glycerol
as another model organic substance that can only be electro-oxidized either at higher
potential or in presence of complex electro-catalysts [35]. Being a polyol, aqueous glycerol
is also used as a model sacrificial agent and a hole scavenger for photocatalytic hydrogen
evolution processes [36,37]. Additionally, it is a non-electrolyte, thus exhibiting different
nature and behavior than aqueous Na2SO4. Hence, we duplicated all electrochemical
measurements in a joint Na2SO4-glycerol solution.

The Tafel presentation of I–V curve and M–S plot obtained for sample BSO/TEOS
in presence of glycerol are provided in Figure 3, while Efb values obtained for all the
samples in presence of glycerol are listed in Table 4. It is seen that adding 0.05 M glycerol
to the electrolyte lowered the Efb at least by 200 mV. Correcting the CB bottom location in
Figure 2c using these values, one can find out that the formation of active oxygen radicals
is possible for all the samples photoexcited in presence of glycerol (Figure 3c). Thus, Efb
values obtained during electrochemical measurements are seen to be very sensitive to the
medium used. However, is it the effect of presence of organic molecules/non-electrolyte,
or just an experimental inaccuracy? Do the values obtained in joint solution describe the
SLI state during photocatalytic experiments better? These are the questions to be answered
in the following sections.
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Figure 3. Results obtained by electrochemical methods for sample BSO/TEOS in 0.5 M aqueous
Na2SO4 in presence of 0.05 M glycerol: (a) Tafel representation of I–V curve; (b) Mott–Schottky plot;
(c) Energy band diagram based on Efb values (the potentials of active radical formation are marked
with red).

Table 4. Flat band potential values for BSO samples measured in presence of glycerol.

Liquid
Efb (Mott–Shottky), V, vs. NHE

BSO/TEOS BSO/OH BSO/NaSi

Glycerol and Na2SO4 in H2O −0.409 ± 0.006 −0.225 ± 0.004 −0.242 ± 0.001

3.3. SLI State and Processes at SLI for BSO Materials in Two Media

The flat-band potential is one of the fundamental properties of any semiconductor–
electrolyte system [38], and the Mott–Schottky technique is a common method for its
determination. In fact, a lot of factors lead to deviations from ideal Mott–Schottky behavior,
some of which were described, for example, by Cardon and Gomes [39]. Fynlason et al.
measured flat-band potential values for three different forms of CdS (single crystal, thin
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film and powder) by three different methods, demonstrating some difference in obtained
results [40]. Ge et al. also pointed out the high importance of the effect of surface states
during Efb studies [41].

Sharon and Sinha studied the effect of electrolytes on the flat-band potential of the
n-BaTiO3 semiconductor [42]. They focused on the influence of pH and redox potential
of electrolyte on the measured results and revealed that the negative flat-band potential
increases with the increase in the redox potential of the electrolyte used. Additionally, for
electrolytes containing Fe(CN)6

4− and I− species, the specific adsorption of the anions was
found to cause significant changes in Helmholtz potential, thus affecting flat-band potential
values [42].

Typically, the majority of electrochemical measurements (including EIS and M–S
measurements) are carried out in model electrolyte solutions. Sodium sulfate is one of
such solutions [43–45], while KOH, H2SO4, and phosphate-buffered solutions are also used
(see, for example, [9,46,47]). However, when a semiconductor, which was characterized
electrochemically in a Na2SO4 solution, is immersed in another liquid, the processes on its
surface might change dramatically. Consequently, in another liquid medium, the resulting
target process (e.g., photocatalytic hydrogen production or dye decomposition) might
change its mechanism, slow down, or even completely stop. This implies that it is probably
incorrect to describe and explain processes taking place in pure water or in the presence of
sacrificial agent(s) via parameters obtained for the same semiconductor characterized in
aqueous Na2SO4 (or another model electrolyte).

Sulfate anions are known to be prone to strong, specific, and spatially inhomogeneous
adsorption [48] on semiconducting surfaces, even at large potential bias [49]. This leads to
changes in EDL capacitance and surface charge and even affects the kinetics of electrochem-
ical reactions at surfaces covered with SO4

2− [50]. Therefore, we suggest that the SLI of a
semiconducting material should be electrochemically characterized in the same solution
where it is used as a catalyst. So far, there were few works dealing with the liquids used
in the present study, such as water [51], glycerol [37], and tris-HCl [52]. To the best of our
knowledge, no systematic experimental work was carried out to compare EIS and M–S data
of semiconductors characterized in liquids that contained components of photocatalytic
media, and only a few relevant reports could be found. For example, a decreased accuracy
of Efb determined in the presence of a hole scavenger (i.e., H2O2) was observed by Hankin
and co-workers [24].

In the present work, we used the EIS method and zeta-potential measurements to
study the difference in SLI state for the same BSO samples characterized in two solutions:
model electrolyte (aqueous Na2SO4) and joint solution of Na2SO4 and model organic
compound (glycerol) that is used in photocatalytic processes. For more information, the
zeta-potential was also measured in water and glycerol solutions.

3.3.1. Electrochemical Impedance Spectroscopy Studies

A brief overview of some EIS studies on semiconductors characterized in different
liquid media is given in Section S2 (Supplementary Material). Our results obtained for all
samples were apparently quite similar. Before EIS measurements, LSV data were analyzed.
Figure S2 demonstrates rectifying behavior of all the materials with classic current-potential
curves characteristic of n-type semiconductor in the dark [53]. Then, EIS measurements
at open circuit potentials listed in Table 5 were carried out. Typical EIS data, along with
simulation results, obtained for sample BSO/TEOS in two liquids are presented in Figure 4.

Table 5. OCP values for electrodes with BSO samples in two media.

Liquid EOC, V, vs. Ag/AgCl

BSO/TEOS BSO/OH BSO/NaSi

Na2SO4 in H2O +0.17 ± 0.02 +0.170 ± 0.005 +0.16 ± 0.02

Glycerol and Na2SO4 in H2O +0.170 ± 0.005 +0.112 ± 0.002 +0.24 ± 0.03
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Figure 4. Typical Nyquist plots and simulated curves for sample BSO/TEOS in two liquids:
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are given in insets.

