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Abstract: This editorial highlights the results presented in the second Special Issue dedicated to
obtaining and characterizing new materials, wherein one review paper and 13 research articles have
been published. The most important field covered is that of materials involved in civil engineering,
focusing on geopolymers and insulating materials alongside developing new methods for enhancing
the characteristics of different systems. Another important field is that of the materials used for
environmental issues, and finally, those involved in human health.

Keywords: geopolymers; fly ash; thermal insulation; laser sintering; chia seed oil

Introduction

The development of new materials opens up more and more opportunities day by day,
and after a successful first Special Issue “Obtaining and Characterizing New Materials”,
with the support of editors, we have created a second Special Issue to highlight the latest
trends in the broad field of materials engineering.

This second collection, much like the first one, covers a large range of topics. We
discuss obtaining and characterizing new materials, from nano- to macro-scale, involving
new alloys, ceramics, composites, biomaterials, and polymers, as well as procedures and
technologies for enhancing their structures, properties, and functions. In order to choose the
future applications of these new materials, we first must understand their structures and
know their characteristics by 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 understand their behavior (corrosion,
thermal, DSC, STA, DMA, magnetic properties, biocompatibility, in vitro and in vivo).

The most represented of the domains included here is that of construction materials,
in which we seek to create sustainable materials with low costs and effective characteristics.

Geopolymers are a type of inorganic polymer that can be made from a wide range of
materials and also from industrial wastes. In order to produce cementitious products inside
treated soils and improve the mechanical and physical qualities of clayey soils, alkaline
activation of industrial waste was posited. This way, the use of geopolymers based on
fly ash and ground-granulated blast furnace slag (GGBFS) for soil stabilization increased
their strength. S.R. Abdila et al. [1] involved two different types of precursors, performing
unconfined compressive strength (UCS) and concluding that GGBFS and fly ash-based
geopolymers can successfully be used for soil stabilization [1].

Due to its improved acid resistance compared to regular Portland cement and lower
CO2 emissions during the synthesis process, a fly ash geopolymer is suggested as a material
for rigid pavement applications. In order to manufacture a fly ash-based geopolymer
with the best compressive strength, the authors have sought to improve its formulation.
The findings indicate that for fly ash-based geopolymers, the ideal sodium hydroxide
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concentration, sodium silicate to sodium hydroxide ratio, and solid-to-liquid ratio are,
respectively, 10 M, 2.0, and 2.5, with a maximum compressive strength of 47 MPa. With a
higher percentage of compressive strength than OPC concrete, the geopolymer is a more
durable material for rigid pavement applications because it is based on fly ash, with a
percentage of compressive strength loss of 7.38% to 21.94% for OPC concrete [2].

Another study [3] focused on developing a geopolymer based on fly ash; in this
study, ladle furnace slag was combined with foam created by pre-foaming polyoxyethylene
alkyether sulphate (PAS). At temperatures between 29 and 1000 ◦C, the performance of
a fly ash-slag geopolymer blend with and without PAS foam was examined using a PAS
foam-to-paste ratio of 1 and 2. (G-1 and G-2). At 29–1000 ◦C, the compressive strength of
the foamed geopolymer was lower than that of G-0 (36.9–43.1 MPa) (25.1–32.0 MPa for G-1
and 21.5–36.2 MPa for G-2). Heating G-0 decreased its compressive strength by 8.7%, up to
1000 ◦C compared to unheated samples; however, foamed geopolymer gained compressive
strength by 68.5% up to 1000 ◦C.

In a highly sought after area, that of the road concrete development, L.M. Nicula
et al. [4] involved nuclear magnetic resonance (NMR) relaxometry to compare the poros-
ity of three combinations of road concrete that contain blast furnace slag to two mix-
tures created with conventional ingredients. The samples involved were maintained for
300 freeze–thaw cycles and then compared to control samples. The investigations allowed
for the identification of the ideal composition of blast furnace slag to be added to road
concrete mixtures. Additionally, using this non-invasive method, it is possible to evaluate
the porosity and the development of interior cracks during the freeze–thaw test.

In other aspect of civil engineering, the involvement of wood is crucial. P. Mania
et al. [5] managed to densify samples of paulownia clone wood and hornbeam (Carpinus
betulus L.). The specimens underwent plastic treatment in an ammonia solution before
being densified. Following densification, it was possible to measure the wood’s Brinell
hardness in each of the three anatomical directions, and its compressive strength in the
radial direction. The extent to which wood would swell in water that was liquid and humid
(98% RH) was also determined. The densities of hornbeam and paulownia wood increased
by 40% and approximately 280%, respectively. For hornbeam and paulownia, the Brinell
hardness parallel to the fibers increased by 49 and 390%, and perpendicularly by 80 and
388%. Additionally, it was discovered that the woods’ compressive strength significantly
increased in the radial direction. Paulownia wood exhibited 107% swelling, compared to
153% for densified hornbeam wood exposed to water.

For many years, multi-beam box girder bridges have been used extensively worldwide.
For this issue, a method for reinforcing embedded steel plate (ESP) was proposed by
adding carbon-A/-B glue to the longitudinal joints of old multi-beam box girder bridges [6].
We can conclude that the proposed strengthening method can be used to enhance the
mechanical performance of multi-beam box girder bridges and serve as a guide for such
bridge reinforcement. Analysis results of the actual bridge and finite element model show
that the structural stiffness and load lateral transferring performance between the box
girders were improved after ESP strengthening.

Given the current situation, it is necessary to find sustainable and cutting-edge ways
of improving the thermal efficiency of projects. An intriguing study [7] shows experimental
findings from the testing of a variety of composite thermal insulation materials made from
a blend of sheep wool, cellulose, rPET, and rPES fibers. The study’s findings highlight
the advantages of utilizing such materials for improving indoor air quality, while also
demonstrating their qualities of thermal insulation (the ability to adjust to humidity and
reduce concentrations of harmful substances). When compared to conventional thermal
insulation materials, the benefits of employing sheep wool composite mattresses in terms
of their resistance to insect attack are also shown.
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Some researchers [8] discuss the capacity of sheep wool heat-insulating mattresses to
simultaneously meet the real need for high-quality air inside living spaces and thermally
efficient buildings by cumulatively analyzing efficiency indicators for thermal insulation
and indicators of improved air quality. As a result, the results for the coefficient of thermal
conductivity and its resistance to heat transfer show that these mattresses are appropriate
for use as thermal insulation. The discovered features of permeability to water vapor and
the sorption/desorption of water and air show their ability to control the humidity of
indoor air, and the resulting decrease in formaldehyde content show their contribution to
the improvement of air quality.

On the subject of materials and sustainability, we need to focus on environmental
issues and materials’ impact on human health.

In this vein, investigations were conducted on soil samples to perform a quality
status assessment, determining pH, texture, structure, and metal concentration, as well as
carrying out an assessment of anthropogenic activity by determining the pollution indices
of CF (contamination factor). These investigations aimed to determine soil quality, soil
environmental risk, and extraction of metals from polluted soils by bioleaching, and aimed
to identify influential factors in achieving high remediation yields (potential ecological
risk index). Though optimistic, the depollution yield after 12 h of treatment is Cu 29–76%,
Pb 10–32%, Cr 39–72%, and Ni 44–68%. The best exposure duration for the bioleaching
extraction process can be determined using yield–time correlation equations [9].

Many other parts of the industry are seeking new technologies and materials. To
investigate the effects of the powder’s physical characteristics and operating conditions
on the bed quality—which is determined by density characteristics, density uniformity,
and the flatness of the powder layer—powder spreading in realistic SLS settings was
simulated using the discrete element method (DEM) [10]. Based on the response surface
methodology, a regression model of the powdering quality was created (RSM). The non-
dominated sorting genetic algorithm II (NSGA-II) was utilized to optimize the nylon
powder laying quality in the SLS process using an improved multi-objective optimization
approach. We offered various optimization plans in accordance with the various process
needs. Experiments were used to confirm the validity of multi-objective optimization
outcomes for powdering quality.

In another of this publication’s articles [11], the influence of isothermal annealing on
the mechanical and microstructural properties of Sn-0.7Cu-1.5Bi solder junctions is dis-
cussed. The intermetallic layer thickness at the solder/Cu interface increased by 0.042 m/h
for Sn-0.7Cu and 0.037 m/h for Sn-0.7Cu-1.5Bi, according to the results, as the solder/Cu
interface cured. With a 1.5 weight percent Bi addition in the reflowed condition and after
isothermal annealing, the hardness and shear strength of Sn-0.7Cu dramatically increased.

Innovative materials known as shear thickening fluids (STFs) can be used in smart
body armor. The objective of the published paper [12] was to examine how UV light affects
STF aging. Artificial aging was used in the experimental inquiry to look into how UV
light affects the characteristics of STFs. The highest viscosity of the STFs based on PPG425,
PPG2700, and KE-P10 reached 580.7 PaS for the STF425 and 3313 PaS for the STF2700,
respectively. Our findings show that STFs are UV light-sensitive and can lose some of their
characteristics while being stored.

Building on our knowledge of coatings, J.J.K.Ngouoko et al. [13] studied a glassy
carbon electrode (GCE) coated with a sheet of hydroxy-apatite (HA)/L-lysine (Lys) com-
posite material to create an amperometric sensor for the detection of Nile blue A. (NBA).
Electrochemical research revealed an increase in the GCE/Lys/HA sensor’s sensitivity
to the detection of NBA in solution. Investigations were carried out to elucidate how
the pH, scan rate and NBA concentration affected the peak current and potential. The
GCE/Lys/HA sensor demonstrated excellent repeatability, selectivity, and an NBA low
detection limit of 5.07 108 mol L1 under ideal circumstances. NBA in several water samples
was successfully detected using the developed HA/Lys-modified electrode.

3
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In the field of organic chemistry, a novel epoxidized vegetable oil (EVO) from chia seed
oil (CSO) has been produced with the intention of use as a plasticizer and compatibilizer
in a wide range of eco-friendly goods related to the polymeric industry [14]. Analysis of
various parameters revealed that 75 ◦C and an H2O2:DB (1.50:1) ratio produced the best
epoxidation results. These high values demonstrate that the potential of chia seed oil’s
chemical modification to be exploited in the creation of biopolymers is much greater than
that of commercially available epoxidized oils such as soybean or linseed oil.

Finally, the last article [15] examined the ways in which hydrochloric acid and brushing
affected the surface quality of three flowable composite resins used for direct restoration,
concluding that brushing with firm bristles straight after an acidic challenge causes two of
the three flowable composite resins to have increased surface roughness. Thirty minutes
after acidic aggression, brushing teeth with medium or stiff brushes had no effect on the
flowable composite resins’ surface quality.

In conclusion, the published articles under this Special Issue represent an excellent
collection of research and review articles, with cutting-edge results that promote sustainable
development in the field of materials engineering.
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doru.burduhos@tuiasi.ro (D.D.B.N.)

Abstract: Geopolymers, or also known as alkali-activated binders, have recently emerged as a viable
alternative to conventional binders (cement) for soil stabilization. Geopolymers employ alkaline
activation of industrial waste to create cementitious products inside treated soils, increasing the
clayey soils’ mechanical and physical qualities. This paper aims to review the utilization of fly ash and
ground granulated blast furnace slag (GGBFS)-based geopolymers for soil stabilization by enhancing
strength. Previous research only used one type of precursor: fly ash or GGBFS, but the strength value
obtained did not meet the ASTM D 4609 (<0.8 Mpa) standard required for soil-stabilizing criteria
of road construction applications. This current research focused on the combination of two types
of precursors, which are fly ash and GGBFS. The findings of an unconfined compressive strength
(UCS) test on stabilized soil samples were discussed. Finally, the paper concludes that GGBFS and
fly-ash-based geo-polymers for soil stabilization techniques can be successfully used as a binder for
soil stabilization. However, additional research is required to meet the requirement of ASTM D 4609
standard in road construction applications, particularly in subgrade layers.

Keywords: geopolymer; fly ash; GGBFS; compressive strength; soil stabilization

1. Introduction

Low-strength soil layers are frequently encountered in road construction, and they
have a significant impact on various phases of construction design [1–3]. Another issue in
civil engineering is clayey soil [4,5]. Clayey soil is a global issue, causing several difficulties
for civil engineers, building enterprises, and property owners [6–8]. Clayey soils are seen
as a potential natural hazard capable of wreaking havoc on engineering buildings [9,10].
Additionally, structures constructed on clayey soils have incurred significant damage as a
result of the clayey soil’s undesirable and unpredictable characteristics [11–13].

According to ASTM D 2487 [14], the soil is commonly considered to have clay ten-
dencies (the soil as to be classified as clay soil with high plasticity) when its liquid limit
is greater than 50% and plasticity index is higher than 17%. Clays or soft soils primarily
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belong to the fine-grained group of soils and are classified as “clays” having the ability to
change in volume when they come in contact with water [14]. Generally, the soil shrinks
as the water content decreases and expands as the water content increases, due to the fact
that the primary clay minerals have the potential to interact and absorb water [13–15]. This
results in a high liquid limit and plasticity index [9,10,13,15]. Thus, clayey soil exhibits high
swelling, shrinkage, and plasticity characteristics [14,15]. However, fine-grained soils were
considered suitable applicants for stabilization [13–15].

In order to stabilize soil, the most common or usual approach was by removing the
soft soil first [3,16–18]. More substantial materials, such as crushed rock, will replace soft
soil [4,19]. Various researchers found another method to encounter this problem since the
cost involved in replacing the materials was relatively high [18,20,21]. The mechanical
and chemical stabilization alteration of one or more soil properties has been termed as soil
stabilization [21,22]. Most researchers studied to improve the engineering properties by
increasing the compressive strength of the soil [6,8,12,16,17,23] according to the ASTM D
4609 standard [24] (>0.8 Mpa). Soil stabilization can be described as a collective term for any
physical, chemical, or combination of those approaches used to enhance certain features of
natural soil in order for it to meet the engineering requirements [3,4,9–11,15,21,24].

Mechanical stabilization involves a physical process in altering the soil’s physical
nature [25,26]. It entails compacting the soil in order to change its resistance, compressibil-
ity, permeability, and porosity [27,28]. Mechanical stabilization of a material is typically
accomplished by adding another substance, which is fly ash or GGBFS, that enhances the
grading or reduces the plasticity of the original material [28–30]. The original material’s
physical qualities will be altered, but no chemical reaction will occur [26,31]. This method
could increase the density of soil due to the elimination of maximum air. The material was
not affected due to the particle size distribution [25,30,32]. However, the redistribution
of the particles changes the structure [27,31]. Mechanical stabilization is frequently the
most cost-effective method of enhancing the quality of low-grade materials (problematic
soil) [26,27,29,33]. The stiffness and strength of the material will typically be less than those
obtained through chemical stabilization and will frequently be unsuitable for heavy traffic
pavements [33–35]. Additionally, a stabilizing agent may be required to improve the final
qualities of the blended substance [30,34].

Other than mechanical soil stabilization, chemical soil stabilization is the most popular
technique for remediation of poor ground conditions [19,36–38]. It is possible to alter the
compressive strength, swelling potential, and volume change properties of soil through
chemical stabilization processes such as mixing with ground granulated blast furnace slag
(GGBFS) and fly ash by-products, as well as mixes of any of these materials [39–43]. The
chemical substances work as compaction aids, binders, and water repellents and modify the
soil behavior [44,45]. Stabilization of soils using chemical additives displays the usefulness
of this technique, in engineering, such as road constructions and foundation substructure
development [34–36,38,46].

The manufacturing of conventional soil stabilizers such as cement and lime results
in considerable CO2 and energy emissions [47–49]. Therefore, civil engineering firms are
continuously on the search for the new soil stabilizer, a low-carbon, sustainable substance,
to be employed to replace cement as a soil stabilizer [47,50–55]. Geopolymerization is
the process of polymerizing inorganic natural materials to form geopolymers [43,56,57].
Geopolymers have recently been shown to be a viable alternative to Portland cement for
reinforcing degraded soils [52–55]. Geopolymers have outstanding engineering properties,
such as increased strength and improved soil adhesion [36,40,56]. Materials containing high
proportion of alumina (Al) and silica (Si) are required to manufacture this geopolymer ma-
terial [47,48,57]. The Si and Al minerals found in industrial by-products such as fly ash from
coal combustion and GGBFS from iron combustion are employed in geopolymer processes
for soil stabilization [57–60]. In order to produce geopolymer, the sources of alumina and
silica (fly ash and GGBFS) act as precursors that are easily dissolved in alkaline solutions
resulted from alkaline activation, making geopolymerization possible [47,49,57,58,60–68].
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In this paper, the usage of a GGBFS and fly ash Class-C-based geopolymer for soil
stabilization by means of an unconfined compressive strength (UCS) test is reviewed
and discussed.

2. Soil Stabilization by Conventional Method
2.1. Soil Stabilization Using Fly Ash

Fly ash is a material that is increasingly being used as a cement alternative in concrete
mixtures and for soil stabilization [25,27,29,36,38,40,42,54]. The addition of fly ash is one of
the methods to stabilize soil because fly ash is a pozzolan, in which it can bind to minerals
in soil and make the soil stable, so as to reduce the swell shrinkage of the soil and improve
soil strength [41,42,44,46,54,69–73]. The morphology of fly ash can be seen in Figure 1.
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2.2. Soil Stabilization Using Ground Granulated Blast Furnace Slag (GGBFS)

Ground granulated blast furnace slag (GGBFS) is a by-product the manufacture
of iron [27,35,36,40–43,47,54,64]. It is composed primarily of lime, alumina, and sili-
cate [48,54,65–67]. GGBFS material is also used as a substitute for cement in concrete
mixtures and as a material for soil stabilization [42,48,54,59,65,66]. Mixing GGBFS with soil
improves compressive strength, permeability, and durability [39,54,65–69]. The morphol-
ogy of GGBFS can be seen in Figure 2.
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2.3. Strength of Soils after Stabilization with Fly Ash and Ground Granulated Blast Furnace
Slag (GGBFS)

The strength of soil is a measure of its ability to absorb forces without collaps-
ing [6,7]. A soil’s ability to bear normal and shear pressures can be used to determine its
strength [65,71,72]. Apart from the primary reaction products generated, additional factors
may impact the rate of rising in soil strength [51,73]. The presence of soil-borne accelerating
or retarding chemical components may result in an increase in soil strength [65,66,68,74,75].
The summary of previous studies on soil stabilization application is presented in Table 1.

Research by Simatupang et al. [68] investigated the stability of soil with the addition
of fly ash. Fly ash percentages range from 5–25% by dry weight of soil. By increasing the
fly ash content in the samples and the curing time, the compressive strength value for fly
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ash increased. However, a long curing time is required to reach the optimum strength. To
shorten the curing period, adding other materials such as GGBFS may be necessary.

Another study in 2016 by Dayalan et al. [65] investigated soil stabilization with ground
granulated blast furnace slag (GGBFS). Different percentages of GGBFS 5–25% by dry
weight of soil were used to stabilize the clayey soil. Based on the strength performance
test, the optimum amount of GGBFS was determined to be 20%. Moreover, the result
indicates that the inclusion of GGBFS increases the strength of clayey soils but the acquired
properties do not meet the ASTM D 4609 soil-stabilizing criteria for road construction
applications [76].