As a next step, processes occurring at the SLI in two media were simulated for all
the three samples, for which modified Randles equivalent circuits were constructed to fit
the data observed both in aqueous Na2SO4 and Na2SO4 with glycerol [54,55]. The curves
simulated using the ZView software showed good agreement with the experimental data,
with χ2 factors being on the order of 10−4. Detailed parameters of all circuit elements are
summarized in Table 6.

Table 6. Fitting results for EIS experimental data of BSO samples tested in two liquids.

Sample BSO/TEOS BSO/OH BSO/NaSi

Liquid Na2SO4
Na2SO4
Glycerol Na2SO4

Na2SO4
Glycerol Na2SO4

Na2SO4
Glycerol

Parameters

Rs, Ω 130 20 50 50 30 30

CPE-T, Ω−1sα 4 × 10−8 5 × 10−8 9 × 10−8 4 × 10−8 2 × 10−8 2 × 10−7

CPE-P (α) 0.85 0.84 0.86 0.85 0.90 0.81

Rct, Ω 40 30 20 30 40 20

Cdl, F 5 × 10−5 9 × 10−6 4 × 10−5 2 × 10−5 4 × 10−6 5 × 10−5

Wo-R, Ω 8 × 105 5 × 105 2 × 106 8 × 105 1×106 1 × 106

Wo-T, s 9 × 10−3 2 × 10−3 5 × 10−2 2 × 10−2 4×10−3 4 × 10−3

Wo-P 0.29 0.28 0.18 0.35 0.28 0.69

χ2 3.6 × 10−4 1.7 × 10−4 2.3 × 10−4 3.0 × 10−4 4.5×10−4 9.6 × 10−4

When the CPE-P value is between 0.8 and 1, the CPE-T characterizes a capacitance
of EDL (Cdl) [56]. At the series connection of CPE and Rs elements, the value of Cdl can be
defined by the following equation [57,58]:

Cdl = [Adl × Rs
−(α−1)]1/α (2)

where Cdl is the double-layer capacitance of the electrode/electrolyte surface; Adl is a
parameter of the constant phase element (CPE-T); Rs is the electrolyte resistance; and α is
the CPE-P parameter [59]. Thus, the Cdl values are also provided in Table 6.

The electrical double layer (EDL) is an important part of SLI. This section will discuss
the EDL capacitance and composition, while results on two other components of the

244



Materials 2022, 15, 4099

EIS circuit (solution resistance and diffusion) are discussed in Supplementary Material
(Sections S5 and S6).

The EDL is known to be characterized by the thickness of its dense and diffuse layers.
The diffuse part is solely determined by the electrolyte itself, while the dense part is
influenced by adsorption phenomena. Shimizu and co-authors studied ion adsorption on
the hematite surface using EIS [60], revealing that the specific adsorption of ions modified
the surface’s structure and affected the EDL’s thickness. It is known that SO4

2− ions tend
to specifically adsorb on semiconducting oxides, including bismuth oxide [61]. Some
other ions possibly present in the water used in our experiments (NO3

–, SO4
2−, Cl– and

Ca2+) might also be prone to adsorption. Commonly, specific adsorption decreases the
EDL capacitance.

As Table 6 shows, the double-layer capacitance of BSO-covered electrodes was in the
range of 10−5 ÷ 10−6 F and generally differed for aqueous Na2SO4 medium with and
without glycerol added. Only sample BSO/OH showed similar values of Cdl for the two
liquids tested. For sample BSO/TEOS, the EDL capacitance decreased about one order
of magnitude in the presence of glycerol. On the contrary, for sample BSO/NaSi, its Cdl
increased one order of magnitude when glycerol was added. To explain these diverse data
obtained for different samples, we addressed the electro-kinetic properties obtained from
zeta-potential measurements and analysis.

3.3.2. Results of Zeta-Potential Measurement

To reveal the specificity of the surface state of studied materials in the presence of
solution components, we studied the zeta-potential and its change for all the samples in
four different liquids. First of all, we used pure water to find out the surface state of the
materials in the absence of other components. Then, we tested the most common electrolyte
(Na2SO4), which is normally used for electrochemical studies, including those of Efb. Then,
tests were run in a joint solution of Na2SO4 and glycerol to reveal the difference. Finally,
we also tested how glycerol alone influences the surface state of the materials.

The obtained zeta-potential values measured in the above-mentioned media are exhib-
ited in Figure 5 and Table S2, and those obtained at different pH are presented in Figure S3.
All the materials demonstrated quite similar results, which indicates their similar nature.
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As clearly seen in Figure 5 and Table S2, the most negative and the largest by their
absolute value zeta-potentials were observed in the aqueous Na2SO4 medium. For samples
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BSO/TEOS and BSO/OH, their values were found to be almost twice larger than in water
(compare blue and white bars in Figure 5). At the same time, the least negative and the
lowest by absolute value zeta-potentials were detected in glycerol solution (see green bars
in Figure 5). More details can be found in Section S3 (Supplementary Material).

Thus, it is obvious that the electro-kinetic properties of the studied BSO materials
are affected by the surrounding liquid. Hence, depending on the medium chosen for
the photocatalytic process, the catalyst may exhibit quite a different surface state. It is
also possible that some components of the liquid medium can either increase or decrease
material’s activity, even though they do not take part in the process themselves (unlike, for
example, hole scavengers which do participate in the photocatalytic process).

When the studied BSO materials are moved from one solution to another, obviously,
the composition of the adsorbed surface layer changes. At different pH values, the ratio
of species absorbed on the surface varies as a result of their electric and other properties.
Therefore, changes in pH lead to a gradual replacement of one type of surface molecule
with others. The extrema in the zeta-potential–pH curves seen in Figure S3 are believed
to indicate structural rearrangements of the adsorption layer. For convenience, Figure S4
schematically presents the surface composition of different liquids.

The BSO surface is positively charged (n-type semiconductor) when in contact with
the aqueous solution. This positive charge is known to be located at the Bi3+, [Bi2O2]2+ or
other surface centers and interacts with ions from the solution. While more details and
reactions expected on the surface are provided in Section S4 (Supplementary Materials),
below, we give a short account of our findings.