Another study in the same year by Mandal et al. [54] investigated soil stabilization
using ground granulated blast furnace slag (GGBFS) and fly ash. Different samples were
prepared with different proportions of soil, GGBFS, and fly ash. Based on the result, the
best compressive strength values were obtained in a 10% GGBFS and 10% fly ash mixture.
This provides proof that the addition of GGBFS and fly ash can improve the clayey soil’s
mechanical properties. However, the soil strength value still does not comply the ASTM
D 4609 standard [76], which requires a value greater than 0.8 MPa. To comply with the
requirement, increasing the percentage of fly ash and GGBFS mixture proportions may
be required.

Research performed in 2019 by Neeladharan et al. [39] investigated the possibility of
stabilizing expansive soils through the use of a binder comprising of fly ash and ground
granulated blast furnace slag (GGBFS).The clayey soil was mixed with different percentages
fly ash of 5–25% and GGBFS of 2.5–10% by dry weight of soil. According to the results
of the unconfined compressive strength test, a binder percentage of 20% is recommended
as the optimal. However, the unconfined compressive strength value did not fulfill the
ASTM D 4609 standard [76], which must be greater than 0.8 MPa. To fulfill the standard,
increasing the percentage of fly ash mixture proportions and adding other ingredients such
as GGBFS may be required.

Another study in 2014 by Oormila et al. [66] investigated the potential of using GGBFS
as a stabilizer for the clay/soft soil. The soft soil was mixed with GGBFS at different
percentages (15–25% by dry weight of soil) with curing times of 7, 14, and 21 days. The
result indicates that the use of GGBFS increased the strength characteristics of the soil.
Based on compressive strength, the optimum amount of GGBFS was 20%, as it increased
the strength by about 73.79% of clayey soil. This provides proof that the GGBFS can
improve the strength of the clayey soil. However, a long curing time is required to reach
optimum strength. To reduce the curing time and increase strength, it may be essential to
combine two types of precursors (fly ash and GGBFS) and increase the percentage of fly
ash mixture proportions.

Research performed by Sharma et al. [67] investigated the possibility of utilizing
a binder composed of fly ash and powdered granulated blast furnace slag to stabilize
expansive soils (GGBFS). The expansive soil was mixed at different percentages of fly ash
70% and GGBFS 30% with curing times of 7, 14, and 28 days. Based on the strength result,
the strongest soil was achieved after 28 days of curing time, with a compressive strength
value of 0.45 MPa. However, the unconfined compressive strength value does not fulfill the
ASTM D 4609 standard [76], which must be more than 0.8 MPa. Furthermore, a long curing
time is required to reach optimum strength. To shorten the curing period and increase
compressive strength, increasing the percentage of fly ash and GGBFS mixture proportions
may be required.
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Another study by Tyagi et al. [69] investigated soil stabilization with GGBFS and fly
ash. Fly ash and GGBFS were utilized in amounts of 0%, 5%, 10%, 15%, 20%, 25%, and 30%,
respectively, by weight of the soil sample. The strength value increases as the amounts of
fly ash and GGBFS reach their maximum values of 18% and 30%, respectively. However,
the unconfined compressive strength value does not fulfill the ASTM D 4609 standard [76],
which must be greater than 0.8 MPa. To reduce the curing time and increase strength, it
may be essential to combine two types of precursors (fly ash and GGBFS) and increase the
percentage of fly ash mixture proportions.

Research performed by Mujtajab et al. [70] investigated the enhancement of expansive
soils’ engineering qualities with the addition of GGBFS. The impact of GGBFS in stabilizing
these expansive soils was examined by applying various amounts of GGBFS between
0% and 55% to these soil samples. The strength of a remolded sample after 28 days
was increased by approximately 35% with the addition of 30% GGBFS. Although, the
compressive strength of the soil fulfils the ASTM D 4609 [76] standard, it requires a long
curing time to get the optimum strength value. To reduce the curing time and increase
strength, adding other materials such as fly ash may be necessary.

Therefore, additional research is necessary to determine the possibility of employing
GGBFS and fly ash as soil stabilizers in increasing soil compression strength and shortening
the curing time in order to maximize soil power. Geopolymers have recently been shown
to be an effective replacement to Portland cement for reinforcing degraded soils; hence,
geopolymers can be pushed for their suitability for use as a concrete substitute [52–55].

3. Geopolymer

Geopolymers can usually be synthesized from many materials with high concentration
of aluminosilicates. Geopolymer precursors that are high in silica (Si) and alumina (Al)
minerals, such as fly ash and GGBFS, are highly suggested for geopolymerization in soil
stabilization applications [48,51,54,66]. All the aluminosilicate materials must be activated
by a second raw material known as alkali activator solution [56].

Geopolymerization is an integrated process for synthesizing geopolymers, which
involves leaching, diffusion, reorientation, polymerization, and condensation [56]. Three
stages of polymerization occur: (1) dissolution of oxide minerals from source materials
(typically silica and alumina) under extreme alkaline conditions; (2) orientation of dissolved
oxide minerals followed by gelation; and (3) polycondensation to form a three-dimensional
network of silico-aluminates structures [56]. Duxson et al. [56], proposed a polymerization
that process involves several steps proposed in the conceptual model. A general mechanism
of geopolymerization is shown in Figure 3.

This model assumes that geopolymerization starts with the dissolution of the source
materials by the alkali solution, which causes the breaking of the aluminosilicate bond
and releases silica and alumina, mainly in the source materials [78,79]. The aluminosilicate
chain’s negative charge is balanced by alkali cations such as potassium, sodium, or calcium.
Thus, the silica and alumina content in the source material has a significant effect that
governs geopolymer performance [73].

Furthermore, the dissolution rate increases as the solution alkalinity increases. This
rate controls the time required to reach saturation, after which a supersaturated alumi-
nosilicate solution is reached. Then, the main condensation process begins, and the alu-
minosilicate gel in the form of oligomers precipitates to produce larger and more stable
networks [56].

The first polymer (Gel 1) is formed when the solution contains a higher Si and Al
concentration. As the reaction continues, more Si enters the solution, resulting in gels
containing higher amounts of Si (Gel 2). The initial setting starts when the condensation
rate of the aluminosilicate species exceeds the dissolution rate. Finally, polycondensation
and rearrangement processes continue to produce more connected 3D networks, forming
the final geopolymer matrix [56].
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3.1. Source of Raw Materials

The most common source material to produce geopolymers is fly ash [51,72,80–85].
High-strength geopolymers generally could be obtained from Class F fly ash (low calcium
mineral) [48,54,66,86,87]. However, Class C fly ash (high calcium) has shown that it can
also be used to produce geopolymer [11,50,87–90]. The fly ash from different sources
could affect the final properties since they have different levels of reactivity under specific
geopolymer synthesis conditions [48,51,76]. The chemical content, quantity of fly ash,
and activator solution will influence fly-ash-based geopolymer properties in the fresh and
hardened state [51,72,73].

In 1957, the first method to utilize a slag-based geopolymer as a binder in building was
created [91]. Ground granulated blast furnace slag (GGBFS) is a granular glass composed
primarily of calcium oxide (CaO), silicon dioxide (SiO2), aluminium oxide (Al2O3), and
magnesium oxide (MgO) [76–79]. It is an amorphous by-product of the production of pig
iron from iron ore, coke combustion residue, and fluxes such as limestone [48,54,75]. The
existence of calcium (CaO) content in GGBFS contributed to the shortened setting time
and development of the compressive strength of the clay soil [48,54,66,73,82,83,85,88]. The
reaction between GGBFS and alkali activator solution forms a calcium–aluminate–silicate–
hydrate (C–A–S–H) gel-forming within the geopolymer matrix. These hydration products,
along with aluminosilicate structure in the GGBFS samples, contributed to significantly
gaining high strength [78].

3.2. Alkali Activator

The most common alkali solution used in geopolymerization is a mixture of sodium
silicate (Na2SiO3), and sodium hydroxide (NaOH) [48,51,72,82]. The sodium hydrox-
ide (NaOH) solution concentration has a significant effect on the physical and mechanical
properties of soil-stabilization-based geopolymer [48,51,72,75,82]. This solution contains hy-
droxide ions (OH-) and sodium ions (Na+), which initiate the reaction between the internal
silicate (Si) and aluminate (Al) components, initiating the dissolving process [48,51,75,82].
Using a mixture of both sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) as an
alkali activator will give better strength than using a sodium hydroxide (NaOH) solution
only [51,74,80,83]. The reaction of sodium silicate (Na2SiO3) to process polymerization is
crucial in dissolving Si, and the mixing ratio of sodium hydroxide (NaOH) concentration is
also crucial in producing good strength of the product from geopolymer [48,51,75,82].
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Generally, higher strength could be obtained by using higher contents of NaOH
and sodium silicate [48,75]. However, there will be an adverse effect on strength if there
was too much alkali in the composition [51,82,83]. In order to control the compressive
strength, various alkali activator compositions were usually used [48,51,72,82]. The use
of a higher molar concentration of alkali ions could accelerate the reactants in the chain
reaction [48,51,72,75,82]. Nevertheless, it might lead to the rapid loss inconsistency during
the mixing process due to the faster reaction of the polymer [51,81,82]. Then, to pro-
vide the maximum mechanical properties, there should be an optimum alkali activator
content [51,81,84].

3.3. Strength of Soil after Stabilization with Fly Ash and Ground Granulated Blast Furnace Slag
(GGBFS) Geopolymer

Numerous investigations on geopolymers have been undertaken, which are used
to make ceramics, earth bricks, mortar, and concrete. Stabilizing soil with geopolymer
binders is a relatively recent concept. The use of ground granulated blast furnace slag and
fly-ash-based geopolymers to stabilise clayey soil showed promising results. The summary
of previous studies on soil stabilization with fly ash and GGBFS-based geopolymer is
presented in Table 2.

Research by Anne et al. [72] investigated the use of fly ash in the synthesis of geopoly-
mer for soil stabilization. Fly ash was used in proportions of 15% and 25% and ratio of
alkali activator Sodium Silicate: Sodium Hydroxide:Sodium Aluminate of 50:50:0, 33:33:33,
50:20:30. According to the findings, strength increased as the amount of fly ash increased.
However, the strength value still does not comply with the ASTM D 4609 standard [76],
which requires a value greater than 0.8 MPa. Furthermore, a longer curing time is required
to reach the optimum strength. To shorten the curing period and increase compressive
strength, adding other materials such as GGBFS may be necessary.

In 2017, Abdullahet al. [51] investigated the effect of the alkaline activator/fly ash
ratio on the stability of geopolymer-stabilized soil. A variety of mix designs were made
and cured for 7 and 28 days at varied fly ash/alkaline activator ratios and Na2SiO3/NaOH
ratios. The molecular weight of the geopolymer and the proportion of geopolymer in the
soil were set to 10 molar and 8%, respectively. The maximum strength was attained with
a fly ash/alkaline activator ratio of 2.5 and a Na2SiO3/NaOH ratio of 2.0 after 28 days
of curing period. Additionally, the mixture of fly ash geopolymers contributed to filling
the large surface area of the voids between the clay particles and controlling the moisture
content of the clay. This can cause the clay to become stable and compact and increase the
compressive strength of the clay. However, the results are not in accordance with the ASTM
D 4609 [76] soil stabilization criteria for road construction applications. The strength of
the soil should be greater than 0.8 MPa [76,91]. To comply with the standard, additional
chemicals such as GGBFS may be required, as well as an increase in the percentage of fly
ash mixture proportions.

In 2018, Parhi et al. [75] investigated the stabilization of soil with the use of an alkali-
activated fly-ash-based geopolymer. The fly ash is activated using concentrations of sodium
hydroxide of 10, 12.5, and 15 molars. The various percentages of fly ash (20–40%) relative
to the expanding soil’s total solids are employed. The ratios of activator to ash (liquid to
solid mass ratio) were maintained between 1 and 2.5. The 10 molal samples have a greater
three- and seven-day strength than the 12.5 and 15 molar samples, which make them more
cost effective than the 12.5 and 15 molal samples. However, the strength results do not
adhere to the ASTM D 4609 [76] standard soil stabilization criteria for road construction
applications. To comply with the requirement, increasing the percentage of fly ash mixture
proportions and adding other ingredients such as GGBFS may be required.
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In the same year, Leong et al. [81] investigated the strength improvement of soil
stabilization with fly-ash-based geopolymer: an appraisal of soil, fly ash, alkali activators,
and water. Molarity was fixed at 8 molars and the ratios of fly ash/soil were 0.3, 0.6, 0.8,
and 0.9. According to the results, strength increases as the fly ash/soil ratio increases.
Although the compressive strength of the soil fulfils the ASTM D 4609 [76] standard, it
required a long curing time to obtain the optimum strength value. To shorten the curing
period, increasing the percentage of fly ash mixture proportions and molarity and adding
other materials such as GGBFS may be necessary.

In another study, Shihab et al. [80] investigated the influence of NaOH molar con-
centration on the mechanical strength of a soft clayey soil stabilized with a fly-ash-based
geopolymer after initial heating. The fly ash was activated with 8, 10, 12 and 14 molars.
Dosages of fly ash were selected as 8%, 10%, 12%, and 14% of dry weight of soil. Based on
the result, the optimum molar concentration is 12 M. Although the compressive strength
of the soil fulfils the ASTM D 4609 [76] standard, it requires a high molarity to obtain the
optimum compressive strength value.

Another study conducted by Thomas et al. [73] investigated the stabilization of soils
through the use of alkali-activated GGBFS. The GGBFS doses of 6%, 9%, 12%, 15%, and
20% of dry weight of soil were chosen. The optimal dosage for GGBFS can be set as 20%
based on the strength. However, the strength results do not fulfill the ASTM D 4609 [76]
standard soil stabilization criteria for road construction applications. To comply with the
requirement, increasing the molarity and adding other ingredients such as fly ash may be
required.

Another research performed by Phummiphan et al. [88] examined the use of geopoly-
mer stabilized soil, fly ash, and GGBFS blends as a pavement base material. Molarity was
fixed at 5 molars. Dosages of fly ash were selected as 30% and GGBFS of 10%, 20%, and
30%. The soil sample was prepared by mixing it with fly ash and GGBFS and curing it for
7, 28, and 60 days. Based on unconfined compressive strength (UCS) result, the optimum
dosage can be selected as 20% for GGBFS and 30% for fly ash. However, the compressive
strength value still did not comply with the ASTM D 4609 standard [76], which requires a
value greater than 0.8 MPa. Furthermore, a long curing time is required to reach optimum
strength. To shorten the curing period and increase compressive strength, increasing the
percentage of fly ash mixture proportions and molarity may be necessary. Additionally, the
existence of calcium (CaO) content in GGBFS contributed to the shortened setting time and
development of the compressive strength of the clay soil. This finding was supported by a
previous study by Aziz et al. [78] where the reaction between GGBFS and alkali activator
solution formed a calcium–aluminate–silicate–hydrate (C–A–S–H) and calcite (CaCO3)
within the geopolymer matrix. These hydration products, along with aluminosilicate
structure in the GGBFS samples, contributed significantly to high strength gain.

In addition, a few crucial factors influencing the properties of geopolymer so as to
contribute to achieving a good mix of design and formulation of geopolymer include solid-
to-liquid (S/L) ratio, sodium hydroxide molarity, and sodium silicate (Na2SiO3)/sodium
hydroxide (NaOH) ratio, which will be explained in the next section.

4. Factors Affecting the Geopolymer Properties

Commonly, in soil stabilization-based geopolymer, fly ash Class C and GGBFS are used
as the primary source material containing mostly high content in silica (Si) and alumina
(Al) that dissolve in alkali solution for geopolymerization in soil stabilization applica-
tion [51,65,72–74]. A few crucial factors influencing the properties of geopolymer so as to
contribute to achieving a good mix of design and formulation of geopolymer include solid-
to-liquid (S/L) ratio, sodium hydroxide molarity, and sodium silicate (Na2SiO3)/sodium
hydroxide (NaOH) ratio [51,74,92–94].
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4.1. Effect of Solid to Liquid Ratio on Geopolymer

The solid-to-liquid (S/L) ratio corresponds to the aluminosilicate source to activator
solution ratio [72,73,88,92,95,96]. The aluminosilicate source’s alkali activator is a blend of
solid and liquid. The liquid is extremely alkaline, and the solid contains an appropriate
amount of highly reactive silicate aluminate [40,48,50,51,57,78]. Based on a previous study
by Alonso et al. [97], it is said that the initial solid content highly influences the rate of
geopolymer formation; it was evident that a large number of precipitates was observed with
an increasing solid-to-liquid ratio. This is said to be due to high dissolved reactant species.

As the solid-to-liquid ratio rose, the geopolymers sample became less homogeneous
due to the limited amount of alkali activator [48,51,72,74,78,93,94,98]. At this solid-to-
liquid (S/L) ratio, the liquid content was negligible in comparison to the solid con-
tent [51,74]. Thus, it resulted in a soil-based geopolymer with low compressive strength.
Abdullah et al. [51] also analyzed the influence of solid-to-liquid (2.0, 2.5, and 3.0) ratio
to soil stabilization using fly-ash-based geopolymer, observing a lower extent of binder
formation, which resulted in a soil and fly-ash-based geopolymer sample with a solid-
to-liquid ratio higher than 2.5. This is due to the high degree of supersaturation of the
aluminosilicate phase, so as to produce a less connected geopolymer structure [51,74].

4.2. Effect of Sodium Hydroxide Molarity on Geopolymer

The concentration of sodium hydroxide (NaOH) solution is a critical parameter that in-
fluences the geopolymer’s properties. This solution is one of the alkali activators used in the
production of geopolymer [9,40,48,50,51,57,74,78,99]. It contains and provides hydroxide
ion (OH-) and sodium ion (Na+), mainly responsible for the dissolution of aluminosilicate
source materials and the polymerization process of geopolymer [74,78,82,83,99–101]. The
molarity of NaOH solution is reported to significantly affect the workability, geopolymer-
ization reaction, and strength development of the final product [74,87,102,103]. The obstacle
of using NaOH solution in the geopolymer synthesis is the low strength development if
the molarity used is too high or too low [71,72,74,80,92,94].

There were a few studies on the effect of NaOH molarity on the geopolymer [72,74,75,80,104].
According to Malkawi et al. [105], a strong alkali is needed due to the alkali activator’s func-
tion, which is required to partially or entirely dissolve the silica and alumina available in the
source materials as explained in details in the polymerization mechanism [74,78,101,106].
The researcher found that 10 M NaOH solution is suitable for Class F and Class C fly-ash-
based geopolymer, respectively [51,74,101,107,108].