The EDL formed in water should consist of relatively small single-charged ions (see
Figure S4). In the glycerol environment, the zeta-potential is expected to be more positive.
In this case, the polyol can be adsorbed through the interaction with positively charged
surface centers [62,63]. As a result, polyol functional groups become potential-determining
species. Then, because glycerol molecules do not dissociate (as a non-electrolyte) and are
quite large, the negative surface charge of the BSO particles in glycerol solution decreases
in comparison with the same BSO particles immersed in pure water (Figure 5). The zeta-
potential decreased when the samples were immersed in Na2SO4 solution, and the low IEP
values might be connected with the surface’s recharging, which must be caused by SO4

2−

anions adsorbed on positively charged surface sites (Figure S4).
It is thus seen that the presence of large double-charged ions on the electrode’s surface

increases the Cdl values for both solutions of Na2SO4 and Na2SO4 with glycerol. Hence, the
results obtained for two-component solutions point to competitive adsorption of Na2SO4
and glycerol with sulfate anions in a leading position (Figure S4).

Thus, in the case of water-glycerol dispersions, zeta-potential could probably change
due to the adsorption of polyol molecules and ions from water. In contrast, the results
obtained in aqueous Na2SO4 and in two-component solutions can be explained by the
semiconductor surface that only interacts with electrolytes, which normally increases
Cdl values.

So, the electrochemical measurements in solutions containing Na2SO4 characterize
not the semiconductor’s surface itself but the SLI containing specifically adsorbed sulfate
anions that affect EDL’s composition and capacity. That is why, when photocatalytic
experiments are carried out, the SLI is different.

3.3.3. Discussion and Findings

The SLI can be presented by two capacitors—CH and Csc—connected in a series [64].
The CH component stands for the capacitance of the Helmholtz layer in the electrolyte,
and the CSC is the semiconductor’s space charge capacitance. In the case we investigated,
CH >> CSC was ensured by the adsorption of anions/negatively charged fragments of
molecules in the solution and on the surface of the studied sample (see Section S4). Thus,
it is assumed that Cdl ≈ CSC, and generally, the M–S approach can be used to study the
semiconductor’s properties in the systems under investigation.
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Specific adsorption plays an important role in processes occurring at the SLI since it
affects the thickness of the dense EDL part. Large neutral molecules of glycerol provide a
thicker layer than smaller SO4

2− ions. So, we suggest that the difference in the Efb and ND
values measured in different liquids could be caused by the specific adsorption of glycerol
and/or sulfate anions, which immediately leads to changes in the SLI.

Getting back to the zeta-potential values (see Figure 5 and Table S2), it is seen that
the lower the surface charging (i.e., the closer the surface to its neutral state), the larger
potential should be applied to achieve flat-band conditions (the case of two-component
Na2SO4-glycerol solution). Additionally, vice versa, when the surface charge is maximal
(due to SO4

2− anion adsorption), a smaller negative potential shift is required to stop net
charge transfer. Thus, specific adsorption of ionic or neutral species is seen to dramatically
affect the measured Efb values.

So, obviously, the presence in the solution of a strong electrolyte, non-electrolyte,
or both affected the Efb values obtained during electrochemical measurements. All of
the processes taking place at the SLI contributed to the semiconductor’s surface state,
also influencing the characteristics of the material during its analysis. Consequently, it is
believed that during photocatalytic tests, the results were affected not only by the absence
of strong electrolyte but also by changes in the semiconductor’s surface charge (in the
presence or absence of ions or large molecules of organics, dyes, etc.) and adsorption
processes (that influence the SLI composition). Thus, to better understand the mechanism
of any photocatalytic process, the semiconductor–liquid characteristics should be studied
not only in a model solution but also in the presence of other components involved (such
as target contaminants, sacrificial agents, etc.).

3.4. Difference in EDL for Three BSO Samples

According to Figure 5 and Table S2, the BSO/NaSi sample exhibited the highest zeta-
potential in water and the smallest increase in its negative potential when Na2SO4 was
added (an increment of 10% vs. 90–100% for the other samples). In addition, it showed the
highest potential increment when glycerol was added to water, with about a 60% decrease
in its negative potential. Therefore, sample BSO/NaSi was more strongly affected by
glycerol’s presence than by Na2SO4’s presence. This could be a reason why the Efb value
obtained in aqueous Na2SO4 described its photocatalytic activity quite well. For the same
reason, sample BSO/NaSi exhibited the lowest photocatalytic activity: together with low
charge carriers’ mobility, its SLI state is much affected by the presence of organic molecules.

To understand the reasons for unexpected behavior observed for sample BSO/NaSi,
one should investigate better the nature of this sample. Its phase composition is quite close
to that of sample BSO/OH, but the content of phase Bi2SiO5 in sample BSO/NaSi is the
highest among the three materials, while the content of phase Bi12SiO20 is minimal. This
combination could explain the different behavior demonstrated by the electrode coated
with sample BSO/NaSi in glycerol-containing media.

Moreover, according to the SEM images, the BSO/NaSi powder was homogeneously
distributed in polystyrene and, consequently, on the electrode’s surface. Even though
it demonstrated the lowest BET surface area (measured for its powder), it exhibited the
highest electroactive surface area (measured for its electrode). This could explain why it
adsorbed glycerol quantitatively better, which affected its zeta-potential, EDL, as well as
processes occurring on its electrode surface.

4. Conclusions

Three nanomaterials based on bismuth silicates obtained via a hydro-/solvothermal
approach were studied using electrochemical methods (voltammetry and electrochemical
impedance spectroscopy) both in liquid-containing and solid electrochemical cells. Such
characteristic parameters as flat-band potential, donor density and mobility of charge
carriers were obtained for all the materials. The obtained results were compared with
materials’ photocatalytic activity, revealing certain inconsistencies. In particular, according
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to the Efb values obtained in aqueous Na2SO4, the observed photoactivity of the materials
was better than it was expected.