4.3. Effect of Sodium Silicate to Sodium Hydroxide Ratio on Geopolymer

Previous research has employed the merger of sodium hydroxide and sodium sil-
icate as an alkali activator [48,51,74,83,88,106–110]. As reported by Tempest et al. [111],
the degree of reactivity of raw geopolymer material decreases when the sodium silicate
(Na2SiO3)/sodium hydroxide (NaOH) ratio is too high. This is because sodium hydroxide
solution plays an essential role in dissolving the raw materials [111]. However, higher
sodium silicate (Na2SiO3)/sodium hydroxide (NaOH) ratios are encouraged to be studied
for geopolymer systems due to commercial and marketing interest, lowering the workabil-
ity and strength of the mixture [51,74,78,102,103,109,110]. This is supported by multiple
another study, which also found that sodium silicate (Na2SiO3)/sodium hydroxide (NaOH)
ratio at 2.0 in soil stabilization using fly-ash-based geopolymer process shows the best
performance [51,74].

Much attention has been given to the utilization of stabilization materials for soil
stabilization, but only a few scholars investigated the use of geopolymer for soil stabiliza-
tion application. Instead of focusing on stabilizing soil with fly ash and GGBFS-based
geopolymer, this paper investigated the soil stabilization using fly ash and GGBFS via the
geopolymerization process, where the soil stabilization was performed by mixing the soil,
fly ash, and GGBFS directly with alkali solutions. In other words, the soil, fly ash, and
GGBFS act as the source materials for polymerization, producing soil-based geopolymers.
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5. Summary and Future Works

This paper presents the clayey soil or problematic soil that can be stabilized and
the strength improved by using a fly ash Class C and GGBFS-based geopolymerization
process. The experimental results indicate that stabilization using stabilizers chemically and
mechanically alters the majority of clayey soils, resulting in a significant increase (>0.8 Mpa)
in unconfined compressive strength (UCS). Geopolymerization process is a relatively new
approach for soil stabilization that has the potential to outperform previous treatments
(conventional method).

Additionally, this paper discusses the factor that determines the geopolymer’s proper-
ties. Two factors have been shown to have a major effect on the geopolymer’s properties:
the S/L ratio and the Ca concentration of the geopolymer. The S/L ratios vary according to
the materials utilized. The majority of assessments of fly ash Class C and GGBFS utilized
an S/L ratio between 1 and 3. Thus, analyzing prior research will aid in determining
the optimum S/L ratio to be applied in future studies. On the other hand, the calcium
concentration of a geopolymer can be connected to the materials employed. For instance,
increasing the amount of fly ash Class C and GGBFS used will improve the calcium content.

While a wealth of literature is available on using fly ash Class C and GGBFS-based
geopolymers, they nearly always refer to their use in building materials. Several researchers
reported on the use of geopolymers for soil stabilization but did not discuss their appli-
cability in road construction, particularly in the subgrade layer. Additionally, if the soil
stabilization only uses geopolymers, it does not produce CO2. Hence, it is impossible to
evaluate and discuss the CO2 emission reduction ratio of soil-based geopolymers. However,
if soil stabilization involves the use of materials such as cement, it is possible to evaluate
and discuss the CO2 emission because one ton of cement is manufactured, accounting
for approximately one ton of greenhouse gas CO2 released into the atmosphere as a re-
sult of lime decarbonization in the kiln during cement manufacture. Moreover, the swell
behavior, flexural strength, or abrasion resistance of soil stabilization-based geopolymer
using GGBFS and fly ash Class C in road construction, particularly in the subgrade layer of
the soil, have not been investigated. Thus, this article only discusses the performance of
using geopolymer technology in soil stabilization based on compressive strength in road
construction applications, especially in subgrade layers. In addition, the potential applica-
tions of GGBFS-FA geo-polymer are seen in soil stabilization operation with deep injection
techniques, slope stabilization techniques, and in situ stabilization techniques. Based on
the identified gaps, several future works are proposed in this study as listed below:

i. Previous research has demonstrated that soil stabilization based on geopolymers
using fly ash Class C and GGBFS as raw materials can increase the compressive
strength of clayey soil. Thus, it is advised that future works concentrate on using fly
ash Class C and GGBFS geopolymers as soil-stabilizing materials.

ii. The mix design of soil stabilization-based geopolymer is critical in defining the me-
chanical and physical properties of soil stabilization-based geopolymer. Thus, the
optimal solid-to-liquid ratio, sodium hydroxide to sodium silicate ratio, and sodium
hydroxide molarity must be further researched in relation to soil-stabilizing require-
ments such as unconfined compressive strength and Atterberg limits test.

iii. The effects of various curing temperature on soil-based geopolymer need to be further
investigated.
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Abstract: Ordinary Portland cement (OPC) is a conventional material used to construct rigid pave-
ment that emits large amounts of carbon dioxide (CO2) during its manufacturing process, which is
bad for the environment. It is also claimed that OPC is susceptible to acid attack, which increases the
maintenance cost of rigid pavement. Therefore, a fly ash based geopolymer is proposed as a material
for rigid pavement application as it releases lesser amounts of CO2 during the synthesis process and
has higher acid resistance compared to OPC. This current study optimizes the formulation to produce
fly ash based geopolymer with the highest compressive strength. In addition, the durability of fly
ash based geopolymer concrete and OPC concrete in an acidic environment is also determined and
compared. The results show that the optimum value of sodium hydroxide concentration, the ratio of
sodium silicate to sodium hydroxide, and the ratio of solid-to-liquid for fly ash based geopolymer
are 10 M, 2.0, and 2.5, respectively, with a maximum compressive strength of 47 MPa. The results
also highlight that the durability of fly ash based geopolymer is higher than that of OPC concrete,
indicating that fly ash based geopolymer is a better material for rigid pavement applications, with
a percentage of compressive strength loss of 7.38% to 21.94% for OPC concrete. This current study
contributes to the field of knowledge by providing a reference for future development of fly ash
based geopolymer for rigid pavement applications.

Keywords: rigid pavement; fly ash based geopolymer; compressive strength; acid resistance

1. Introduction

Pavements are an essential part of our life as we use them as roads, highways, drive-
ways, and parking lots. Pavements are an important engineering structure for trading,
commerce, and defence because they provide a smooth, flat, and durable all-weather travel-
ling surface for a variety of vehicles and users. The construction of pavements will continue
to be a major industry for both developing and developed countries. Pavements can be
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divided into two types, asphalt (or flexible) pavements and concrete (or rigid) pavements,
which are composed of different layers [1]. Binder or surface, base, subbase, and subgrade
are the layers from top to bottom. The primary function of pavements is to distribute load
from the surface to the sub-grade, allowing them to withstand the load applied by vehicles
or users without deforming excessively.

The initial construction cost of flexible pavement is lower when compared to rigid
pavement, as bituminous surfacing materials are cheap, and construction of flexible pave-
ment does not require extra reinforcements such as joints and steel bars. Furthermore,
thermal stress cannot be induced, as flexible pavement is free to contract and relax, thus it
is more resistant to temperature changes [2]. Rutting, which is a permanent deformation or
rut depth along the wheel load part on the movable asphalt surface over time, is a major
distress mode for flexible pavement [3]. In addition, it is more susceptible to oil stains and
chemical damages. However, among all types of road pavements, rigid pavements have
the greatest advantages in terms of durability and ability to maintain shape under continu-
ous traffic and harsh environmental conditions. Although rigid pavements are generally
expensive, they require less maintenance and have a good design life [4]. However, the
installation and maintenance process of rigid pavements, such as grouting and subgrade
treatment are expensive. Table 1 summarises the major benefits and drawbacks of each
type of pavements previously discussed.

Table 1. Basic characteristics of flexible and rigid road pavements [4].

Type of
Pavement Advantages Disadvantages

Flexible
Pavements

• Can be used in the pre-construction stage
• Simple maintenance; can be opened and repaired
• Inexpensive materials
• Can easily repair frost swelling and sedimentation
• Prevent ice glaze formation
• Shorter management time means shorter traffic and

business interruption
• No connectors required during installation

• The service life is shorter than that
of rigid pavements

• Frequent maintenance is required,
which increases costs

• Easily damaged by oil stains and
other chemicals

• The edges are weak, so curb
structures or edges are needed

Rigid
Pavements

• Longer service life
• Less maintenance
• Allows future asphalt resurfacing
• Allows for wider load distribution with fewer basic and

sub-basic requirements
• Can be installed on low-quality and high-quality soil
• Does not require extra trimming work or firm edges of curbs
• Oil spills and chemical damage resistant

• Expensive initial installation
• Expensive maintenance cost
• Riding quality is low and

very rough
• Concrete shrinkage and expansion

under various conditions require
support joints

Both flexible and rigid pavements are vital to the economic and social development of
a country because they contribute to other sectors, namely, education, health, employment,
and social services. The mechanical and durability characteristics of the road surface are
equally important for providing resistance to degradation processes during the expected
life of the road surface. The durability of concrete mainly depends on the characteristics of
the pore structure of the pavement and the size of the cracks. Water penetration, chloride
ions, CO2, acids (including chlorides), and sulphates in the pavements are all related to its
durability [2–4].

Rigid pavements are constructed by placing concrete slab on a stabilized subgrade, or
base, or subbase if extra structural support is required. Most of the rigid pavements are
made of Portland cement concrete (PCC), which has a high rigidity, flexural strength, and
modulus of elasticity, allowing the load to be evenly distributed over a larger area of soil
and providing a large portion of the structural capacity [5]. However, the production of
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cement is an energy consuming and carbon-intensive process, and it is a main contributor
to global CO2 emission [6–9]. The cement industry is one of the largest sources of CO2,
where production of one ton of cement will release approximately 900 kg of carbon dioxide
into the environment, causing global warming and depletion of the ozone layer [7]. Aside
from emission of large amounts of CO2, there are also other disadvantages found in rigid
pavement constructed by ordinary Portland cement (OPC). PCC has a low resistance to
chemical attack. Acid corrosion resistance of OPC is rather poor because of the nature of
high pH and porous matrix. Acid can react with CH and C-S-H gel in cement concrete to
form non-gelling or water-soluble substances, resulting in the destruction of the concrete.
To overcome these disadvantages, fly ash based geopolymer is introduced as an alternative
to OPC.

Fly ash based geopolymer can be produced by activating fly ash, which is rich in
silica, and alumina material with alkaline solution [10], and it is defined as a binding
phase comprising aluminosilicate gel where aluminium and silicon are linked into a three-
dimensional tetrahedral gel framework [11]. It has several advantages compared to OPC.
First, fly ash based geopolymer has higher durability than OPC, as it has denser layer of
aluminosilicate gel, causing it to have low permeability and preventing it from corrosion by
acid [9]. It is also proven that production of fly ash based geopolymer can emit 5 to 6 times
less CO2 when compared to OPC, as high temperature calcination is not required [12]. Fly
ash based geopolymer also has higher workability than OPC due to its spherical shape [13].

In current studies [10–14], the potential role of geopolymers as a substitute for OPC in
pavement production is being explored because of its significant positive impact on the en-
vironment, society, and economy. However, its performance as a rigid pavement material is
limited, and there is no compelling evidence that it could replace typical OPC concrete firm
pavements. Although many studies have been done on fly ash based geopolymer [9–16],
the studies with regard to the optimization of mix design remain scarce. This study is
an initiative in realizing that mechanical and durability properties are crucial aspects in
applying fly ash based geopolymer as rigid pavements. In this research, the optimum
ratio of fly ash/alkaline activator, sodium silicate/sodium hydroxide, and concentration of
sodium hydroxide to yield fly ash based geopolymer concrete that has optimum strength
for newly constructed rigid pavements are investigated. In addition, the durability of
fly ash based geopolymer and OPC rigid concrete pavement in acidic environment are
investigated and compared.

2. Materials and Method
2.1. Materials

In this study, class F fly ash based on ASTM C618 [17] was used as the raw material
and source material for the geopolymer binder, aluminosilicates. Fly ash was collected
from Manjung Power Station, located in Lumut, Perak, Malaysia. Sodium hydroxide and
sodium silicate were used to produce an alkaline activator. Sodium hydroxide (NaOH)
pellets were obtained from Formosa Plastic Corporation, Taiwan, and sodium silicate
(Na2SiO3) solution was supplied by South Pacific Chemical Industries Sdn. Bhd. (SPCI),
Perai, Penang, Malaysia. Coarse aggregates, which consist of crushed stone with particle
size larger than 5 mm, and fine aggregates, which consist of sand obtained from the river,
were used for making the concrete mixes. Five percent sulphuric acid solution was used to
test the acid resistance of the concrete mixes.

2.2. Methodology

The investigation of fly ash based geopolymer for rigid pavement application is
divided into four phases. Based on Figure 1a, Phase 1 is raw material characterization.
In this stage, the morphology of class F fly ash is determined using scanning electron
microscopy (SEM), JEOL Ltd., Tokyo, Japan, and the chemical composition of class F fly
ash is determined using X-ray fluorescence (XRF), Bruker Malaysia Sdn. Bhd., Penang,
Malaysia. The microstructure analysis of fly ash is in the form of powder that is spread onto
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a carbon tape. The samples are then coated with palladium by using Auto Fine Coater JEOL
JFC 1600 model prior to testing. Phase 2 is the synthesis of fly ash based geopolymer using
different mix designs, and determination of density, water absorption, and compressive
strength of the samples.
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Fly ash based geopolymer is prepared by mixing class F fly ash with the alkaline activa-
tor. To achieve good solid–liquid homogeneity, sodium hydroxide was mixed with sodium
silicate for a few minutes before fly ash is added, according to ASTM C305 [18]. After fly
ash has been added, a scraper was used to tamp into the mould several times to release the
air trapped in the geopolymer paste. Another way to release the trapped air is to vibrate
the mould. The solution was mixed quickly to prevent it from curing before casting. In this
study, the effects of concentration of NaOH, ratio of solid-to-liquid, and ratio of sodium
silicate to sodium hydroxide on density, water absorption, and compressive strength were
investigated. The best mix design that produces fly ash based geopolymer with optimum
compressive strength required for rigid pavement application was determined.

Based on Figure 1b, Phase 3 includes the synthesis of OPC concrete and fly ash based
geopolymer concrete using the optimum mix design determined from Phase 2. Both types
of concrete were made using the same mix design. There was no addition of water during
synthesis of geopolymer concrete as it has already obtained water from the alkaline solution.
Table 2 shows the ratio of material based on M40 mix design.

Table 2. Mix design for grade M40 design.

Cement/Binder Fine Aggregates Coarse Aggregates Water/Cement Ratio

1 1.84 2.65 0.4

The fourth phase is the durability testing of fly ash based geopolymer concrete and
OPC concrete exposed in an acidic environment in accordance with ASTM C267 [19]. An
acid immersion test was carried out, and the percentage of compressive strength loss and
weight loss was calculated to determine the durability of both concretes after immersing in
5% sulphuric acid. Next, visual inspection was done on both concrete samples.

3. Result and Discussion
3.1. Chemical Composition of Fly Ash

The most abundant chemical content in fly ash is silicon dioxide (SiO2), which ac-
counts for 52.11% according to the XRF analysis. Silica in silicon dioxide is the source
material for the geopolymer, as the product of geopolymer synthesis is an aluminosilicate
gel that requires silica to be formed [13]. The gel undergoes further geopolymerisation
by eliminating water and converting it into strong and durable material with excellent
mechanical strength [20]. The second most abundant chemical content is alumina (Al2O3),
which accounts for 23.59% in fly ash. Al2O3 is also the main component of geopolymer, as
it is a polymeric chain made up of silica and alumina that shares the oxygen ion. Al2O3
and SiO2 react with alkaline activators, namely, NaOH and Na2SiO3, in the geopolymerisa-
tion process.

Iron oxide (Fe2O3) is one of the main chemical constituents, which accounts for 7.39%
in fly ash. It contributes to the dark colour of fly ash. Aside from appearance, it also
increases the specific gravity value of fly ash. The percentage of calcium oxide (CaO)
content in fly ash is 2.61%. During the geopolymerisation process, calcium oxide forms
CSH and CASH gels within geopolymer binder, and these gels are responsible for the
increase in strength and reduction in setting time [21]. The calcium content in the raw
material is considered as low, resulting in the geopolymer having longer setting time.
Loss of ignition (LOI) content in fly ash is 9.59%, which is considered high, as ASTM
C618 [12] prescribes a maximum of LOI content of 6% by weight. LOI quantifies the total
content of unburned coal residue. High LOI causes detrimental effects that include high
water demand, leading to high porosity and reducing the compressive strength of prepared
geopolymers. There were also other chemical compounds found in fly ash. Table 3 tabulates
the chemical composition of fly ash collected from Manjung Power Station, which is located
in Lumut, Perak, Malaysia.
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Table 3. Fly ash chemical composition by X-ray fluorescence (XRF).

Chemical Composition Percentage (%)

SiO2 52.11
Al2O3 23.59
Fe2O3 7.39
TiO2 0.88
CaO 2.61
MgO 0.78
Na2O 0.42
K2O 0.80
P2O5 1.31
SO3 0.49

MnO 0.03
LOI 9.59

For class F fly ash, ASTM C618 [17] specifies a total composition of silicon oxide (SiO2),
alumina (Al2O3), and iron oxide (Fe2O3) of at least 70%, and less than 10% calcium oxide
(CaO). As the total content of SiO2, Al2O3, and Fe2O3 is 83.09% and CaO content is 2.61%,
it is classified as Class F fly ash.

3.2. Morphological Analysis of Fly Ash

Using ImageJ Ver. 1.5 software, the fly ash particle was shown to have a mean particle
size of 4.543 µm with a minimum of 1.903 µm and a maximum of 11.534 µm. It can be
seen that fly ash consists of series of cenosphere particles of different sizes. Cenospheres
are hollow spherical particles filled with gas that is mostly CO2 and nitrogen (N2). When
undergoing alkaline attack, the wall of cenospheres will dissolve and release Si and Al ions
as supported by Rahman [22]. There were also some irregularly shaped particles observed.
This is because the original mineral in coal is not sufficiently fired. The coarse particles
that appear to consist of a cluster of fine particles are possibly formed by aggregation of
molten aluminosilicate droplets during cooling, where fine droplets could minimize surface
free energy. Figure 2 illustrates the morphological characteristics of Class F fly ash using
SEM analysis.
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Geopolymer synthesis starts with the leaching of silica and alumina on the surface of
fly ash. The spherical shape and fine size of fly ash particles allows a large surface area to be
exposed to the alkaline activator and increases the dissolution rate. The higher the surface
area and the higher the number of particles, the better the aluminosilicate gel formation.
The fine particle size of fly ash also helps to increase compressive strength and accelerate
initial setting time of geopolymer. The spherical shape also causes the sliding between
particles to be easier, resulting in high flowability geopolymer paste. Therefore, the amount
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of liquid required to produce geopolymer paste would be lower. This is crucial because the
less water used, the lower the porosity, as previous studies have shown [22–25].