Thereafter, we attempted to simulate the medium used in photocatalytic experiments,
at least within the limits that are acceptable for electrochemical measurements. For that,
we added a model organic substance (glycerol) to the model electrolyte and obtained
dramatically different values of Efb. Zeta-potential and EIS measurements were also carried
out in the presence and in the absence of glycerol. Based on the obtained results, we suggest
that two aspects should be taken into account when semiconductor photocatalysts are
studied by electrochemical methods. On one hand, correct data can only be obtained in
a liquid with a strong electrolyte from the experimental setup point of view since high
ionic conductivity is required for high accuracy. On the other hand, however, the specific
adsorption of ions (SO4

2− and/or others) and other species (organic molecules, surfactants,
etc.) present in electrolytes may affect the processes occurring at the SLI. Consequently,
conclusions on the semiconductor’s behavior drawn from systems’ “electrode-liquid” with
model solutions will not necessarily be applicable to systems with “real” liquids used for
photocatalytic processes. The presence of components of interest (the target contaminants,
sacrificial agents, etc.) during the photocatalytic process and their influence on the SLI
should be taken into account.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma15124099/s1, Section S1: EIS theory concise basics; Figure S1: Scheme of
synthesis for the BSO nanomaterials used; Table S1: Relative content of elements on sample surfaces
according to XPS analysis; Figure S2: LSVs for the electrodes with the BSO samples in two liquids;
Section S2: An overview of some results of EIS study of semiconductors in different solutions;
Section S3: More details on the results of electro-kinetic properties study; Figure S3: Change in
zeta-potential values as the colloids’ pH increased; Table S2: Zeta-potential values of the particles
of BSO samples in different media; Section S4: Surface composition discussion; Section S5: Solution
resistance study; Section S6: Diffusion process at the SLI.
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Abbreviations and Designations

BSO bithmuth silicon oxides (bismuth silicates)
RhB Rhodamine B
SLI semiconductor/liquid interface
EDL electric double layer
SC space charge layer
CB conduction band
VB valance band
EF Fermi level
Eredox redox potential of the electrolyte
Efb flat band potential
EIS electrochemical impedance spectroscopy
M–S Mott–Schottky
CSRs coherent scattering regions
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SEM scanning electron microscopy
BSE back-scattered electrons
OCP, EOC open circuit potential
SEA electroactive surface area
TEOS tetraethoxysilane
XRD X-ray diffraction
Eg band gap energy
SBET specific surface area according to BET
NHE Normal Hydrogen Electrode
ND donor density
µ mobility of charge carriers
LEDs light-emitting diodes
Cdl EDL capacitance
CH Helmholtz layer capacitance
CSC space charge layer capacitance
CPE-T, Rs, are described in Section S1 (Supplementary Material).
and other EIS simulation parameters.
IEP isoelectric point
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Abstract: Currently, catalytic processing of biorenewable raw materials into valuable products at-
tracts more and more attention. In the present work, silica-supported FePO4 and Fe-Mo-O catalysts
are prepared, their phase composition, and catalytic properties are studied in the process of selective
oxidation of propylene glycol into valuable mono- and bicarbonyl compounds, namely, hydroxyace-
tone and methylglyoxal. A comparative analysis of the main routes of propylene glycol adsorption
with its subsequent oxidative conversion into carbonyl products is carried out. The DFT calculations
show that in the presence of adsorbed oxygen atom, the introduction of the phosphate moiety to the
Fe-containing site strengthens the alcohol adsorption on the catalyst surface with the formation of
the 1,2-propanedioxy (–OCH(CH3)CH2O–) intermediate at the active site. The introduction of the
molybdenum moiety to the Fe-containing site in the presence of the adsorbed oxygen atom is also
energetically favorable, however, the interaction energy is found by 100 kJ/mol higher compared to
the case with phosphate moiety that leads to an increase in the propylene glycol conversion while
maintaining high selectivity towards C3 products. The catalytic properties of the synthesized iron-
containing catalysts are experimentally compared with those of Ag/SiO2 sample. The synthesized
FePO4/SiO2 and Fe-Mo-O/SiO2 catalysts are not inferior to the silver-containing catalyst and provide
~70% selectivity towards C3 products, while the main part of propylene glycol is converted into
methylglyoxal in contrast to the Ag/SiO2 catalyst featuring the selective transformation of only the
secondary C-OH group in the substrate molecule under the studied conditions with the formation of
hydroxyacetone. Thus, supported Fe-Mo-O/SiO2 catalysts are promising for the selective oxidation
of polyatomic alcohols under low-temperature conditions.

Keywords: bio-regenerable sources; alcohol selective oxidation; iron molybdate catalysts; iron
phosphate; bicarbonyl compounds; DFT

1. Introduction

Currently, the problem of the depletion of fossil natural resources with the accompa-
nying complication of the global environmental situation is closely related to the increase
in the demand for energy sources, fuels and chemicals. Therefore, the opportunity to use
renewable raw materials, in particular biomass and biodiesel, to solve the challenges of
modern energy as well as the development of new methods for biomass conversion into
valuable organic intermediates used in various industries are among the trending research
areas. Biomass is a renewable source of raw materials to produce fuels and a number
of important organic compounds for chemical industries. Thus, polyatomic alcohols, in
particular propylene glycol (PG) and glycerol, are the products of biomass conversion [1–3].
It is noteworthy that PG can also be obtained by the glycerol hydrogenolysis [4].

Experimental studies of the PG selective oxidation into carbonyl/carboxylic com-
pounds (methylglyoxal, hydroxyacetone, etc.) are known in the literature for catalysts with
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supported metal nanoparticles, including Ag [5–7], Pt [8] and Pd [9–12]. The mechanism
of PG conversion was theoretically studied over the Ag4 cluster [13]. As in the case of
ethylene glycol oxidation [9,14,15], the PG adsorption on the surface of single crystal Ag
(110) and Pd (111) coated with oxygen led to the breaking of O–H bonds with the for-
mation of the intermediate 1,2-propanedioxy (–OCH(CH3)CH2O–, PDO) [5,6,9]. As the
temperature increased, the PDO transformations yielded a number of products, including
hydroxyacetone or acetol (CH3COCH2OH), lactaldehyde (CH3CH(OH)CHO), and methyl-
glyoxal or pyruvaldehyde (CH3COCHO). Moreover, methylglyoxal and hydroxyacetone
are of particular interest as the key intermediates with unique chemical properties due
to the presence of two oxygen-containing groups. In Refs. [5,6], it was shown that, first
of all, the C–H bond breaking on Ag (110) occurred at the secondary carbon atom of the
PDO intermediate as evidenced by the low temperature of hydroxyacetone desorption.
In Ref. [9], using the adsorption of ethylene glycol and PG on Pd (111) as an example it
was shown that the intermediate compounds were strongly bound to the surface with
Pd (111) in a planar orientation; as a result, glyoxal and methylglyoxal were desorbed in
small amounts at temperatures above 250 K, however, they were primarily decarbonylated
to form CO, H2 and methane. In Ref. [16], it was suggested that in the case of using the
metal/bimetallic catalysts in the oxidation of polyatomic alcohols (e.g., PG and glycerol),
the key role of the modifying metal was connected with controlling the reagent bond
strength with the catalyst surface without a sharp change in the preferred geometry of the
adsorbate, and such changes of binding energies can have a strong impact on the catalytic
properties. Transition metals, such as Bi for Pd-Bi supported catalysts [12], are often used
as a modifying metal added to those of the Pt or Au subgroups.