3.3. Optimization of Fly Ash Based Geopolymer for Rigid Pavement Application
3.3.1. Effect of Molarity of NaOH on Density of Fly Ash Based Geopolymer

Figure 3 illustrates the density values of geopolymer paste with different molari-
ties of sodium hydroxides after 7 days curing period at room temperature. Based on
Figure 3, the density increases when NaOH molarity increases from 8 M to 10 M, which
is from 1861.33 kg/m3 to 1908.00 kg/m3, respectively. However, the density then de-
creases to 1896.00 kg/m3 when NaOH molarity is further increased to 12 M. The density of
geopolymer is the lowest at 8 M, which is 1861.33 kg/m3, and highest at 10 M, which is
1908.00 kg/m3.
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It can be seen that NaOH concentration does not have a significant effect on density.
The density of fly ash based geopolymer increased slightly when NaOH concentration
increases to 10 M. This is because at this concentration, there are enough Na+ and OH−

ions to complete the geopolymerisation process and form dense aluminosilicate gel. At
high concentration, fly ash undergoes a greater dissolution process from the leaching of
silica and alumina [24]. However, the density reduces as molarity increased to 12 M. Due
to fast setting, increasing the NaOH concentration may result in paste with lower density
due to a mixing problem. The higher concentration of NaOH limits the flow of geopolymer
and reduces the setting time. This causes poor compaction and increases the porosity of
the geopolymer, resulting in low density.

3.3.2. Effect of Molarity of NaOH on Water Absorption of Fly Ash Based Geopolymer

Figure 4 shows the effect of different molarities of sodium hydroxides on water
absorption in geopolymer paste after 7 days curing period at room temperature. Based
on Figure 4, the water absorption percentage decreases when molarity increases to 10 M,
which is 15.54% at 8 M and 15.36% at 10 M. Furthermore, the water absorption percentage
increases to 15.52% when the molarity further increased to 12 M. The maximum water
absorption percentage is recorded at a molarity of 8 M, which is 15.54%, whereas the
minimum value is recorded at 10 M, which is 15.36%.

29



Materials 2022, 15, 3458

Materials 2022, 15, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 3. Density of fly ash based geopolymer with different molarities of NaOH. 

It can be seen that NaOH concentration does not have a significant effect on density. 
The density of fly ash based geopolymer increased slightly when NaOH concentration 
increases to 10 M. This is because at this concentration, there are enough Na+ and OH− ions 
to complete the geopolymerisation process and form dense aluminosilicate gel. At high 
concentration, fly ash undergoes a greater dissolution process from the leaching of silica 
and alumina [24]. However, the density reduces as molarity increased to 12 M. Due to fast 
setting, increasing the NaOH concentration may result in paste with lower density due to 
a mixing problem. The higher concentration of NaOH limits the flow of geopolymer and 
reduces the setting time. This causes poor compaction and increases the porosity of the 
geopolymer, resulting in low density. 

3.3.2. Effect of Molarity of NaOH on Water Absorption of Fly Ash Based Geopolymer 
Figure 4 shows the effect of different molarities of sodium hydroxides on water ab-

sorption in geopolymer paste after 7 days curing period at room temperature. Based on 
Figure 4, the water absorption percentage decreases when molarity increases to 10 M, 
which is 15.54% at 8 M and 15.36% at 10 M. Furthermore, the water absorption percentage 
increases to 15.52% when the molarity further increased to 12 M. The maximum water 
absorption percentage is recorded at a molarity of 8 M, which is 15.54%, whereas the min-
imum value is recorded at 10 M, which is 15.36%. 

 
Figure 4. Water absorption of fly ash based geopolymer with different molarities of NaOH. 

The effect of NaOH concentration on water absorption of fly ash based geopolymer 
is not significant. Water absorption of the geopolymer decreases a little when molarity 

Figure 4. Water absorption of fly ash based geopolymer with different molarities of NaOH.

The effect of NaOH concentration on water absorption of fly ash based geopolymer
is not significant. Water absorption of the geopolymer decreases a little when molarity
increases to 10 M. This is because as concentration of NaOH solution increases, the leaching
of silica and alumina ion increases as well. Sufficient amounts of Si4+ and Al3+ ions allow
more aluminosilicate gel to form and reduce the pores in the geopolymer, thus reducing
water absorption of the material. Water absorption then increases again at a molarity of
12 M. This is due to excess concentration of sodium hydroxide that causes unreactive alkali
solution, which weakens the binding of sodium components in the geopolymer structure.
Similar results were obtained from another study where 10 M NaOH was found to be the
optimum value for synthesis of fly ash based geopolymer [26].

3.3.3. Effect of Molarity of NaOH on Compressive Strength of Fly Ash Based Geopolymer

Figure 5 shows the effect of various sodium hydroxide molarities on compressive
strength in geopolymer paste after 7 days curing period at room temperature. Based on
Figure 5, the compressive strength of geopolymer increases when molarity of NaOH in-
creases with values of 15.57 MPa and 31.48 MPa for molarities of 8 M and 10 M, respectively.
The compressive strength then dropped to 18.59 MPa at a molarity of 12 M. The highest
value of compressive strength was obtained at a molarity of 10 M, which is 31.48 MPa.
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The strength of the geopolymer paste is affected by the molarity of NaOH because it
affects the dissolution of Si4+ and Al3+ ions in fly ash particles. The compressive strength
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increases when molarity of NaOH increases due to the increase of OH- concentration, which
accelerates the dissolution and hydrolysis processes. During the dissolution process, the
leaching of Si4+ an Al3+ ion enhances the formation of aluminosilicate gel and contributes
to high strength in the geopolymer. In addition, the amount of NaOH is high enough to
maintain the charge balance for the substitution of tetrahedral Si by Al [27]. However, the
compressive strength drops when the molarity of NaOH is further increased to 12 M. This
is because excess hydroxide ion concentration causes aluminosilicate gel precipitation at
an early age. The precipitation prevents further leaching of Si4+ and Al3+ ions, therefore
lowering the compressive strength. This is supported by studies that found that 10 M is the
optimum molarity of NaOH for the synthesis of fly ash based geopolymer [28].

3.3.4. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Density of Fly Ash Based Geopolymer

Figure 6 depicts the change in density of geopolymer samples with various SS/SH
ratios after a 7-day room temperature curing period. It can be seen that the density
increases until the SS/SH ratio reaches 2. However, as the SS/SH ratio increases beyond
2, the density decreases gradually to 1880 kg/m3 and 1858 kg/m3 at SS/SH ratios of 2.5
and 3, respectively. The lowest density obtained was 1828 kg/m3 at an SS/SH ratio of 1.5.
Density is the highest at an SS/SH ratio of 2, which is 1895 kg/m3.
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As the SS/SH ratio increases to 2, the high silica content encourages the formation of N-
A-S-H (sodium aluminosilicate) gel, which provides good compact structure, subsequently
increasing the density of the geopolymer paste. Thus, the highest value of density is
obtained at an SS/SH ratio of 2. The drop in density after the SS/SH ratio exceeds 2 is due
to the excess sodium silicate, which hinders water evaporation and structure formation [29].
In addition, the excessive sodium silicate content retards the geopolymerisation process,
as formation of Al-Si phase precipitation prevents interaction between reacting material
and the alkaline activator [30,31]. These factors increase the porosity and reduce density of
the geopolymer.

3.3.5. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 7 portrays the effect of various SS/SH ratios on the water absorption percentage
of a fly ash-based geopolymer after 7 days curing period at room temperature. Based on
Figure 7, the water absorption percentage decreases from 17.23% at an SS/SH ratio of 1.5 to
13.65% at an SS/SH ratio of 2. The water absorption percentage then increases when the
SS/SH ratio further increases from 2. The highest water absorption percentage recorded
was at an SS/SH ratio of 1.5, which is 17.23%, whereas the lowest value is obtained at an
SS/SH ratio of 2, which is 13.65%.
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By referring to Figure 7, the water absorption of geopolymer paste decreases as the
SS/SH ratio increases to 2. As the SS/SH ratio increases, a higher ratio of sodium silicate
increases the formation of N-A-S-H gel and reduces the pores in the geopolymer paste,
consequently reducing water absorption. The water absorption then increases when the
SS/SH ratio further increases from 2. This is because the coagulation of silica happens due
to excessive amounts of sodium silicate. This coagulation separates the aluminosilicate
source from the alkali activators and prevents further geopolymerisation, resulting in
increased porosity and higher water absorption percentage. These findings are consistent
with previous research [22,23,32].

3.3.6. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 8 shows the compressive strength values for various SS/SH ratios in geopoly-
mer paste after 7 days curing time at room temperature. Figure 8 highlights that when the
SS/SH ratio increases to 2.5 and 3, the compressive strength of geopolymer steadily de-
creases. The maximum compressive is obtained at an SS/SH ratio of 2, which is 34.52 MPa,
and the strength reduced to 32.31 MPa and 19.20 MPa at SS/SH ratios of 2.5 and 3, re-
spectively. The lowest compressive strength obtained is 18.42 MPa at an SS/SH ratio
of 1.5.
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Compressive strength increases when the SS/SH ratio reaches 2. As the amount of
NaSiO3 increases, the ratio of Si/Al increases. In comparison to aluminium, more silicon
is required in the structure of geopolymers such as poly (sialate), poly (sialate-siloxo),
and poly (sialate-disiloxo). In addition, high silica content promotes the formation of
Si-O-Si bond, which makes materials stronger [33–35]. However, further increases in the
SS/SH ratio will result in strength loss, because extra soluble silicate species hinders the
reaction between silicate and aluminate species. Ultimately, the dissolution did not occur
or was reduced, causing the material to lose strength and the majority of the silica to
remain unreacted.

3.3.7. Effect of Solid-to-Liquid (S/L) Ratio on Density of Fly Ash Based Geopolymer

Figure 9 shows how adjusting the S/L ratio affects the density of fly ash-based geopoly-
mer that has been cured for 7 days at room temperature. When the S/L ratio reaches 2.5, the
density rises, as seen in Figure 9. However, when the S/L ratio increases to 3, the density
reduces. The highest density value is found at an S/L ratio of 2.5, which is 2158.33 kg/m3,
whereas the lowest value is found at an S/L ratio of 1.5, which is 1845 kg/m3.
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Figure 9. Density of fly ash based geopolymer with different S/L ratios.

Density increases as the S/L ratio increases until it reaches 2.5. This is due to the
reduction of the alkaline activator content. High content of alkaline activator results in
excessive OH- left in the system, which weakens the geopolymer structure. In addition,
excess sodium content can form sodium carbonate by atmospheric carbonation and may
disrupt the polymerization process [36,37]. Therefore, reduction of the alkaline activator
allows denser geopolymer structure to form and increases the density of the geopolymer
paste. However, density reduces as the S/L ratio increases further to 3, as high solid
content reduces workability. The mixing becomes undesirable and undergoes a compaction
problem during the moulding process. This increase in porosity reduces the density of
geopolymer. Research conducted by Sing et al. [38] showed similar results that stated that
an S/L ratio of 2.5 produced geopolymer with the highest density.

3.3.8. Effect of Solid-to-Liquid (S/L) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 10 presents the effect of S/L ratio on water absorption of the geopolymer after
being cured for 7 days at room temperature. As shown in Figure 10, the water absorption
percentage of geopolymer decreases as the S/L ratio rises. When the S/L ratio exceeds
2.5, however, the percentage of water absorbed again increases. The minimum water
absorption percentage is 10.81% at an S/L ratio of 2.5, whereas the highest water absorption
percentage is 16.28% at an S/L ratio of 1.5.
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The water absorption percentage decreases as the S/L ratio increases to 2.5. This is
due to reduction of excessive OH- contributed by the alkaline solution, which weakens
the geopolymer structure. Furthermore, lowering the alkaline content prevents excess
sodium from forming sodium carbonate, which stymies the geopolymerisation process.
Therefore, as alkaline solution reduces and fly ash content increases to a certain extent,
denser geopolymer structure could be formed, resulting in geopolymer with less porosity,
and thus reduced water absorption. Water absorption percentage increases when the
S/L ratio increases beyond 2.5. These results are in line with those reported by previous
researchers [38]. This is because increasing the S/L ratio will increase the setting time. This
reduces workability and causes difficulty in mixing and compaction, consequently resulting
in more pore formation and increased water absorption percentage in geopolymer paste.

3.3.9. Effect of Solid-to-Liquid (S/L) Ratio on Compressive Strength of Fly Ash
Based Geopolymer

Figure 11 shows the effect of various S/L ratios on compressive strength in geopolymer
paste after 7 days curing time at room temperature. Figure 11 highlights that when the S/L
ratio approaches 2.5, the compressive strength of geopolymer rises. Compressive strength
reduces as the S/L ratio exceeds 2.5. The highest compressive strength is 44.03 MPa at an
S/L ratio of 2.5, whereas the minimum compressive strength is 21.37 MPa at an S/L ratio
of 1.5.

Compressive strength of geopolymer paste increases as the S/L ratio increases to
a certain point. As the S/L ratio increases, the rate of intermolecular contact between
precursor material and alkaline activator increases as the volume of fluid medium reduces.
This increases the rate of dissolution of aluminosilicate material and therefore causes the
compressive strength of geopolymer to rise. Further increase of the S/L ratio will reduce
the compressive strength of geopolymer. This is due to insufficient alkaline activator to
activate the aluminosilicate source materials, causing less reaction product to form and
reducing compressive strength. Moreover, the presence of a high amount of unreacted
fly ash increases the roughness of the matrix and reduces the compressive strength of the
material [39,40].
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3.4. Durability Analysis
3.4.1. Acid Resistance Test on Concrete

Figure 12 highlights the compressive strength of fly ash based geopolymer concrete
and OPC concrete before and after immersing in 5% concentration of sulphuric acid for
28 days. Both concrete mixes were cured for 7 days prior to the acid immersion. According
to Figure 12, the compressive strengths of fly ash based geopolymer concrete before and
after exposure to acidic solution are 46.97 MPa and 43.50 MPa, respectively, whereas the
compressive strengths of OPC concrete before and after exposure to acidic solution are
45.73 MPa and 35.70 MPa, respectively. The percentage of compressive strength loss for fly
ash based geopolymer concrete is 7.38%, and the percentage of compressive strength loss
for OPC concrete is 21.94%. The percentage of compressive strength loss for OPC concrete
is higher compared to fly ash based geopolymer concrete.
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After 28 days of acidic exposure, OPC concrete had a larger percentage of compressive
strength loss than fly ash based geopolymer. This is because OPC is vulnerable to acid
assault due to its high calcium concentration, which raises the Ca/Si ratio. The presence of
free calcium causes the cement paste to deteriorate and the creation of gypsum and ettrin-
gite, which can lead to a loss of mechanical performance. As fly ash-based geopolymers
have low calcium content, the reaction produces less ettringite and gypsum after sulphuric
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acid exposure, resulting in less mechanical degradation. Furthermore, due to the creation
of a thick layer of aluminosilicate gel, fly ash-based geopolymers have lesser permeability,
resulting in a longer decalcification process and less strength loss [41,42].

Figure 13 illustrates the weight loss of fly ash-based geopolymer concrete and OPC
concrete after being cured for 7 days at room temperature and then immersed in a 5%
sulphuric acid solution for 28 days. Based on the figure, OPC concrete loses 7.23% of its
weight, whereas fly ash-based geopolymer loses 4.57% following acidic exposure. When
compared to geopolymer concrete made with fly ash, OPC concrete lost more weight
following acid immersion.
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OPC concrete exhibits high weight loss due to its higher calcium content. Its weight
losses are mainly attributed to the reaction between calcium hydroxide, which is Ca(OH)2,
and sulphuric acid, which causes tensile stress and increases crack and delamination of
concrete. Due to the reaction between sulphuric acid and calcium hydroxide, high calcium
content in OPC concrete causes more gypsum and ettringite to form, leading to expansion,
dimensional instability, cracking, spalling, softening, and mass loss. The low weight loss of
fly ash based geopolymer is due to its lower content of calcium. The low calcium content
causes lower formation of gypsum and ettringite [43]. The low weight loss of fly ash based
geopolymer concrete is also due to its higher resistance to water penetration compared to
OPC concrete. The pores in geopolymer are filled with alumino-silcates, which lower its
permeability. There are more pores persisting in the OPC concrete to enable the hydration
of the cement [44]. Due to low permeability, a lower amount of acid will penetrate into the
structure to erode the interior.

3.4.2. Appearance of Exposed Concrete

Figure 14a shows the appearance of exposed fly ash based geopolymer concrete under
an optical microscope after it is immersed in 5% sulphuric acid for 28 days, whereas
Figure 14b illustrates the appearance of OPC concrete after immersion in 5% sulphuric
acid for 28 days. Based on Figure 14a,b, it can be seen that the aggregates in OPC concrete
are more visible after acidic exposure compared to aggregates from the surface of fly ash
based geopolymer concrete. For OPC concrete, the surface erosions can be easily observed,
whereas moderate surface erosions were observed in fly ash based geopolymer concrete.
OPC concrete undergoes more deterioration in sulphuric acid solution compared to fly ash
based geopolymer. Furthermore, the surface colour of OPC concrete changed from grey to
white due to the existence of gypsum, which is white in colour, whereas the colour of fly
ash geopolymer changed from grey to slightly brown due to the reaction of iron (II) oxide
with sulphuric acid to produce iron (II) sulphate [45]. The yellowish line at the surface of
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geopolymer is most probably the result of the reaction of ferum (II)oxide with sulfuric acid
and produced ferum (II) sulfate, as shown in Figure 15.
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Figure 15. Chemical reaction of ferum(II)oxide with sulfuric acid.

OPC concrete is more susceptible to acid attack due to the presence of hydration
products, namely Ca(OH)2. The Ca(OH)2 on the surface of OPC concrete is consumed by
the reaction with acid and turned into gypsum, which is soft and porous and causes the
surface of OPC concrete to deteriorate. Subsequently, gypsum would undergo distractive
reaction with tricalcium aluminates within the cement matrix, resulting in the formation
of calcium sulphoaluminate (ettringite), which has large volume and causes expansive
deterioration mechanism. The reaction of OPC with sulfuric acid is presented in Figure 16.
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Figure 16. Chemical reaction of OPC with sulfuric acid.

Fly ash-based geopolymers do not contain hydration products; they produce N-A-S-H
gel, which is acid resistant and has less surface deterioration. Fly ash also has low calcium
content, resulting in the formation of less gypsum and ettringite that cause expansive
deterioration mechanism. The change in colour of geopolymer from grey to slightly brown
is due to the reaction of iron (II) oxide with sulphuric acid to produce iron (II) sulphate, as
supported by previous researchers [46].
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4. Conclusions and Future Work

In this study, the best formulation for synthesis of fly ash based geopolymer with
highest compressive strength in terms of concentration of NaOH, SS/SH ratio, and S/L
ratio was determined. In addition, the durability of both fly ash based geopolymer and
OPC concrete in an acid environment were tested and compared. Based on the results
obtained from the analysis and experimental data, the following conclusions can be drawn:

• The concentration of NaOH of 12 M, SS/SH ratio of 2.0, and S/L ratio of 2.5 are the
optimum parameters to synthesize fly ash based geopolymer.

• The optimum ratio of sodium silicate to sodium hydroxide (SS/SH ratio) for synthesis
of fly ash based geopolymer is 2.0, as geopolymer with an SS/SH ratio of 2.0 produced
the best result compared to other the SS/SH ratios of 1.5, 2.5, and 3.0.