Catalysts based on transition metal compounds, such as Mo, Fe, V, are catalytically
active in various oxidation processes making it possible to consider them as a promising
alternative to those based on noble metals for selective conversion of alcohols and methane.
In Ref. [17], the ethylene glycol reactions on the surface of the Mo (110) single crystal
were considered in details by a complex of physical-chemical methods. It was shown
that during the ethylene glycol adsorption on the surface of Mo (110), the intermediate
compounds with the Mo-O bond were formed both in mono- (–OCH2CH2OH) and biden-
tate (–OCH2CH2O–) configurations. The authors found that bidentate species were more
reactive due to their stability and greater propensity to form ethylene as compared to the
potential transformations of the monodentate intermediates. High strength of the O–Mo
bond caused the ethylene glycol deoxygenation to yield ethylene.

In Ref. [18], FePO4 catalysts were studied in direct oxidation of methane to methanol.
Using Mössbauer spectroscopy coupled with XRD, the authors studied in details the phase
transformations of the FePO4 catalysts in atmospheres of various oxidizers O2, H2O, and
N2O. It was shown that the Fe2P2O7 phase dominated in the reduced catalyst. The use of
H2O and N2O as oxidants in the selective conversion of methane to methanol promoted
the formation of an active and selective mixed phase α-Fe3(P2O7)2 (Fe3+, Fe2+), while the
formation of the less active phase β-Fe3(P2O7)2 was observed to a lesser extent, and the
amount of the Fe2P2O7 phase decreased accordingly. It is worth noting that the Fe valence
states can strongly affect the performance of Fe-based catalysts [19,20].

Due to the important industrial applications, the study of the surfaces of oxide iron-
molybdenum catalysts for selective methanol oxidation into formaldehyde continues to
attract the research attention [21,22]. In Ref. [22], the influence of the preparation method
on the stability of the synthesized and industrial iron–molybdenum catalysts were studied.
Thus, the catalysts prepared by hydrothermal method contained an excess of molybdenum
represented by the metastable h-MoO3 phase, which, upon calcination, transformed into
the thermodynamically stable α-MoO3 phase. The authors found that the crystal structure,
crystal size and/or morphology of MoO3, taken in excess with respect to the iron molybdate,
had a significant effect on the stability of the iron-molybdenum catalysts.

An approach involving the silver incorporation into the complex framework zirconium
phosphates to prepare the catalysts active in the selective oxidation/dehydrogenation of
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ethanol to acetaldehyde was proposed in Ref. [23]. It was shown that the silver addition to
complex zirconium phosphate catalysts led to a selectivity increase in the ethanol oxidation
to acetaldehyde up to 74% at 330 ◦C at 93% ethanol conversion, significantly reducing the
conversion along the dehydration route. The combination of redox and acid-base sites on
the catalyst surface made it possible to control the main directions of transformations of
polyatomic alcohols.

Thus, the studies aimed at finding the approaches and methods to assess the reac-
tivity of different catalysts based on transition metal compounds, in particular Fe, using
quantum-chemical calculations, are currently relevant to predict the surface properties
of multicomponent catalysts. In previous works, when studying a series of supported
FePO4/SiO2 [24] and Fe-Mo-O/SiO2 catalysts [25,26], it was shown that such catalysts
were active and selective in the reaction of vapor-phase PG oxidation to methylglyoxal.

The present work is devoted to a comparison of the catalytic properties of FePO4/SiO2
and Fe-Mo-O/SiO2 catalysts using theoretical and experimental approaches. It has been
shown that the theoretical estimation of the substrate–catalyst binding energy in com-
parison with the catalytic data can be a key to estimate the reactivity of intermediates
depending on the chemical surrounding of the Fe sites.

2. Experimental Section
2.1. Catalyst Preparation

Silica gel of the KSKG brand (LLC “Salavat Catalyst Plant”, Salavat, Russia, SBET =
300 m2/g), preliminarily dried in air at 110 ◦C for 15 h, was used as a support for the
prepared catalysts. The amount of Fe in the FePO4/SiO2 and Fe-Mo-O/SiO2 samples
calculated per iron (III) oxide was constant and amounted to 2.5 wt.% (Table 1).

Table 1. Physical-chemical characteristics of prepared catalysts.

Sample Fe2O3, wt.% [P2O5 or MoO3], wt.% [P or Mo]/Fe, mol. SBET, m2/g

FePO4/SiO2 2.4 5.1 2.4 289
Fe-Mo-O/SiO2 2.5 8.7 1.9 240
SiO2 support - - - 300

Synthesis of the FePO4/SiO2 catalyst included two stages: impregnation of the silica
gel fraction (0.25–0.5 mm) with a 0.2 M Fe(NO3)3 solution in terms of moisture capacity
and subsequent impregnation with a (NH4)3PO4 solution of the appropriate concentration.
The amount of the introduced P corresponded to the molar ratio P/Fe = 2.4 (Table 1). The
prepared catalyst was dried at 110 ◦C and calcined in air at 600 ◦C for 8 h.

The Fe-Mo-O/SiO2 iron-molybdenum catalyst was prepared by co-impregnation
with a citric acid solution containing both components, ammonium heptamolybdate
((NH4)3Mo7O24·4H2O) and iron (III) nitrate in the appropriate concentrations based on
Mo/Fe = 2 (mol.). The synthesized catalyst was dried at 120 ◦C and calcined at 550 ◦C in
an air stream.

The Ag-containing sample with a silver content of 5 wt.% was used as a reference
sample. The Ag/SiO2 catalyst was synthesized by impregnating the moisture capacity
with an AgNO3 solution of the appropriate concentration [27]. Then, the sample was
dried at 70 ◦C for 12 h, then the deposited Ag precursor was subjected to high-temperature
treatment in an air flow at 500 ◦C followed by reduction at 200 ◦C in the H2/Ar flow. The
specific surface area of the synthesized Ag/SiO2 sample was 170 m2/g.

Individual Fe2O3/SiO2 oxide catalyst was prepared as a reference sample through
the wetness impregnation. The amount of supported component in the model sample was
10 wt.%. The resulting sample was dried at 110 ◦C and calcined at 500 ◦C. The specific
surface area of the synthesized Fe2O3/SiO2 sample was 268 m2/g.
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2.2. Catalyst Characterization

The phase composition of the samples was studied on the Miniflex 600 diffractometer
(Rigaku, Japan) with a Cu anode in the range of 2θ = 10◦–80◦ at a scanning rate of 2◦/min.
The phase composition was identified using the PDF-2 database and the full profile analysis
program POWDER CELL 2.4. Elemental analysis of the catalysts was carried out by X-ray
fluorescence analysis (XRF) using the X-ray fluorescence-wave dispersive spectrometer
(XRF-1800, Shimadzu, Kyoto, Japan). The source was the X-ray tube with an Rh anode, a
voltage was 40 kV, a current was 95 mA, and a diaphragm was 10 mm.

The textural characteristics of the synthesized samples were studied using the method
of low-temperature nitrogen adsorption at 196 ◦C on the TriStar II 3020 analyzer (Mi-
cromeritics, Norcross, GA, USA). All samples were subjected to degassing (10−2 Torr)
at 200 ◦C for 2 h prior to experiments. The specific surface was determined by the BET
method. The pore size distribution was calculated from the desorption branch of the
adsorption-desorption isotherm by the Barrett-Joyner-Halend (BJH) method.

2.3. Computational Details

The theoretical interpretation of the vapor-phase PG oxidation to methylglyoxal on
FePO4/SiO2 and Fe-Mo-O/SiO2 catalysts was carried out by density functional theory
(DFT) method using the Gaussian’09 software package installed on the SKIF “Cyberia”
supercomputer of Tomsk State University [28]. The DFT calculations were carried out using
the B3LYP functional. Modeling of the interactions of reagents (PG, O2), intermediates and
products obtained during the PG conversion was carried out using the DGDZVP basis set
(Geometries of substrates are represented in the Supplementary Materials (Figure S1)). To
provide the effectiveness of time and computer costs, FePO4H and Fe2(MoO4)3 were taken
as models of active sites for iron-phosphate and iron-molybdate catalysts, respectively. A
hydrogen atom was added to FePO4 moiety to ensure conversion. The geometries of the
main substrates considered, as well as DFT-optimized cartesian coordinates for the main
FePO4- and Fe2(MoO4)3-based models, are represented in the Supplementary Materials
(Figures S2 and S3).

The interactions of the main process components were modeled in accordance with
the procedure described in Ref. [13] as well as on the basis of the reactions presented in
Refs. [5,6] that occurred during the PG oxidation to methylglyoxal. The geometries of all
structures obtained were fully optimized. In all cases, the stationary point nature was
verified by calculating the vibrational frequencies. Most of the optimized structures were
in global energy minimum and featured only real frequencies. The absence of imaginary
vibrational frequencies confirmed the stationary nature of the structures. When there
were imaginary frequencies in the structure, the IRC calculations were carried out to de-
termine the transition state. The calculated thermodynamic parameters of the molecules
were corrected for zero-point vibrational energy (ZPVE) and brought to normal conditions
(298.15 K, 1 atm) using the thermal corrections to enthalpy and free energy. The interac-
tion energy of the gas-phase molecule/intermediate with the active site of the catalyst
(FePO4, Fe2(MoO4)3) was determined as the difference between the total energy of the
substrate/active site system and the sum of the energies of the isolated substrate and the
active site of the catalyst. In the case of oxygen-containing systems, the interaction energies
were determined as the difference between the total energy of the oxygen-containing active
site/substrate system and the sum of the energies of the isolated oxygen-containing active
site and substrate.

2.4. Testing of Catalytic Activity

The catalytic properties of the synthesized catalysts were studied in the vapour-phase
PG oxidation to methylglyoxal at a temperature of 350 ◦C (composition of the incoming
mixture: 3 vol.% C3H6(OH)2, 3.7 vol.% O2, 63.3 vol.% N2, 30 vol.% H2O). A sample
weighing of 0.15 g was loaded into a quartz reactor with a fraction of 0.25–0.5 mm; the
reaction mixture was fed at a rate of 1.5 L/min. The reaction products were analyzed by
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gas chromatography (GC) and high-performance liquid chromatography (HPLC). The PG
conversion for iron-molybdenum catalysts was calculated according to formula (1):

X =
∑i ani

3n(PG)inlet
× 100% (1)

where ni was the number of moles of the ith product (i—methylgloxal (MeGO), hydroxy-
acetone (HA), formaldehyde (FD), CO and CO2); a was the number of carbon atoms in the
ithproduct. The selectivities towards the reaction products was calculated in accordance
with the presented formulas (2)–(5):

SMeGO =
nMeGO

∑i ani
× 100%; (2)

SHA =
nHA

∑i ani
× 100%; (3)

SFD =
nFD

3 ∑i ani
× 100%; (4)

SCOx =
nCOx

3 ∑i ani
× 100%. (5)

3. Results and Discussion

Table 1 lists the designations of the synthesized catalysts, the amounts of deposited
components according to the XRF results and the specific surface area. Both iron-containing
catalysts are characterized by similar Fe content (per iron (III) oxide) as well as a close
molar ratio [P or Mo]/Fe.