• The optimum solid to liquid (S/L) ratio for fly ash based geopolymer is 2.5. This S/L
ratio yields fly ash based geopolymer with the highest compressive strength compared
to ratios (1.5, 2.0, and 3.0).

• As the concentration of NaOH increases to 12 M, the OH− concentration increases,
which accelerates the dissolution and hydrolysis processes. As the ratio of SS/SH
increases, the Si/Al ratio increases and favours the formation of strong bonds. As the
S/L ratio increases to 2.5, the rate of intermolecular contact between precursor material
and alkaline activator increases, consequently increasing the rate of dissolution of
aluminosilicate material.

• The use of this formulation produces fly ash based geopolymer with compressive
strength of 47 MPa, which exceeds the minimum compressive strength required for
rigid pavement application based on Standard Specification for Road Work by Jabatan
Kerja Raya (JKR).

• It is also found that the percentage of compressive strength loss and weight loss of
fly ash based geopolymer concrete is lower compared to that of OPC concrete after
acid immersion. Fly ash based geopolymer is less susceptible to acid attack due to low
calcium content and low permeability. OPC concrete suffers from high surface erosion
due to the presence of hydration product Ca(OH)2. The acid reacts with Ca(OH)2 to
form gypsum and ettringite, which are soft and porous.

Because the mechanical properties and durability of fly ash based geopolymer con-
crete are higher compared to OPC based concrete, it is highly recommended to use this
material for rigid pavement application, as it suffers from less deterioration under acid
attack compared to OPC concrete, and this could lower the maintenance cost required.
This demonstrates that fly-based geopolymer is more suitable for use in rigid pavement
applications due to its high mechanical performance and durability, which could result
in lower rigid pavement maintenance costs. It is beneficial to expand future research
on the study of using fly ash based geopolymer as rigid pavements in terms of quality,
effect of environment temperature, and long-term durability when exposed to harmful
environmental conditions.
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7 Department of Physics, Częstochowa University of Technology, 42-201 Częstochowa, Poland;
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Abstract: This paper uses polyoxyethylene alkyether sulphate (PAS) to form foam via pre-foaming
method, which is then incorporated into geopolymer based on fly ash and ladle furnace slag. In
the literature, only PAS-geopolymer foams made with single precursor were studied. Therefore, the
performance of fly ash-slag blended geopolymer with and without PAS foam was investigated at
29–1000 ◦C. Unfoamed geopolymer (G-0) was prepared by a combination of sodium alkali, fly ash
and slag. The PAS foam-to-paste ratio was set at 1.0 and 2.0 to prepare geopolymer foam (G-1 and
G-2). Foamed geopolymer showed decreased compressive strength (25.1–32.0 MPa for G-1 and 21.5–
36.2 MPa for G-2) compared to G-0 (36.9–43.1 MPa) at 29–1000 ◦C. Nevertheless, when compared to
unheated samples, heated G-0 lost compressive strength by 8.7% up to 1000 ◦C, while the foamed
geopolymer gained compressive strength by 68.5% up to 1000 ◦C. The thermal stability of foamed
geopolymer was greatly improved due to the increased porosity, lower thermal conductivity, and
incompact microstructure, which helped to reduce pressure during moisture evaporation and resulted
in lessened deterioration.

Keywords: polyoxyethylene alkyether sulphate foam; blended geopolymer foam; high temperature;
pre-foaming method

1. Introduction

Today, the excellent lightweight and mechanical properties, good thermal and chemical
stability, and low environmental impact have led to the successful use of porous geopolymer
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or geopolymer foam as a catalyst, thermal insulator, adsorbent and filter [1]. Geopolymer
foam can be made by mixing aluminosilicate material (natural resource or industrial waste),
foaming agent and alkali solution. There are numerous methods that can be used to prepare
geopolymer foam, such as replica, sacrificial filler, pre-emulsification, solid impregnation,
direct foaming and pre-foaming [1–3]. The pre-foaming method involves a two-step process,
which is more complex compared to the commonly used direct foaming method, as it only
involves a one-step process. In the direct foaming method, the foaming agent is directly
added to the geopolymer mixture. In the pre-foaming method, the foaming agent is mixed
with water to generate foam through a foam generator, and the generated foam is then
added to the geopolymer mixture.

Several studies have been focused on the production of geopolymer foam by adopting
the pre-foaming method, with the incorporation of polyoxyethylene alkyether sulphate
(PAS) foaming agent. PAS is a brown liquid extracted from coconut oil, and it can be easily
and quickly dissolved in water to generate foam [4]. Based on previous studies, Ibrahim
et al. [5] produced fly ash geopolymer foam with PAS foam-to-paste ratios ranging from
0.5 to 2.0, revealing that the compressive strength of the foamed geopolymer (17.8–4.1 MPa)
decreased with increasing foam-to-paste ratio. Mastura et al. [6] and Ibrahim et al. [4]
produced fly ash geopolymer foam with a PAS foam-to-paste ratio of 1.0, reporting that the
compressive strength of the foamed geopolymer was in the range of 9.0 MPa to 19.3 MPa.
On the other hand, Tiong et al. [7] also produced concrete foam using PAS foam.

The past literature examined the influence of PAS foam addition on geopolymer at
room temperature, as well as the influence of PAS foam addition on geopolymer at high
temperatures. Mastura et al. [2] studied the effect of high temperature exposure on the
strength performance of fly ash geopolymer foam with a PAS foam-to-paste ratio of 1.0.
The results showed that the compressive strength of the foamed geopolymer reduced with
the increase of temperature from 200 ◦C (33.3 MPa) to 800 ◦C (18.6 MPa).

Moreover, in previous studies [8,9], geopolymer foams were mainly based on a single
precursor. Very little research has been investigated on geopolymer foams based on blended
aluminosilicates. For instance, Zhang et al. [10] prepared fly ash-ground granulated blast
furnace slag geopolymer foam via a pre-foaming method using diluted aqueous. They
concluded that the geopolymer foam based on blended precursors outperformed those
produced using single precursor in terms of thermo-mechanical properties. Thus far, there
are no studies on the preparation of PAS-geopolymer foams using blended precursors to
investigate their performance at room temperature and high temperatures.

Consequently, the PAS-geopolymer foams produced in this study were made from a
mixed precursor of fly ash and ladle furnace slag. The physical, mechanical and thermal
performance of fly ash-slag blended geopolymer foams were evaluated at room temperature
(29 ◦C) and high temperatures (200–1000 ◦C). The microstructural, functional group and
phase analyses of fly ash-slag blended geopolymer foams were also assessed. The PAS foam-
to-paste ratio was fixed at 1.0 and 2.0 to prepare geopolymer foam. Unfoamed geopolymer
was also prepared to compare with foamed geopolymer. Investigation of the influence of
PAS foam addition on the thermal properties of fly ash-slag blended geopolymer foam is a
worthwhile effort.

2. Materials and Methods
2.1. Raw Materials

Fly ash and ladle furnace slag were mixed as a blended precursor to prepare geopoly-
mer foam. Table 1 demonstrates the chemical composition of fly ash and slag using X-ray
fluorescence. Three bulks of fly ash and slag were analysed. SiO2 and Al2O3 were the main
compounds of fly ash, with a total amount of 84.30 wt.%, which was within the suitable
composition range (83.70–87.21 wt.%) to produce geopolymers [2,11]. The low CaO content
demonstrated that the fly ash was Class F fly ash based on ASTM C618. On the other hand,
CaO, SiO2 and Al2O3 were the main compounds of slag, with a total amount of 87.19 wt.%.,
which was similar to other studies (73.00–83.15 wt.%) for geopolymer preparation [12,13].
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Table 1. Chemical composition of fly ash and slag.

Compound Fly Ash
(wt.%)

Slag
(wt.%)

SiO2 56.30 ± 0.15 21.30 ± 0.10

Al2O3 28.00 ± 0.30 2.30 ± 0.20

CaO 3.89 ± 0.16 63.59 ± 0.13

Fe2O3 6.86 ± 0.05 8.08 ± 0.12

K2O 1.49 ± 0.04 -

MgO - 2.60 ± 0.20

TiO2 2.17 ± 0.04 0.50 ± 0.16

PdO - -

SO3 - -

Others 1.29 ± 0.16 1.63 ± 0.09

Polyoxyethylene alkyether sulphate (PAS) was utilised as a foaming agent to prepare
geopolymer foam. The PAS consists mainly of 11.0 wt.% of PdO and 78.6 wt.% of SO3. By
using the pre-foaming method, the PAS was prepared in foam before being mixed with
the geopolymer mixture, as in accordance with ASTM C796. The foam was produced by
PAS and water through a foam generator with a constant pressure of 0.5 MPa, as shown
in Figure 1. The mechanism of PAS foam can be divided into four stages, as illustrated in
a schematic diagram in Figure 2. The PAS molecule had both hydrophilic (water soluble)
and hydrophobic (water insoluble) substances [14]. When PAS was mixed with water, the
head of the PAS molecule favoured water while its tail resisted water. As a result, micelles
formed, causing bubbles to form in the water medium. Moreover, a bubble can form in the
air medium as seen in Stage IV.
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Figure 2. (I) Structural formulas of PAS and water, (II) PAS and water mixture, PAS foam formation
in (III) water and (IV) air.

Sodium hydroxide pellets (HmbG®, Sigma-Aldrich, Taufkirchen, Germany) and
distilled water were mixed together to prepare a sodium hydroxide solution. The main
constituents of the sodium silicate solution (South Pacific Chemicals Industries Sdn. Bhd.,
Selangor, Malaysia) were 30.1% SiO2, 9.4% Na2O, and 60.5% H2O. Sodium hydroxide
and sodium silicate solutions were mixed to prepare an alkaline activator, and the mixed
solution was placed at room temperature for 24 h before use.

2.2. Preparation of Unfoamed and Foamed Geopolymers

Fly ash, slag and alkaline solution were mixed together to prepare the unfoamed
geopolymer, and the geopolymer was designated as G-0. The mixture was stirred with a
blender (IKA-RW-20 digital, Taufkirchen,Germany) at a constant mixing speed of 1000 rpm
for 15 min before being cast into a cubic (5 × 5 × 5 cm) plastic mould. The moulded mixture
was placed at room temperature for 1 day, and it was further placed in an oven (60 ◦C)
for another 1 day. The curing regime was selected in accordance to Bakharev [15], who
stated that pre-curing 1 day before oven-curing for another day would lead to excellent
compressive strength. The demoulded sample was stored at room temperature for 28 days
before being subjected to high temperatures.

On the other hand, G-0 and PAS foam were mixed to prepare the geopolymer foam.
The PAS foam-to-paste ratio was set at 1:1 and 2:1, and the PAS-to-water ratio was fixed
at 1:10. The selection of these ratios was based on the optimal ratios obtained by Ibrahim
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et al. [5]. The foam, PAS and water were measured in volume (ml). Based on the PAS foam-
to-paste ratio of 1.0 and 2.0, the resulting geopolymer foam was designated as G-1 and G-2,
respectively. The geopolymer foam also used the similar curing method as the unfoamed
geopolymer. The constant formulations (sodium hydroxide concentration, solid:liquid,
sodium silicate:sodium hydroxide and fly ash:slag ratios) were chosen as tabulated in
Table 2, owing to the optimal ratios achieved in previous work [16].

Table 2. Details of sample preparation.

Category Unfoamed Geopolymer Foamed Geopolymer

Abbreviation G-0 G-1 G-2

PAS Foam:Paste Ratio 0:0 1:1 2:1

Fly ash:Slag Ratio 80:20

Sodium Hydroxide Concentration (M) 8

Solid:Liquid Ratio 3:1

Sodium Silicate:Sodium Hydroxide Ratio 1.5:1

PAS:Water Ratio 1:10

Exposure Temperature (◦C) 29, 200, 400, 600, 800 and 1000

2.3. High Temperature Exposure

After 28 ambient-curing days, the unfoamed and foamed geopolymers were sintered
to high temperatures (Table 2) in a Muffle furnace, with a heating rate of 10 ◦C/min and
a soaking time of 2 h. The unheated geopolymer sample was also prepared as a control
sample to compare with the heat-treated geopolymer sample.

2.4. Test and Characterisation Method

The water absorption (dry and immersion weights) and apparent porosity (dry, im-
mersion and suspended weights) of geopolymer were measured based on ASTM C642.
The bulk density (mass and volume) of geopolymer was measured in accordance with BS
EN 12390-7. The volume and mass changes of geopolymer were measured before and after
exposure to high temperatures.

The pore size distribution of geopolymer was determined by Synchrotron radiation X-
ray tomographic microscopy, equipped with Drishti software and Octopus Reconstruction
software. The specimen was prepared in a small piece (0.2 cm × 0.2 cm × 0.5 cm) for
analysis.

The thermal conductivity of geopolymer was measured by a KD2 Pro Thermal Proper-
ties Analyser (Decagon Devices Inc., Pullman, WA, USA). The transient line heat source
method was applied based on IEEE 442-1981 and ASTM D5334. The pre-calibration of the
sensor was performed according to DB1175 before each measurement.

The compressive strength of geopolymer before and after exposure to high tempera-
tures was tested using a mechanical tester (Instron Machine Series 5569). Three samples
were tested at each exposure temperature.

The morphology of fly ash, slag and geopolymer can be visualised by a scanning
electron microscope (SEM, JEOL JSM-6460 LA). Fly ash and slag were prepared in power
form while geopolymer was prepared in a small piece (1 × 1 × 1 cm) for analysis. The
specimens were coated with platinum using a coater (JEOL JFC 1600) before analysis.

The functional group of fly ash, slag and geopolymer was identified using Fourier
transform infrared spectroscopy (FTIR, Perkin Elmer Spectrum RX1 Spectrometer), with a
resolution of 4 cm−1 and a scan range of 650 cm−1 to 4000 cm−1. The sample was prepared
in powder form for analysis.

The crystalline phase of fly ash, slag and geopolymer was carried out using an X-ray
diffractometer (XRD, D2-Phaser Bruker), with 10–80◦ 2θ, 2◦/min scan rate and 0.02◦ scan
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step. The phase patterns of specimens were analysed by X’Pert HighScore Plus software,
and the specimens were prepared in powder form for analysis.

3. Results and Discussion
3.1. Effect of PAS Foam-to-Paste Ratio

The bulk density of geopolymer can be determined by the changes in water absorption
and apparent porosity, as shown in Figure 3. Geopolymer with higher porosity was
expected to exhibit higher water absorption but lower bulk density. G-0 had a bulk density
of 2.09 g/cm3, water absorption of 7.4% and apparent porosity of 17.3%. The inclusion
of PAS foam increased the water absorption and porosity to 17.1–20.3% and 27.9–29.1%,
respectively, while reducing the bulk density to 1.69–1.77 g/cm3 in geopolymer foam. When
the PAS foam was added to the geopolymer, the pores in the sample would increase directly
due to the increased bubbles caused by the PAS foam addition (Figure 1), subsequently
reducing the bulk density. A similar explanation was observed by Ibrahim et al. [5], who
reported that the bulk density of fly ash geopolymer foam decreased from 1.65 g/cm3 to
1.20 g/cm3 with increasing PAS foam content. The bulk density of the fly ash-slag blended
geopolymer foam achieved in this work was greater than in their work, which was due to
the high-density slag addition [16].
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The pore size distribution and total porosity of G-0, G-1 and G-2 are plotted in Figure 4.
G-0 (Figure 4a), G-1 (Figure 4b) and G-2 (Figure 4c) were mostly made up of open pores,
while minorly made up of closed pores. However, foamed geopolymer (14.81% for G-1 and
15.94% for G-2) exhibited a greater total porosity than G-0 (10.45%), supporting the bulk
density and apparent porosity results (Figure 3). This was because of the large pore
diameter of 500–1000 µm (~78%) present in the foamed geopolymers but absent in G-0.
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The addition of PAS foam decreased the thermal conductivity of G-0 from 1.05 W/(m·K)
to 0.70–0.81 W/(m·K), as demonstrated in Figure 5. The results were complied with bulk
density and apparent porosity values, as shown in Figure 3. When a geopolymer has a
higher porosity and a lower density, its thermal conductivity is always lower [17]. The
trend was further supported by pore size distribution results (Figure 4) as the foamed
geopolymers had larger pore sizes up to 1000 µm but G-0 had lower pore sizes up to
500 µm.
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Figure 5. Thermal conductivity of G-0, G-1 and G-2.

The relationship between compressive strength, bulk density, apparent porosity and
thermal conductivity of G-0, G-1 and G-2 is displayed in Figure 6. The addition of PAS foam
decreased the compressive strength of G-0 from 40.5 MPa to 26.3 MPa (G-1) and 21.5 MPa
(G-2), as shown in Figure 6a. As stated earlier, pores were induced in the geopolymer after
adding PAS foam, thereby weakening the sample structure and resulting in poor strength.
The explanation was further supported by Figure 6b, as the compressive strength had a
strong correlation with apparent porosity, bulk density and thermal conductivity, with
correlation coefficients (R2) of 0.93881, 0.98106 and 0.97550, respectively.
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Figure 6. (a) Compressive strength and (b) correlation curve between compressive strength, bulk
density, apparent porosity and thermal conductivity of G-0, G-1 and G-2.

According to the functional classification of International Union of Laboratories
in Construction Materials, Systems and Structures (RILEM), a sample with a density
of 1.44–1.84 g/cm3, compressive strength of >17.0 MPa and thermal conductivity of
0.4–0.7 W/(m·K) can be used as a structural lightweight concrete [17]. Based on the
compressive strength, density and thermal conductivity values achieved in this work, only
G-2 (compressive strength of 21.5 MPa, density of 1.69 g/cm3 and thermal conductivity of
0.7 W/(m·K)) met the RILEM requirements for the application.

The compressive strength of the fly ash-slag blended geopolymer foam achieved in
this work (21.5–26.3 MPa) was higher than the work done by Ibrahim et al. [5], who adopted
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the same mixing ratios of PAS foam-to-paste and PAS-to-water as in this work to produce
fly ash geopolymer foam (10.2–15.8 MPa). The inclusion of slag promoted a combined
matrix of calcium (CASH) and sodium (NASH) aluminosilicate hydrate in the blended
geopolymer foam, while fly ash geopolymer foam only had a NASH matrix [10], thereby
obtaining higher compressive strength in the blended geopolymer foam compared to the
pure geopolymer foam.

3.2. High Temperature Performance

Figure 7 demonstrates the mass, volume and bulk density of G-0, G-1 and G-2 before
and after exposure to high temperatures. Increasing temperature caused the bulk density of
all geopolymers to gradually reduce up to 600 ◦C, and the bulk density was relatively stable
between 600 ◦C and 1000 ◦C (Figure 7a). The changes in bulk density were varied by the
mass and volume. The mass (Figure 7b) and volume (Figure 7c) of all geopolymers were
reduced with increasing temperature up to 600 ◦C, and the mass and volume remained
almost constant above 600 ◦C. The reduction in mass and volume at temperatures below
600 ◦C was affected by the loss of physically and chemically bonded water in the sample
structure [11]. A geopolymer sample with a higher mass or lower volume was expected to
have a higher bulk density.
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At high temperatures, G-0 (1.97–2.03 g/cm3) had a higher bulk density than the
foamed geopolymers (1.57–1.70 g/cm3). This was due to G-0 obtaining a higher remaining
mass (230.25–247.60 g) and volume (116.41–121.96 cm3) after exposure to high temper-
atures compared to the foamed geopolymer (mass of 173.43–200.78 g and volume of
110.46–120.75 cm3). The lower residual mass and volume of foamed geopolymer were due
to the increased dehydration caused by the high-moisture PAS foam addition. In terms
of bulk density loss, the density loss of the fly ash-slag blended geopolymer foam in this
work (4.94–7.43%) was comparatively lower than that of the fly ash geopolymer foam
(17.65–28.66%) produced by Mastura et al. [2], verifying that the blended geopolymer foam
showed better structural stability than the pure geopolymer foam at high temperatures.

G-1 and G-2 also had greater water absorption and apparent porosity than G-0 at high
temperatures, as plotted in Figure 8. The porosity and water absorption of G-0, G-1 and
G-2 showed parallel and similar trends, increasing from 29 ◦C to 1000 ◦C. The increased
porosity from 29 ◦C to 600 ◦C was associated with the abovementioned dehydration of
the sample, leading to the formation of pores in G-0, G-1 and G-2. The slight increase in
porosity between 600 ◦C and 1000 ◦C might be related to the recrystallisation effect, as
described in the phase analysis below. The induced new crystals caused the geopolymer
matrix to slightly open and form pores in the unfoamed and foamed geopolymers.
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subjected to high temperatures.

Figure 9 depicts the compressive strength changes of G-0, G-1 and G-2 before and
after being subjected to high temperatures. The compressive strength of all geopolymers
was identical at below 600 ◦C, increasing from 29 ◦C to 200 ◦C and decreasing from 200 ◦C
to 600 ◦C. The temperature of 200 ◦C caused better dissolution of slag, fly ash and alkali
activator, thereby increasing the compressive strength [18]. The presence of pores (Figure 8)
and bulk density loss (Figure 7) caused by the dehydration process resulted in a decrease
in compressive strength at 200–600 ◦C. Beyond 600 ◦C, the trend in compressive strength
of G-0 was different from that of G-1 and G-2. The strength of G-0 increased slightly at
800 ◦C due to the dense microstructure obtained, while the strength of G-1 and G-2 was
continuously reduced at 800 ◦C due to the loose microstructure obtained, as shown in the
following microstructural analysis. At 1000 ◦C, the strength of all geopolymers increased
slightly was affected by phase change, as shown in the phase analysis below, which was
attested by Murri et al. [13] for unfoamed geopolymer.
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At high temperatures, G-0 (36.9–43.1 MPa) had a greater compressive strength than
the foamed geopolymers (25.1–36.2 MPa). The explanation was consistent with the higher
residual bulk density, mass and volume (Figure 7) and lower porosity (Figure 8) obtained
in G-0 compared to the foamed geopolymers. The addition of PAS foam degraded the com-
pressive strength of the control sample, resulting in the unfoamed geopolymer possessing
better heat resistance than the foamed geopolymer.

However, referring to Figure 9b, G-0 lost compressive strength (2.2–8.7%) between
400 ◦C and 1000 ◦C, while foamed geopolymer gained compressive strength (4.2–68.6%) at
the same temperature exposure. An exception occurred in G-1 at 800 ◦C due to strength
loss (4.6%). As stated earlier, foamed geopolymer had a higher porosity than the unfoamed
geopolymer. High porosity allowed moisture to be removed during heating without
deteriorating the structure of the foamed geopolymer, while pressure was generated in
the unfoamed geopolymer during the moisture removal process and resulted in a loss
of strength. Therefore, the compressive strength of the foamed geopolymer at high tem-
peratures was greatly improved due to the increased pores, especially in the case of G-2.
The increase in porosity improved the thermal resistance of geopolymer foam [19]. In
addition, the lower thermal conductivity value (Figure 5) of foamed geopolymer, particu-
larly G-2, facilitated the heat transfer and reduced the damaging effect of heat at elevated
temperatures.

Mastura et al. [2] heated fly ash geopolymer foam at temperatures ranging from 200 ◦C
to 800 ◦C, obtaining a compressive strength in the range of 18.6 MPa to 33.3 MPa and a
strength loss in the range of 29.3% to 60.4%. The fly ash-slag blended geopolymer foam
produced in this work achieved better compressive strength (25.1–36.2 MPa) than their
work even at high temperatures up to 1000 ◦C. The strength in this work even increased
(4.2–68.6%) at high temperatures instead of losing strength, which was also different from
their work. Thus, the geopolymer foam made with blended precursors was more stable
than the geopolymer foam made with a single precursor at high temperatures.

The influence of various foaming techniques and foaming agents on the thermo-
mechanical performance of geopolymer foam has been widely investigated. Geopolymer
foam prepared by varying foaming methods and foaming agents resulted in different
thermo-mechanical properties. For instance, Bai et al. [8] added hydrogen peroxide (H2O2)
into geopolymer by adopting the direct foaming method, obtaining a compressive strength
in the range of 4.5 MPa to 20.4 MPa at high temperatures. Le-ping et al. [9] used the
direct foaming method to incorporate alumina powder (AP) into geopolymer, obtaining
compressive strengths ranging from 6.3 MPa to 13.8 MPa at high temperatures. This
work and Mastura et al. [2] work used the pre-foaming method to add PAS foam into
geopolymer, with compressive strength of 18.6–36.2 MPa at high temperatures, which
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showed better strength and thermal performance than the geopolymer foam incorporated
with H2O2 or AP. This was because PAS was an amphiprotic substance that was strongly
hydrophilic and easily dissolved in water during the pre-foaming process, yielding and
resulting in the formation of homogeneous air bubbles and pores [20]. However, when
H2O2 or AP interacted with the geopolymer matrix, pores of varying sizes and shapes were
formed during the hydrogen gas generation [3]. Thus, PAS-geopolymer foam prepared by
the pre-foaming method achieved a more stable pore size and shape when compared to
the H2O2- or AP-geopolymer foam prepared by the direct foaming method, resulting in
PAS-geopolymer foam outperforming H2O2- or AP-geopolymer foam at high temperatures.

3.3. Microstructural Analysis

The SEM images of fly ash and slag were taken at a magnification of × 300, as shown
in Figure 10. The fly ash particles (Figure 10a) were spherical, while the slag particles
(Figure 10b) were presented in block shape. On the other hand, the SEM images of unheated
G-0 (Figure 10c) and G-2 (Figure 10d) were taken at a magnification of × 500. G-0 and
G-2 were chosen due to the greatest difference in compressive strength between G-0 and
G-2 (Figure 6). Generally, the geopolymer matrix in G-0 and G-2 showed some pores, cracks,
remaining fly ash and slag particles. A more compact microstructure was observed in G-0 as
compared to G-2. The larger pores and cracks of G-2 were caused by the pores induced
by PAS foam addition, as supported by bulk density and porosity results (Figures 3 and 4),
thereby achieving a low compressive strength.
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Figure 10. SEM images of (a) fly ash, (b) slag, unheated (c) G-0 and (d) G-2 (FA denoted fly ash).

Figure 11 depicts the SEM images of G-0 and G-2 after being heated to 800 ◦C and
1000 ◦C. The temperatures of 800 ◦C and 1000 ◦C were selected based on the different
compressive strength trends of G-0 and G-2 at 800 ◦C (Figure 9). At 800 ◦C, the geopolymer
matrix in G-0 was observed to be connected and smooth with a small number of pores and
residual particles (Figure 11a), leading to a slight improvement in the compressive strength.
However, the compressive strength of G-2 was further degraded at 800 ◦C due to the loose
matrix obtained with a large number of pores (Figure 11b). At 1000 ◦C, the disappearance
of residual particles and the appearance of the solidified melt in the geopolymer matrix [21]
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most likely contributed to the increase in compressive strength of G-0 (Figure 11c) and
G-2 (Figure 11d). The presence of rod and/or plate anorthite crystal (Figure 11c’) was also
expected to enhance the compressive strength of G-0 at 1000 ◦C. Anorthite was typically
discovered in a high-calcium geopolymer system at 1000 ◦C [22].
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Figure 11. SEM images of G-0 and G-2 after exposed to (a,b) 800 ◦C and (c,c’,d) 1000 ◦C (FA denoted
fly ash).

3.4. Phase Analysis

Figure 12 illustrates the phase patterns of fly ash, slag, unexposed, and temperature-
exposed G-0 and G-2. Fly ash had an amorphous broad hump in the range of 15◦ to 35◦ 2θ,
with some peaks of mullite, quartz and hematite. Slag was mainly crystalline with peaks of
calcio-olivine, merwinite, magnetite and calcium aluminium oxide. Unheated G-0 and G-2
(Figure 12b,c) had an amorphous broad hump between 16–38◦ 2θ, also had some peaks of
mullite, quartz, hematite, calcio-olivine and calcium aluminium oxide, which came from
raw fly ash and slag. In addition, some new peaks of calcite and calcium silicate hydrate
(CSH) appeared in the unheated samples, which were caused by alkali activation of fly ash
and slag.
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Figure 12. Phase patterns of (a) fly ash and slag, unexposed and temperature-exposed (b) G-0 and (c)
G-2.

The rise in temperature caused the (i) crystalline peaks to change, increase, reduce,
disappear and/or decompose and (ii) amorphous phase (geopolymer matrix) to reduce
and/or decompose (Figure 12b,c). Calcite and CSH vanished and decomposed at 800 ◦C,
as supported by Shaikh [23] for unfoamed geopolymer. The combined decomposition of
the geopolymer matrix, calcite and CSH caused nepheline, albite and anorthite to form at
800 ◦C and 1000 ◦C. The presence of anorthite was also confirmed by the SEM image in
Figure 11c’. The addition of PAS foam did not cause any changes to the phase patterns of
geopolymer at room temperature and high temperatures.

3.5. Functional Group Identification

Figure 13 plots the IR spectra of fly ash, slag, unexposed and temperature-exposed
G-0 and G-2. The main band of raw fly ash was located at 1031 cm−1, corresponding to
the asymmetric stretching vibration of Si-O-X (X = Si or Al) [24]. The band at 775 cm−1

was expressed as the symmetric stretching vibration of Si-O-Si [25]. Moreover, the main
band of raw slag was located at 858 cm−1, indicating the stretching vibration of Ca-O and
Si-O [26]. The bands at 2168 cm−1, 2025 cm−1 and 1418 cm−1 were verified as the stretching
vibrations of O-C-O [27]. The bands at 2805 cm−1 and 3325 cm−1 were denoted as the
stretching vibrations of OH and H-O-H [28].
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Figure 13. IR spectra of fly ash, slag, unexposed and temperature-exposed G-0 and G-2.

The presence of O-C-O (~2160, ~2020 and ~1420 cm−1) and OH and H-O-H (~3250 cm−1)
stretching vibrations in the unheated G-0 and G-2 originated from raw fly ash and slag.
New bands of calcite [29] and H-O-H bending vibration [30] appeared at ~2350 cm−1 and
~1650 cm−1, respectively, in unheated G-0 and G-2. Calcite disappeared and decomposed
at 800 ◦C, as proven by the phase analysis in Figure 12. The wavenumber of fly ash at
1031 cm−1 and 775 cm−1 shifted to ~980 cm−1 and ~680 cm−1, respectively, in unheated
G-0 and G-2, inferring the NASH matrix was formed [28,31]. The wavenumber of slag at
858 cm−1 shifted to a higher value in the unheated G-0 and G-2 (~860 cm−1), implying the
CASH matrix was formed [32].

The rise in temperature changed the intensity of the absorption bands of G-0 and
G-2. The main band at ~980 cm−1 widened at high temperatures, especially at 1000 ◦C,
indicating that the high temperatures led to the formation of structural disorder, as proven
by the literature for unfoamed geopolymer [33,34]. The intensity of ~1650 cm−1 reduced at
high temperatures, inferring that the geopolymer had dehydrated [19]. The intensity at
~860 cm−1 vanished at 1000 ◦C, implying that the cross-linking in the CASH matrix was
lessened [35]. The addition of PAS foam did not create any new bands in the geopolymer
at room temperature and high temperatures.

4. Conclusions

This paper compares the thermo-mechanical performance of fly ash-ladle furnace
slag blended geopolymer with and without PAS foam addition at 29–1000 ◦C. The PAS
foam-to-paste ratio of 1.0 and 2.0 was used to prepare geopolymer foam. The incorporation
of PAS foam degraded the compressive strength of unheated G-0 (40.5 MPa) by 35.0–46.9%,
and also decreased the heat-treated G-0 (36.9–43.1 MPa) by 7.6–33.9%. Nonetheless, when
compared to unheated samples, the compressive strength of the heat-treated G-0 decreased
by 2.2–8.7% at 400–1000 ◦C, whereas the compressive strength of the heat-treated G-1 and
G-2 increased by 4.2–68.5% at the same temperature exposure. The higher porosity, lower
thermal conductivity and lower connectivity of the geopolymer matrix aided dehydration
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and reduced deterioration of the geopolymer structure, resulting in a significant improve-
ment in the strength loss of foamed geopolymer.
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Abstract: The present work investigates the effect of freeze–thaw cycles on the porosity of three
mixtures of road concrete containing blast furnace slag in comparison with two mixtures made with
conventional materials. The main technique used in our investigations is nuclear magnetic resonance
(NMR) relaxometry. This permitted the extraction of information with respect to the freeze–thaw
effect on pore-size distribution, which influences both the mechanical strength and the molecular
transport through the material. Moreover, by using this technique, the structure of the air voids was
analyzed for the entire pore system in the cement paste and the aggregate particles. The samples
under study were first dried in a vacuum oven and then saturated with water or cyclohexane where
the distribution of the transverse relaxation times of the protons was recorded. The NMR relaxation
measurements were performed on samples extracted from specimens maintained at 300 freeze–thaw
cycles and on control samples extracted from specimens kept in water during the freeze–thaw period.
Scanning Electron Microscopy (SEM) was used to analyze the microstructure of concrete samples in
order to obtain information about the pore sizes and the distance between them. The results from the
NMR relaxation measurements were consistent with those obtained by using standard techniques
for determining the porosity and the freeze–thaw resistances. The investigations made it possible to
establish the optimal composition of blast furnace slag that can be incorporated into road concrete
compositions. This non-invasive technique can also complete standard techniques for assessing the
porosity and the progress of internal cracks during the freeze–thaw test.

Keywords: road concrete; porosity; (NMR) relaxometry; freeze–thaw; blast furnace slag

1. Introduction

The resistance to freezing is a factor that needs to be considered when designing road
concrete structures because the freeze–thaw phenomenon produces deterioration of the
internal structure and on the surface layer of the concrete. If the concrete is exposed to
a dry environment the structure is not usually affected by the freeze–thaw phenomenon.
However, due to the fact that the road concrete is in contact with water, the water is
absorbed by the concrete in the structure of the pores and it generates a high internal
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tension, which leads to internal structure damage and produces irreversible changes of its
properties [1–3].

The most important factor influencing freeze–thaw resistance is the distribution and
dimensions of the pores [1,4]. The free spaces filled with water in the fresh cement paste or
the spaces resulting from the reaction of cement particles during the process of hydration
of the cement paste represents the fraction of total volume unoccupied by solid matter
and is known as porosity. By mixing components, the cement particles are spread in the
total volume of materials and, upon contact with water, reaction takes place between the
mineral components and the solution forming around the cement particles. The dispersion
of cement particles as evenly as possible is improved by the superplasticizers used [5].
These particles are transformed in colloids by dispersing the solid substance in the liquid
due to the forces of attraction at the molecular and atomic level, but the water continues to
penetrate inside these colloids. The pore size does not change much during the mixing and
dormancy stage in which the activity of the chemical compounds slows down, but there is a
change in their size that commences during the hardening stage [6]. The hardened cement
paste in the cooling and densifying stage consists of hydrates of different compounds in the
form of a gel, calcium hydroxide crystals Ca(OH)2, and other minor components, such as
un-hydrated cement, and free spaces left in the hydration process [7]. Moreover, additional
pores may result in the concrete application stage due to improper compaction. The free
spaces that have not been filled with hydration products form capillary pores and the free
spaces formed in gel as interconnected spaces define the gel pores. These gel pores can be
classified into intra-C-S-H and inter-C-S-H pores [8].

The total volume of voids in concrete can occupy between 1% and 10% of the total
volume and a porous concrete at the upper limit indicates low strength [7]. The capil-
lary pores form an interconnected system spread irregularly throughout the mass of the
paste [7,9], with sizes ranging from 50 nm and up to 5 µm [10]. The dimensions of the gel
pores are much smaller than the capillary pores (approximately 1 ÷ 50 nm) and, therefore,
are classified as micropores. The gel pores absorb water even at very low values of ambient
humidity [7,9] due to the hygroscopic property of the cement paste and the presence of
submicroscopic pores. The spaces with larger dimensions of 5 ÷ 10 µm are considered as
entrained air [10].

The PN-EN 480-11 standard [11] describes the air-voids system in the hardened
concrete by the following parameters: total air content A (%), specific surface α (mm2),
spacing factor L (mm) and the micropores content A300 (%). The spacing factor (L) of the
air pores can be determined using the simplified Powers’ model, which assumes that all
air bubbles have the same diameter and are distributed in the corners of a cube. Another
approach for determining the spacing factor (L) of the air pores is based on the Pilleo
concept, which considers both the air voids system in the cement paste and in the aggregate
particles; the principles of the method were described by Wawrzeńczyk J. and Kozak W.
in their paper [12]. The sustainability requirements limit the spacing factor to 0.20 mm in
Norway and Denmark and to 0.25 mm in Canada [13]. Yuan J. [14] experimented with the
variation of concrete pores in the action of freeze–thaw cycles using X-ray tomography (CT).
The results showed that there was no large variation in the amounts and volume of pores
located in the range (0.5 mm3–20 mm3), but there were major changes for pores in another
range. Tracz T. and Zdeb T. [15] studied the effects of hydration and carbonation on porosity
and permeability at 90 days and up to 2 years of preservation on pastes made of ordinary
Portland cement with different ratios of w/c. The results highlighted changes in capillary
porosity caused by subsequent hydration advances and the carbonation phenomenon,
while the depth of permeability did not change significantly during the monitored period.

Due to the pozzolanic and hydraulic properties, supplementary cementitious materials
SCM may be used as a substitute for cement in the designed composition. They influence
the properties of fresh concrete by their reaction with water or calcium hydroxide CH
and forms additional hydrating compounds. Supplementary cementitious type materials
may have pozzolanic properties by chemically reacting with calcium hydroxide to form
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additional hydrated calcium silicate C-S-H, which is a hydrating compound that has the
greatest contribution to the development of concrete strength [6].

In this context the granulated and ground blast furnace slag GGBS in combination
with ultrafine silica SF are used in the concrete industry for different applications because
they have strength, durability, economic and environmental benefits.