Figure 1 shows the XRD patterns for the supported catalysts and reference samples.
The appearance of a wide halo in the range of 2Θ angles up to 30◦ associated with the
amorphous state of SiO2 is observed in the XRD patterns for all deposited samples. Figure 1
shows that no crystalline phases are observed by XRD in the Fe-Mo-O/SiO2 sample. The
XRD pattern of the FePO4/SiO2 sample features a reflection that corresponds to the FePO4
iron orthophosphate phase (No. 01-077-0094). The low-intensity reflection in the range of
38◦ 2Θ in the XRD pattern for the Ag/SiO2 reference sample corresponds to the metallic
Ag(111) phase.
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The catalytic properties of the prepared catalysts FePO4/SiO2, Fe-Mo-O/SiO2 and
Ag/SiO2 (reference sample) were studied in the reaction of vapor-phase PG oxidation
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to methylglyoxal under the same conditions for all catalysts: contact time was 0.011 s
(mcat = 0.15 g) and temperature was 350 ◦C. For the Ag/SiO2 sample, the additional cat-
alytic experiments were carried out at a decreased contact time of 0.007 s (mcat = 0.1 g).
Figure 2 represents the results obtained.
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Thus, in the case of iron-containing catalysts, at the PG conversion of 2 to 7%, the total
selectivity towards C3 products is ~70%, including ~50% towards methylglyoxal for both
FePO4/SiO2 and Fe-Mo-O/SiO2 catalysts. The contribution of the side processes with the
cleavage of the C–C bond yielding C1 products (formaldehyde, COx) on these catalysts
is 26% and 36%, respectively. A Fe2O3/SiO2 reference sample shows higher activity in
PG oxidation when compared with samples FePO4/SiO2 and Fe-Mo-O/SiO2. However,
in the case of pristine Fe2O3/SiO2 catalyst, the C–C bond cleavage route is the dominant
one, and the total selectivity of formation of the C–C bond cleavage products reaches 86%
(Figure 2), while the selectivity towards the desired methylglyoxal does not exceed 20%.
The use of FePO4/SiO2 and Fe-Mo-O/SiO2 catalysts permits to achieve high selectivity
towards methylglyoxal while keeping the PG conversion in the case of Mo introduction in
the composition of Fe-containing catalyst.

For the Ag-containing catalyst at a contact time of 0.011 s, an increase in the PG
conversion to up to 65% is accompanied by a decrease in the total selectivity towards C3
products up to 33% (selectivities towards MeGO and HA are 16% and 17%). For correct
comparison of the catalytic properties of the Fe-containing catalysts with Ag/SiO2, the
additional experiments are carried out for the Ag-containing catalyst with a contact time
reduced to 0.007 s. At low PG conversion (6%), hydroxyacetone is the main reaction product
with a selectivity of ~70%, and methylglyoxal is not formed at this contact time (Figure 2).
The formation of products of C–C bond cleavage under these conditions is reduced to up
to 23% that is comparable to iron-containing catalysts.

The iron phosphate catalyst exhibits the lowest activity in PG selective oxidation, while
the selectivity towards the target product methylglyoxal reaches 52%, and the selectivity
towards by-products does not exceed 30%. For the iron-molybdenum catalyst, a noticeable
increase in the PG conversion (up to 7%) is observed, while maintaining high selectivity
towards methylglyoxal (Figure 2). Such an effect can be associated with the energies
of interaction of the reagents with the surface-active sites of the supported FePO4 and
Fe2(MoO4)3 catalysts and the structure of the formed intermediate compounds.

Maintaining high selectivity towards C3 products (hydroxyacetone) for the silver-
containing supported catalyst is possible only if the contact time is reduced by almost a
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factor of 2 (from 0.011 to 0.007 s). At low contact time and 350 ◦C, the PG adsorption on the
surface of the Ag/SiO2 catalyst occurs predominantly in the monodentate configuration
with the participation of OH groups on the silica surface [15].

Thus, at low PG conversion (<10%), the iron-containing catalysts are characterized
by high selectivity towards C3 products, methylglyoxal (50–53%) and hydroxyacetone (up
to 22%), while high selectivity is observed on the Ag-containing catalyst only towards
hydroxyacetone (~70%), methylglyoxal is not detected in the product composition. Thus, in
the case of iron-containing catalysts, PG is adsorbed on the surface mainly in the bidentate
configuration that contributes to the selective conversion of both hydroxyl groups with the
formation of methylglyoxal. In the case of the Ag-containing catalyst, at low degree of PG
conversion (up to 10%), only monodentate intermediates are adsorbed on the surface as
evidenced by the high selectivity towards hydroxyacetone. As the contact time increases,
PG is adsorbed on the surface of the Ag/SiO2 catalyst both in the mono- and bidentate
configurations as evidenced by the methylglyoxal appearance in the products. However, an
increase in the contact time also leads to the readsorption of products on the surface of the
Ag/SiO2 catalyst, which is accompanied by high probability of the C–C bond cleavage; with
an increase in the PG conversion, the selectivity towards C1 products sharply increases.

To substantiate the obtained experimental results, the quantum-chemical calculations
of the main transformations of PG and oxygen into C3 products were carried out accounting
for the binding energies with the Fe-containing sites. The configuration of the active site
for each catalyst was chosen based on the obtained phase analysis results and Raman
spectroscopy results in Refs. [13,25]. FePO4 and Fe2(MoO4)3 structures were used as
models of active sites in iron phosphate and iron molybdenum catalysts, respectively.

Results of theoretical calculations show that the first stage of reagent conversion
comprises the adsorption and dissociation of molecular oxygen on the active sites of the
catalysts (see Supplementary Materials for the profile of interactions of the key reagents,
intermediates (Figure S4), and products with the active sites along the reaction coordinate
(Tables S1 and S2)). In both cases, the formation of atomic oxygen species adsorbed on Fe
sites is observed. The PG is then adsorbed to form adsorbed PDO intermediate through
the O–H bond breaking. Moreover, at the iron-phosphate site, a stronger interaction
(−715 kJ/mol) occurs between the diol molecule and the Lewis Fe3+ center contrary to
the iron-molybdenum system (Table 2). In this case, one should expect a decrease in the
activity of the iron-phosphate catalyst due to an increase in the residence time of a strongly
bound adsorption complex. In the case of the iron–molybdenum catalysts, the PG binding
activates the O–H bond both on the Fe-containing sites and on the Fe-O-Mo moiety. The
increase of the C–O bond length to up to 1.46 Å in the alcohol molecule (compared to 1.42 Å
for the isolated molecule) also occurs at the Fe-containing sites.

Table 2. Calculated binding energies (kJ/mol) of key intermediates with model active sites of
studied catalysts.

Intermediates FePO4 + Oads FePO4 Fe2(MoO4)3 + Oads Fe2(MoO4)3

PDO −715 −586 −576 −549
OPO −360 −498 −284 −422
PPA −439 −389 −480 −408

The subsequent PDO conversion both at the FePO4 and Fe2(MoO4)3 sites occurs via
the formation of intermediates, namely, propan-1-al (PPA) and oxopropoxy (OPO). In
turn, the PPA and OPO are the intermediates species in the formation of methylglyoxal,
hydroxyacetone (and formaldehyde), respectively. The binding energy of the PPA structure
(Table 2) is higher for the Fe2(MoO4)3 site due to the assistance of adsorbed atomic oxygen
species. The binding energies with the Fe2(MoO4)3 site for the OPO and PPA intermediates
are practically similar. However, the presence of the adsorbed oxygen atom strengthens
the PPA binding energy with the catalyst surface, while for the OPO structure it results
in its decrease. It is noteworthy that in the case of the Fe2(MoO4)3 site, the strengthening
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of the binding energy with the catalyst surface occurs due to the breaking of the C2–H
bond followed by the methylglyoxal desorption and the formation of the Fe–OadsH bond
(Oads—oxygen atom adsorbed on the Fe site).

As in the case of PDO intermediate formation, the strength of the OPO binding to
the active site is higher for the FePO4 site as compared to the Fe2(MoO4)3 site (Table 2).
It is noteworthy that the OPO interaction with both FePO4 and Fe2(MoO4)3 sites is more
favorable in the absence of adsorbed atomic oxygen species. Further transformation of
the OPO at the Fe2(MoO4)3 site in the presence of atomic oxygen is accompanied by the
elongation of the C1–C2 bond to up to 1.67 Å (1.59 Å in the isolated species) followed by its
cleavage and desorption of the C1 products due to the weak interaction with the active site.
In this case, the parallel transformations of the OPO intermediate into hydroxyacetone and
C1 by-products occur depending on the presence of the adsorbed oxygen atom. Moreover,
at the FePO4 sites, both transformation routes of the OPO intermediate are implemented to
similar extent that is also evidenced by the experimental data (Figure 2).

The methylglyoxal formation is more favorable during the PPA dehydrogenation,
while hydroxyacetone is formed as a result of the OPO transformations through the oxida-
tive route. Since the reduction of the surface sites in the H2-TPR mode for the Fe2(MoO4)3
catalyst [25] proceeds at higher temperatures (by 100 ◦C higher as compared to FePO4 [24])
indicating higher strength of oxygen binding to the surface, the dehydrogenation route
is more favorable. In the presence of the adsorbed oxygen atom, a competing process for
the OPO selective oxidation to HA is the C–C bond cleavage in the OPO species yielding
formaldehyde. At the same time, it is noteworthy that the oxygen presence in the reaction
medium favorably affects the course of the oxidative processes as was shown in Ref. [29]
exemplified by the oxidation of organic compounds (acrolein, formaldehyde, ethanol, etc.)
on the oxide V–Ti catalysts.

Thus, the studied systems are characterized by a relatively similar position of the main
intermediates formed during the PG oxidation. However, significant differences are found
in the interaction energies of the key PDO intermediate with the active sites of the FePO4
and Fe2(MoO4)3. The PDO binding energy on the iron-phosphate site is much lower and
amounts to −586 kJ/mol (−715.5 kJ/mol in the presence of atomic oxygen). In this case, the
strong PDO interaction with the FePO4 site leads to the increase of the residence time of the
adsorbed intermediates on the active sites of the catalyst and, accordingly, to a decrease in
the degree of PG conversion, which is consistent with the catalytic experiments. According
to the results of theoretical calculations, on the iron-molybdenum site, an intermediate
value of the PDO binding energy was obtained as compared to those over FePO4. Thus,
it can be assumed that the use of iron-molybdenum catalysts leads to an increase in the
turnover frequency for the Fe-containing sites upon interaction with the intermediate
compounds and, at the same time, facilitates further selective oxidation of PG without
breaking the C–C bond.

4. Conclusions

In the present work, the experimental and theoretical studies of the catalytic properties
of FePO4/SiO2 and Fe-Mo-O/SiO2 catalysts in the selective oxidation of propylene glycol
to methylglyoxal were carried out. The experimental comparison of the catalytic properties
of the supported iron-containing catalysts with the silver-containing one was also carried
out using the Ag/SiO2 reference sample. It was shown that the iron-containing catalysts
FePO4/SiO2 and Fe-Mo-O/SiO2 were highly selective in the propylene glycol oxidation to
methylglyoxal. While the Ag-containing sample was highly active, however, the composi-
tion of the reaction products was dominated by the contribution of the by-products of the
C–C bond cleavage. Moreover, with a comparable propylene glycol conversion over all
catalysts (up to 10%), for FePO4 and Fe-Mo-O species the formation of the bidentate-bound
intermediate with the methylglyoxal release was favorable. The results of the catalytic
experiments were consistent with the theoretical calculations carried out for the main
reactions of the propylene glycol oxidation to methylglyoxal at the FePO4 and Fe2(MoO4)3
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sites. In accordance with the results obtained, it can be concluded that the supported
iron-containing catalysts can be an alternative to conventional oxidation catalysts based on
noble metals.

Supplementary Materials: The following supporting information is available online at https://
www.mdpi.com/article/10.3390/ma15051906/s1, Figure S1: Geometries of substrates; Figure S2:
Calculated structure of iron phosphate (FePO4H); Table S1: DFT-optimized cartesian coordinates
for the main FePO4-based models; Figure S3: Calculated structure of iron molybdate (Fe2(MoO4)3);
Table S2: DFT-optimized cartesian coordinates for the main Fe2(MoO4)3-based models; Figure S4:
Interactions of key reagents, intermediates and products with active sites along the reaction coordinate
(B3LYP/DGDZVP level of theory).
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