Rao S.K. et al. [16] investigated the effect of GGBS on mechanical properties and the
abrasion resistance of RCC for a level of substitution of cement with GGBS from 10% to
60%. Roller compacted concrete (RCC) is a stiff mixture of traditional concrete components
that is proportioned with higher aggregate content and lower cementitious material content
than compared to conventional concrete [6]. The test results showed that after the age
of 28 days the increase in GGBS content led to an increase in the abrasion resistance of
RCC at all replacement levels. Aghaeipour A. et al. [17] investigated the effects of GGBS
as a substitute for cement in different percentages (20%, 40% and 60%) regarding water
absorption, permeability and freeze–thaw resistance in RCC, with applications in road
infrastructures in mind. The results not only showed a reduction in water absorption but
also in mechanical resistances of concretes with GGBS compared to those without GGBS
content. The depth of water penetration under pressure was lower for substitution levels
up to 40%, after which it was higher than the value obtained from the control mixture. The
lowest losses of resistance after 300 freeze–thaw cycles were registered in mixture with 60%
substitution of GGBS, which is lower than the control mixture. Limbachiya V. et al. [18]
made concrete paving blocks using GGBS and silica fume SF to replace the ordinary
Portland cement OPC. High content of SiO2 in SF and of CaO in GGBS increased the
durability properties of concrete paving blocks, which allowed the successful replacement
of cement up to 40%. However, it was observed that the levigation properties of the blocks
with GGBS and SF decreased, but within acceptable limits regarding the soil protection
at levigation. In addition to improving the mechanical properties, the reduction in cracks
developed in concrete during the different stages of hardening and densification is just
as important for the durability of road pavements. Crack growth restriction has been
studied in the works [19,20] by using hybrid fibers, such as steel-polyvinyl-polypropylene-
calcium carbonate CaCO3, in cementitious compositions. The research conducted by
Lam M.N.-T. et al. [21,22] investigated the feasibility of using slag aggregate resulting from
electric arc furnace (FEA) to partially replace natural coarse aggregates and fly ash to
partially replace cement.

The investigation methods regarding the effect of the supplementary cementitious
materials are varied and depends on the envisaged properties of the manufactured materi-
als. Moreover, research aims to establish the links between microscopic and macroscopic
properties [23]. Nedunuri S.S.S.A. et al. [24] used water saturation and mercury porosime-
try to study the evolution of pore structure as a function of the hardening age of Portland
cement and of those that are partially replaced with SCM, such as SF, GGBS and fly ash.
Majhi R.K. et al. [25] determined the rate of water absorption by capillary pores using
the sorptivity test on concrete with GGBS and aggregates recycled from concrete in its
composition. The microstructural characteristics extracted from scanning electron mi-
croscopy and X-ray diffraction, confirmed the results obtained by such classical methods.
Renato J. et al. [26] studied the porosity of concrete using two non-destructive methods,
which are X-ray microtomography and digital scanning. The porosity results obtained
through the non-destructive methods were compatible with those obtained through the
standard mercury intrusion porosimetry MIP test. However, the study by Diamond S. [27]
drew attention to the fact that the MIP method is inadequate for measuring the pore size
due to the method’s inability to penetrate the C-S-H gel pores; however, it is rather suitable
for assessing the apparent porosity. The analysis of the pore structure was performed in
the study [28] using the fractal theory, which allows a quantitative evaluation based on
the fractal size of the pores. By the fractal model proposed by Jin S. et al. [29], a regression
relationship was obtained between the fractal size and the durability factor. The charac-
teristic parameters of the pore structure of the recycled concrete with residual fibers were
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investigated in the study conducted by Zhou J. et al. [30] by using the mercury intrusion
porosimetry test and fractal theory. The results showed that the pore structure was mainly
influenced by the water–cement ratio. The morphology of the pores developed in the first
7 days of hardening of the concrete was analyzed in the paper [31] relative to two different
compositions. The first is made of simple concrete (PC) and the second is a mixture of high-
performance reinforced concrete (SFRC). The internal voids of the mixtures in combination
with the geometric parameters were identified by computed tomography (CT) scanning
and the data were analyzed using digital image processing software (DIP) [32].

Kowalczyk R.M. et al. [33] highlighted, via nuclear magnetic resonance NMR re-
laxometry technique, the mechanism of water–isopropanol exchange in cement pastes.
The results showed that the isopropanol revealed the presence of capillary pores better
than revealed in the experiments on samples saturated with water. On the other hand,
isopropanol draws water out from the gel pores but does not replace it in the same amount.
One of the non-destructive methods commonly used to assess internal cracks resulting
from the freeze–thaw phenomenon is the method of measuring the ultrasonic pulse prop-
agation time (UPTT) in compliance with the Technical Report CEN/TR 15177:2006 [34].
The increase in propagation time of the wave through concrete shows a greater number of
voids and internal cracks.

The great advantage of the NMR techniques is that they are completely non-invasive
and, in addition, they permit the study of materials without prior preparation of samples.
In the present work, NMR relaxometry [5,8,35–41] is used, again, to determine the residual
water within the pores of the material and the effects of the freeze–thaw cycles on the
porous system. Using this technique, information can be obtained about the porous
structure of concrete containing a mixture of cement paste and aggregates, which is similar
to the approach of Wawrzeńczyk J. and Kozak W. [12] and based on the Philleo concept.
The NRM investigations on the effects of the freeze–thaw cycles complement the results
obtained by measuring the physical characteristics (density, water absorption and content
of permeable pores) of hardened road concrete determined by standard methods. The
porosity results obtained from this experiment were compared to the results obtained
in a previous experiment [42] on the compressive strengths and the loss of compressive
strength after 300 freeze–thaw cycles. The microstructure of the concrete (in this case
the pore sizes and the distance between them) can be investigated and analyzed using
Scanning Electron Microscopy (SEM). The porosity induced by freeze–thaw cycles was
analyzed for three mixtures, prepared with blast furnace slag and compared with two
conventional mixtures used in road pavements. The investigation methods aimed to obtain
more accurate conclusions for the selection of the optimal mixture of the blast furnace slag
that would ensure durability for road concrete.

2. Materials and Methods
2.1. Materials

The Portland cement used for preparing the samples is of the CEM I 42,5R type and it
was supplied by Lafarge Holcim S.A. The performances stated by the manufacturer are
in compliance with the technical specification from SR EN 197-1:2011 [43]. The specified
cement surface is 4385 cm2/g and the specific weight is 3.00 g/cm3. The granulated blast
furnace slag 0/12.5 mm obtained by sudden cooling in water was supplied by the company
Liberty (Galat,i, Romania). After grounding to under 69 µm, the granulated and ground
blast furnace slag GGBS reached the specific surface of 5770 cm2/g and specific weight of
2.77 g/cm3. The admissibility conditions of the GGBS blast furnace slag were in compliance
with the technical specifications from SR EN 15167-1:2007 [44]. The high content of 95%
vitreous mass and the 1.15 ratio between calcium oxide and silicon oxide demonstrates
good activity. The value of the activity index at 28 days was 74.94%. The values obtained
for the alkalis content of 1% and the 0% calcination loss show that the GGBS used does
not generate expansion by its use in concrete mixtures. Table 1 demonstrates the oxide
composition for cement and (GGBS).
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Table 1. Oxide content for cement CEM I 42.5R and (GGBS) (%).

Oxides SiO2 Al2O3 MnO MgO CaO Fe2O3 Na2O K2O

CEM I
42.5R 18.57 3.09 3.72 0.70 63.93 4.84 0.12 0.74

GGBS 36.44 11.60 0.55 5.8 41.81 0.78 0.345 0.428

The aggregate proportions used in the preparation approach were 32% sand (sand
dimension of 0/4 mm) and 68% coarse aggregate with a maximum grain dimension
of 25 mm. The selection of aggregates was in compliance with the national standard
NE 014:2002 [45] for road coating with role of wear and the physical properties were in
compliance with SR EN 12620:2003 and SR EN 12620+A1:2008 [46]. The granulometric
curve of the total aggregate mixture followed the framing within the granulometric area
that is permitted by the standard NE 014-2002 [45]. The coarse aggregates were made of
crushed river gravel (4/8) and crushed quarry rock (dacite from the category of igneous
rocks) that were (8/16) and (16/25) mm, respectively. The use of crushed aggregates
enables better adhesion between the aggregate and the cement paste due to the irregular
surface, which is beneficial for the resistance to bending. The crushed strength of 14%
(expressed by the Los Angeles coefficient) and the wear resistance of the aggregates of 6%
(expressed by the micro-Deval coefficient) demonstrate superior performance compared
to the standard SR EN 12,620 [46] result of tests performed by the manufacturer. The
artificial aggregate from ungranulated blast furnace slag (ACBFS) is a crystalline by-
product resulting from the solidification in air of molten blast furnace with applications
in road pavements [47]. The characteristics of natural sand and aggregates (ACBFS) were
determined by the manufacturer and are presented in Table 2.

Table 2. Characteristics of natural sand (NA) and of aggregates from blast furnace slag (ACBFS), 0/4 mm.

Technical Characteristics Obtained Values
ACBSF_0/4 mm

Obtained Values
NA_0/4 mm

Limits
SR EN 12620

Granularity GF 85 GF 85 GF 85

Coefficient of water absorption WA242 WA242 -

Content of fine particles <0.063 mm, % f3.5 f3 (3 ÷ 22)

Sulphate soluble in acid, % AS 0.52 - ≤1.0

Total sulphate, % 0.96 - ≤2.0

Disintegration of iron from blast furnace slag Does not present cracks and disintegrate - Visual aspect

Disintegration of dicalcium silicate from
blast furnace slag

Presents a uniform violet color, with
shining stains in small quantities

uniformly distributed
- Visual aspect

The additives used here are commercially available from Badische Anilin und Soda
Fabrik (BASF, Ludwigshafen, Germany). As a superplasticizer, we used MasterGlenium
SKY 527 and air training additive Master Air 9060 (BASF, Germany) and both possess
characteristics in compliance with SR EN 934-2+A1:2012 [48]. The water in the concrete
mixture was taken from the water supply system of the city Cluj-Napoca in compliance
with SR EN 1008:2003 [49].

2.2. Sample Preparation

The parameters of designing the road concrete complied with the minimum require-
ments for the severe exposure class (XF4) in accordance with SR EN 206-1:2002 and SR
EN 206+A1:2017 [50]. The classification in conditions of exposure according to the XF4
class requires a minimum cement dosage of 350 kg/m3, maximum w/c ratio of 0.45 and
a minimum strength class of C35/45 with entrained air [50,51]. A number of five mix-
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tures were prepared with different quantities of materials presented in Table 3. The first
two control mixtures were prepared using Portland cement type CEM I 42,5R utilizing
natural aggregates and the following three mixtures were prepared using granulated and
crushed blast furnace slag, under 63 µm, and aggregates from crushed blast furnace slag at
a dimension of 0/4 mm in different proportions. The below observations were used:

S 360, control mixture of 360 kg/m3 Portland cement dosage and natural aggregates;
S 414, control mixture of 414 kg/m3 Portland cement dosage and natural aggregates;
S 54/20, 360 kg/m3 (cement) + 54 kg/m3 (GGBS) and 20% (ACBFS)_0/4 mm + 80%
(NA)_0/4;
S 54/40, 360 kg/m3 (cement) + 54 kg/m3 (GGBS) and 40% (ACBFS)_0/4 mm + 60%
(NA)_0/4;
S 54/60, 360 kg/m3 (cement) + 54 kg/m3 (GGBS) and 60% (ACBFS)_0/4 mm + 40%
(NA)_0/4.

Table 3. Material quantities in mixtures.

Quantities (kg/m3)
Mixtures (kg/m3)

S 360 S 414 S 54/20 S 54/40 S 54/60

Cement (C) 360 414 360 360 360
Blast furnace slag powder (GGBS) - - 54 54 54

Total binder (L) 360 414 414 414 414
Water (W) 156.60 169.74 167.67 178.02 178.02

W/L, (water/binder) 0.44 0.41 0.41 0.43 0.43
Natural sand (NA 0/4 mm) 596 586 477 347 232

Blast furnace slag aggregate (ACBFS 0/4 mm) - - 119 232 347
Coarse aggregate (CA 4/25 mm) 1268 1245 1267 1231 1231

Total aggregate 1864 1831 1863 1810 1810
Superplasticizer additive 3.60 4.14 4.14 4.97 4.97

Air training additive 1.08 2.07 2.07 2.07 2.07
Slump (mm) 14 15 13 16 15

Fresh state density 2380 2415 2444 2402 2402

Compared to the control mixture S 360, the blast furnace slag (GGBS) was brought as
a contribution to the cement mass in a percentage of 15% and, compared to the control mix-
ture S 414, the GGBS substituted the cement in a percentage of 13%. The ground granulated
blast furnace slag was used in road concrete mixtures as a binder with supplementary con-
stituents with cement characteristics similar to those described in the study [52]. Natural
sand NA was substituted in percentages of 20%, 40% and 60% with crushed blast furnace
slag aggregates ACBFS with dimensions of 0/4 mm. In this experiment the water content
and additive content was adjusted to maintain the consistency of the concrete at the most
appropriate values of 20 mm.

2.3. Methods
2.3.1. Sampling, Preservation and Preparation of Samples for Testing

For each mixture, 8 cubic specimens with a side of 150 mm and 3 specimens with a
side of 71 ± 1.5 mm, as shown in Table 4, were prepared and kept in the air for 24 h after
which they were stripped and immersed in water at a temperature of 20 ± 2 ◦C.

At the age of 7 days, all specimens were removed from water and stored in the climatic
chamber at a temperature of 20 ± 2 ◦C and at a humidity of 65% ± 5% up to the age of
50 days. Next, the cubic specimen with the side of 71 mm was kept in water until the
age of 100 days and the abrasion resistance was then determined; the values of are found
in paper [53]. From the age of 100 days to the age of 150 days they were kept in the air
in the climate chamber. The density, water absorption and content of permeable pores
were determined from the average of the results for the 3 cubic specimens for each type of
mixture with the side of 71 mm and at the age of 150 days in compliance with the standard
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ASTM C642-2006 [54]. The nuclear magnetic resonance measurements were performed
on concrete cores extracted from two intact 150 mm cubes for each mixture; one tested
for 300 freeze–thaw cycles and one control specimen maintained in water until the age
of 150 days. For the NMR measurements, the cubes with apparent density close to the
average of the 3 cubes tested for the freeze–thaw in the study were selected [42] by the
method of the loss of compressive strength according to SR 3518:2009 [55]. The thermostatic
chamber was set to maintain a temperature of (−17 ± 2) ◦C for 4 h for the freeze cycle, up
to (20 ± 2) ◦C for the thaw cycle for 4 h and the humidity of RH 95%. Four days before the
commencement of the test, the specimens were placed in a water tank at a temperature of
(20 ± 5) ◦C for saturation and the control specimens were kept in water. Those intended for
the freeze–thaw cycles were introduced in the thermostatic chamber, such as in Figure 1.

Table 4. Number of samples prepared for testing in each composition.

Name of Tests
(Test Method)

Number of Samples
(Pieces)

Dimension
(mm)

Trial Age
(Days)

Dry density, density after immersion and boiling and
content of permeable pores (ASTM C642: 2006) 3 71 mm 150

Control samples kept in water (w)
(SR 3518: 2009) 3 150 mm 150

Tests tested at 300 cycles (f-t)
(SR 3518: 2009) 3 150 mm 150

Control samples kept in water (w)
(NMR relaxometry and SEM) 1 150 mm 150

Tests tested at 300 cycles (f-t)
(NMR relaxometry) 1 150 mm 150

Figure 1. Control specimens kept in water and specimens underwent the freeze–thaw test (150 mm × 150 mm × 150 mm).

After 300 repeated freeze–thaw cycles, the specimens were tested for compression and
the compressive strength losses were calculated, for the specimens tested with freeze–thaw
cycles compared to the control specimens, with Equation (1) as follows:

ηn =
fcmwater − fcm f reez

fcmwater
× 100 (%) (1)

where:

ηn—the compressive strength loss after “n” freeze–thaw cycles;
f cm water—the average compressive strength of the samples maintained in water during “n”
freeze–thaw cycles;
f cm freeze—the average compressive resistance of the samples maintained in the thermostat
chamber during “n” freeze–thaw cycles.

Compressive strength at 150 days was determined by applying a uniform and contin-
uous force increasing in increments of 0.5 MPa/s on a loading machine type Advantest 9
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of 300 tf. in accordance with SR EN 12390-3:2002 [56] and is calculated as by Equation (2)
as follows:

fc =
F

Ac
(MPa) (2)

where:

fc—compressive strength in N/mm2,
F—the maximum load in N;
Ac—cross-sectional area of the section of rupture in mm2.

2.3.2. NMR Relaxometry Approach for Determining the Pore Size Distribution

The NMR relaxometry techniques are completely non-invasive and allow the in-
vestigation of cement samples without special prior preparation. These have been used
successfully in the recent years to extract information about the porous structure of cement-
based materials and to extract information with respect to the evolution of water inside the
pores during the hydration process [5,8,35–40]. In the NMR relaxometry of cement-based
materials, both the longitudinal relaxation time and the transverse relaxation time can
be monitored [5,8,35–40]. Due to the fact that longitudinal relaxation measurements are
slower and are more difficult to apply to the systems that evolve during the measurement
process, it is preferable for many applications to measure the transverse relaxation time.
However, in the case of transverse relaxation measurements, it is important to take into
account the effects that diffusion in internal gradients could have on the accuracy of the
measurement and so it is preferable that they be performed in low magnetic fields and
with pulse sequences that could minimize internal gradients effects [5,8,40].

A technique often used in NMR applications on cement-based materials is known as
the Carr-Purcell-Meiboom-Gill (CPMG) technique [57]. This technique allows the rapid
and robust measurement of the transverse relaxation rate (1/T2) of the nuclear spins and if
the time interval between radio frequency pulses is short, the influence of internal gradients
can be neglected. Under these conditions, there is a relationship [5,8,37–39] between the
transverse relaxation rate and the surface-volume (S/V) ratio of the pores that is described
as follows.

1
T2

= ε
S
V

(3)

In the above equation, ε represents the surface relaxivity, which is a constant that
depends on the interaction of molecules with the surface, the intensity of the magnetic field
in which the NMR experiment is performed and the content of magnetic impurities of the
pore surface. Note that in Equation (3) we neglected the contribution of bulk relaxation
to the phenomenon of nuclear relaxation because the bulk relaxation time is much longer
than the one induced by the surface. Based on Equation (2) we can establish a direct
proportionality between the relaxation time and the pore size. This proportionality allows
us to discover the distribution of pore dimensions if we know the distribution of relaxation
times and the relaxivity of the surface. Even if the relaxivity of the surface is not known,
information can be obtained about the relative distribution of pore sizes. This distribution
can be extracted from the CPMG echo series if a numeric Laplacian transformation is
applied to this series [58,59].

In the present work, in order to highlight the effect of the freeze–thaw cycles on the
relative distribution of pore sizes, the specimens were investigated by NMR relaxometry at
the age of 150 days and after the completion of the 300 freeze–thaw cycles. The test period
in the study was extended from the requirements of national standard NE014-2002 [45]
from 100 to 300 freeze–thaw cycles and is similar to the number of freeze–thaw cycles
provided by the standard ASTM C666/C666M-03 [60]. A laboratory exposure of concrete
samples to an extended number of repeated freeze–thaw cycles can simulate, as closely
as possible, the damage caused by the freeze–thaw phenomenon in concrete exposed to
real weather, as experienced in the literature [61], where the samples were tested in a
laboratory for up to 1000 freeze–thaw cycles. From the core of intact cubes kept in the
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thermostatic chamber and the control cubes kept in water during this period, cylindrical
samples with a length of 20 mm and a diameter of 9.5 mm were extracted, such as in
Figure 2. To eliminate interpretation errors, the mass of the samples extracted from the
cubes was the same for each mixture of 1.06 g. It was possible to take samples for testing at
these small sizes because the proportion of maximum size aggregates has a relatively small
volume of the total volume of aggregates. The samples were dried in an oven at 105 ± 5 ◦C
for 24 h to eliminate water from the pores. They were then inserted into 10 mm NMR
tubes which were sealed to prevent molecular exchange with water from atmospheric air.
After measuring the dry samples, they were dried again and immersed in water for 48 h
at 22 ± 2 ◦C. After this interval, the samples were lightly buffered with filter paper, then
inserted into the NMR tubes and sealed. The third set of measurements was performed
on samples saturated with cyclohexane and follows the same procedure as in the case of
samples saturated with water. The saturation with cyclohexane was performed to better
highlight the inter-C-S-H pores and capillaries, as is demonstrated in the other study [8].
Note that the intra-C-S-H pores are highlighted by the presence of water molecules that
cannot be removed without destroying the material [8].

Figure 2. Samples ready for the NMR measurements.

The NMR measurements were performed with a low field instrument MinispecMQ20
(Bruker, Karlsruhe Germany) using the CPMG technique. Before each measurement, the
samples were permitted to reach the thermal equilibrium at a temperature of 35 ◦C. A
number of 2000 spin echoes were recorded in each experiment and the time between
two echoes was maintained at 0.1 ms to reduce the effects of internal gradients on the
measurements. Relaxation time distributions were extracted from the CPMG echo series
using a Laplace numerical inversion [59].

2.3.3. Scanning Electron Microscopy (SEM)

Small pieces of samples were taken from the interior part of the crushed samples and
analyzed at room temperature using a VEGA3 SBU electronic microscope with an Energy
Dispersive Spectrometer Quantax EDS from Bruker in order to obtain information about
the pore’s sizes and the distance between the pores. Fragments from the 150 mm side cubes
remaining after the NMR measurements were used from the control sample set, which was
kept in water during the freeze–thaw test.

2.3.4. Density after Immersion and Boiling, Water Absorption and Proportion of
Permeable Pores

The density after immersion and boiling, water absorption and permeable pore content
were obtained by a method in accordance with ASTM C 642-2006 [54] that was used in
another study [62]. The water-saturated samples with the dry saturated surface were
weighted in air (b) and then dried in an oven at 100–110 ◦C until a constant mass (a) was
reached. The samples were then placed in a suitable container, covered with tap water
and boiled for 5 h. They were then allowed to cool to room temperature (22 ± 2 ◦C). The
moisture from the surface was removed with a towel and the dry mass of the surface-dry
sample suspended in air after immersion and boiling was determined (c), with the mass

67



Materials 2021, 14, 3288

measured in air. The apparent mass (d), after immersion and boiling, was measured in water
with the hydrostatic balance, such as in Figure 3. The absorption after immersion (m1) and
absorption after immersion and boiling (m2) were calculated with the following equations.

m1 = [(b− a)/a] × 100 (4)

m2 = [(c− a)/a] × 100 (5)

Figure 3. Hydrostatic weighing of cubes with 71 mm side.

Dry mass density, ρ1, and density after saturation and boiling, ρ2, were calculated
with the following equations:

ρ1 = [a/(c− d)] × ρw (6)

and
ρ2 = [a/(a− d)] × ρw (7)

For water density, ρw, the value of 0.998 g/cm3 was used. The permeable pore
proportion was calculated with the equation:

P0 = [(ρ2 − ρ1)/ρ1] × 100, specified in % (8)

which is in accordance with ASTM C 642-2006 [54] standard.

3. Results and Discussion
3.1. Relative Distribution of Pore Sizes

The distribution of transverse relaxation times for the gel pores obtained from the
Laplace numerical inversion, for each composition described in Table 3, is shown in
Figures 4 and 5. Three peaks can be distinguished in all cases and the position of the peaks
can be associated with the three types of pores. The values recorded on the horizontal axis
for the transverse relaxation time T2 are proportional to the pore size (see Equation (3))
and the values recorded on the vertical axis show the probability of having a certain pore
dimension. The measuring unit on the y-axis is arbitrary (a.u. = arbitrary units). For a
direct comparison of the curves, the same scale was used at each measurement performed.

Figure 4 depicts the samples dried according to the procedure described above, both
control samples (Figure 4a) and those subjected to the freeze–thaw process (Figure 4b).
A small amount of water (the first peak) was observed in the gel-like pores (intra C-S-H)
with dimensions up to 2 nm [8], which could not be removed during drying process. In
the mixture S 360, the distribution of transverse relaxation times corresponding to the
gel pores (intra C-S-H) for the control samples, preserved in water (Figure 4a), shows a
maximum placed in the range 0.02–0.3 ms and indicated a maximum probability density
of 0.0045 for a value of T2 of 0.08 ms. At T2, the values slightly shifted to the right and
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the maximum probability density decreased to 0.003 for the mixtures S 54/20 and S 54/40
followed by the mixtures S 414 and S 54/60, with an intensity inferior to 0.002. However,
for the samples subjected to 300 freeze–thaw cycles (Figure 5b), the transverse relaxation
time distribution interval shifted to the right (for S 414, S 54/20, S 54/40) at the higher pore
size values between 0.02–0.6 ms and the most accentuated values were recorded in the
mixtures S 360 and S 54/60 between 0.06–0.6. For all mixtures stored in the refrigerator
(f-t), a maximum probability density close to the value recorded for the control mixtures,
0.003, was registered. The results of the experiment show that, after the freeze–thaw test,
the pore size was higher compared to the control mixtures, which indicated the appearance
of microcracks even in the intra C-S-H pores.

Figure 4. Distribution of the transverse relaxation time T2 after drying: (a) control samples kept in
water (w); (b) samples subjected to 300 freeze–thaw cycles (f-t).

Figure 5. Distribution of the transverse relaxation time T2 after water saturation: (a) control samples
kept in water (w); (b) samples subjected to 300 freeze–thaw cycles (f-t).

By introducing the samples into the water, the clear increase in the area of the peaks
corresponding to the gel pores (intra C-S-H and inter C-S-H) can be observed in Figure 5.

The pore distribution continues with several lower intensity peaks, which correspond
to capillary pores, cracks or are artefacts of the numerical inverse Laplace. In the control
samples (Figure 5a) the distribution of the transverse relaxation times was within the range
0.03–1.10 ms and for the mixtures tested for freeze–thaw (Figure 5b) the peak shift to the
right was recorded at higher values, in the range 0.1–1.20 ms, as can be observed in Figure 6,
which shows the starting and ending values for T2 in each mixture corresponding to the
gel pores as well as the position of the maximum (a.u.) (broken line).

The relative distribution of pore sizes in mixture S 54/20 and S 54/40 was kept
close to the distribution in mixture S 360 and lower than the distribution in the control
mixture S414 in both control samples and the samples tested for freeze–thaw. However,
for the 54/60 mixture, the distribution range shifted to higher values compared to the two
reference mixtures in both the control specimens and in the specimens that underwent the
freeze–thaw text.
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Figure 6. The distribution range of the gel pores for: (a) the control samples; (b) for samples subjected
to freeze–thaw cycles. Both measurements are performed on water-saturated samples.

Figure 7a shows the maximum probability density recorded in both control samples
kept in water (w) and in samples tested in water-saturated freeze–thaw (f-t). For the water-
saturated control samples (Figure 7a), the maximum probability density with the highest
value was registered in the mixture S 414 (of 0.023) and the lowest value (of 0.012) was
obtained in the mixture S 360. In all blast furnace slag mixtures, the maximum probability
density value corresponding to the gel pores is higher than the reference mixture S 360, but
lower than in the control mixture S 414. For all water-saturated samples tested at 300 freeze–
thaw cycles (Figure 7a), it was observed that the maximum value of the probability density
corresponding to the peak of the gel pores increases with the increase in the percentage
of substitution with blast furnace slag aggregate and it is above the level in the control
mixtures S 360 and S 414. The largest difference in the maximum value of the probability
density compared to the control sample was recorded in the mixture S 54/60 maintained at
freeze–thaw.

Figure 7. Maximum value of the probability density corresponding to the gel pores in the case of
water saturated (a) and cyclohexane saturated (b) samples.

For the better monitoring of the capillary pores, it is preferable that they are satu-
rated with cyclohexane because a higher degree of filling can be obtained in the case of
cyclohexane than in the case of water [8]. This is due to the significantly lower contact
angles in the case of cyclohexane than water relative to the mineral surfaces inside the
cement paste [8,63]. Figure 8 shows the distribution of relaxation times and Figure 7b
shows the maximum probability density corresponding to the peak of the capillary pores
in the samples saturated with cyclohexane.

It is observed in Figure 7b that the evolution of the maximum probability density of
the capillary pores has a tendency similar to that of the gel pores from the water-filled
samples (Figure 7a); in all compositions with blast furnace slag, the intensity of the capillary
pores increases with the increasing level of substitution of slag aggregate, respectively. In
the control samples, the shortest range of distribution of capillary pores was recorded in
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the mixture S 360 situated between 1.0–75 ms and the largest range was recorded in the
mixture S 54/60 between 2.2–150 ms, according to Figure 9a.

Figure 8. Transverse relaxation time distribution T2 after cyclohexane saturation: (a) control samples
kept in water (w); (b) samples subject to 300 freeze–thaw cycles (f-t).

Figure 9. The capillary pores distribution range: (a) for the control samples (w); (b) for the samples
tested in freeze–thaw (f-t). Both measurements were made on cyclohexane-saturated samples.

In samples subjected to 300 freeze–thaw cycles, the transverse relaxation time dis-
tribution T2 is slightly shifted to the right in mixture S 360 between 1.0–90 ms and more
accentuated in mixture S 54/60 between 7.0–200 ms, as can be seen in Figure 9b. In the S
54/60 mixture, the peak corresponding to the capillary pores does not tend towards the
minimum intensity in the position of T2 (200 ms), which indicated the presence of the
larger capillary pores or internal cracks in concrete.

A longer relaxation time (Figure 9b) and a higher intensity (Figure 9b) in the S 54/60
mixture show an increase in the size and the proportion of capillary pores in the samples
tested at freeze–thaw (f-t) compared to the control specimens kept in water (w).

This change in the dimension of capillary pores from the samples subjected to freeze–
thaw (f-t) is explained by the fact that the phenomenon of frost water enters the structure
of concrete capillary pores, freezes at about −0.5 ◦C and the resulting volume of the ice
formed is approximately 9% higher compared to the water initially absorbed [1–3]. Thus,
repeated freeze–thaw cycles lead to an increase in the size of the capillary pores and the
appearance of cracks.

3.2. Pores Size

SEM images obtained for the investigated samples are presented in Figure 10. In order
to obtain a better view of the pores, all samples were measured using the same parameters
but at different magnifications. The pores radius and the distance between pores were
measured automatically by SEM software after selecting the shape most appropriate (circle
or ellipse) to the shape of the pores. It can be observed that the radius of the pores ranges
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from ~33.84 µm for S 360 to ~2.95 µm for S 54/60. The distance between pores ranges from
~915.06 µm for S360 to ~63.64 µm for S 54/40. For S 54/60, no pores were found in the
close vicinity of the selected pore to measure the distance. Pore radii with dimensions over
~2.95 µm indicate their framing at capillary pores in accordance with Reference [10]. The
results obtained for the S 360 mixture suggest a lower pore density because the largest
pore distance was identified. These results can be correlated with those obtained from the
technique (NMR), which identified the lowest density of capillary pores on the control
sample S 360 (Figure 7a). For the mixture S 54/20 and S 54/40 the distance between the
pores was shorter compared to the mixture S 360, which suggests a higher pore density.
It is observed that the measurements (NMR) show the same increase in the probability
density in the compositions S 54/20 and S 54/40 compared to the mixture S 360 (Figure 7a).

Figure 10. SEM images of S360 (a), S414 (b), S54/20 (c), S54/40 (d) and S54/60 (e).
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3.3. Density, Water Absorption and Permeable Pores Content of Hardened Concrete

Following the determinations performed in compliance with [54] on cubes with side
71 mm, the proportion of permeable pores (P0), dry density (ρ1) and density after saturation
and boiling (ρ2) are illustrated in Figure 11a, respectively. The reported results represent
the average of three samples tested in each mixture and the standard deviation (SD) and
the coefficient of variation (CoV) are shown in Table 5.

Figure 11. (a) Dry density (ρ1), density after immersion and boiling (ρ2) and content of permeable pores (P0) at the age of
150 days; (b) the relationship between the loss of compressive strength after 300 freeze–thaw cycles (η300) and the permeable
pore content (P0) of the control samples.

Table 5. Standard deviation (SD) and coefficient of variation (CoV) calculated for density and
permeable pore content.

Mixture S 360 S 414 S 54/20 S 54/40 S 54/60

SD-ρ1 (g/cm3) 0.005 0.019 0.007 0.001 0.013
CoV (%) 0.002 0.008 0.003 0.000 0.006

SD-ρ2 (g/cm3) 0.003 0.041 0.009 0.019 0.033
CoV (%) 0.001 0.016 0.004 0.008 0.013

SD-P0 (g/cm3) 0.195 1.425 0.763 0.730 1.717
CoV (%) 0.026 0.176 0.100 0.094 0.192

Evaluation of compressive strengths and loss of compressive strengths (η300) af-
ter 300 freeze–thaw cycles determined on cubes with a 150 mm side, according to SR
3518:2009 [55], are found in the other studies [42] and included in Table 6. The compressive
strengths for the control samples and for the samples tested at 300 freeze–thaw cycles
recorded a standard deviation (SD) in the range (0.15–5.53) MPa and the coefficient of
variation (CoV) between (0.2–9.1) %. It is observed that the scattering of results is below
the accepted limit of 15%, while having a reasonable quality in the range of 5% to 10% as
suggested in the study [64].

Analyzing the results from Table 6, it is observed that the compressive strengths
determined on the control specimens have a similar evolution with the results of the
densities presented in Figure 11a. Furthermore, the value of compressive strength losses
after 300 freeze–thaw cycles tends to evolve similarly to that of the permeable pore content
and develops a second order polynomial relation having a very good correlation coefficient
(R value), shown in the diagram in Figure 11b.
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Table 6. The average compressive strengths, resistance losses after 300 freeze–thaw cycles [42], standard deviation and
coefficient of variation.

Mixture S 360 S 414 S 54/20 S 54/40 S 54/60

fcm—water (MPa) 87.78 80.96 84.80 79.38 74.77
SD (MPa) 4.802 1.078 0.855 1.528 4.748
CoV (%) 0.055 1.300 0.010 0.019 0.064

fcm—300 cycles (f-t) (MPa) 83.06 71.15 77.82 73.06 60.95
SD (MPa) 0.492 2.630 0.147 4.040 5.525
CoV (%) 0.006 0.037 0.002 0.055 0.091

Reduction in compressive strength (η300) 5.38 12.10 8.32 7.96 18.47
SD (MPa) 4.633 2.078 1.089 3.325 2.220
CoV (%) 0.862 0.171 0.132 0.415 0.120

In Figure 12, it is observed that the compressive strengths determined on the con-
trol specimens and on specimens maintained at 300 freeze–thaw cycles maintain their
evolution trend with the content of permeable pores (Figure 12a) with the relative size
of the capillary pores evaluated by NMR technique (Figure 12b,c). With the reduction
in the content of permeable pores (P0) and the transverse relaxation time (T2), for which
the probability density (au) recorded the maximum value (broken line in Figure 9a,b),
the result is the increase in mechanical strengths. The polynomial relation of order two,
derived by regression, developed between the compressive strength and the content of
permeable pores and the relative size of the capillary pores determined on the control
samples, possesses a value of the correlation coefficient very close to 0.8779 and 0.8567
(Figure 12a,b), which confirms the concordance results obtained by standard methods and
NMR technique. Moreover, the confirmation of the results obtained by the NMR technique
can be appreciated from the correlation coefficient 0.9931 (having the standard error of only
6.9× 10−3) obtained from the polynomial relationship developed between the compressive
strength and the transverse-room relaxation time (T2) for the maximum (a.u.) capillary
pores and are measured on samples maintained at 300 freeze–thaw cycles (Figure 12c).

Figure 12. Relationship between compressive strength (fcm) and porosity: (a) relative to the permeable pore content (P0) in
the control samples; (b) relative to the relative pore size for the position in which the transverse relaxation time (T2) records
the maximum density in the control samples; (c) relative to (T2) for the position in which it records the maximum density at
the samples kept at freeze–thaw (f-t).

The permeable pore content obtained for the mixture S 54/20 is lower compared to the
two control mixtures S 360 and S 414. The mixture S 54/40 is above the level of the control
mixture S 360 and below the level of S 414. However, at mixture S 54/60, in which the
substitution with artificial aggregates was 60% the porosity of the concrete increased the
most, it was above the level of the two control mixtures. For blast furnace slag mixtures, the

74



Materials 2021, 14, 3288

mechanical strengths decreased as the level of substitution with slag aggregates increased
and the lowest values were registered for the S 54/60 mixture. The cause that led to the
decrease in the mechanical strengths was the increase in capillary porosity, which in turn
was influenced by the amount of water used and by the increase in water/binder ratio;
this is a fact shown in the specialty literature [6]. The increase in the specific surface of
the ground furnace blast slag and the increase in the porosity of the slag aggregate led
to the increase in the water requirement in the preparation of the mixtures S 54/40 and S
54/60 in order to obtain a similar consistency to the reference mixtures; the results are in
compliance with the specialty literature [65]. The crushed slag aggregates have an angular
shape, which reduces the workability of the concrete and have a higher porosity than
natural sand [47]. Similarly, the grinding fineness of the blast furnace slag was higher than
that of cement; the specific surface in furnace blast slag was 5770 cm2/g and in cement it
was 4385 cm2/g. However, for the mixture S 54/20, the proportions of blast furnace slag
used led to the increase in the mechanical resistances and to the decrease in the porosity,
obtaining better performances than the control mixture S 414 at the same water/binder
ratio. For this mixture, the use of slag as a binder (GGBS) and aggregates (ACBFS) in low
dosages was advantageous.

4. Conclusions

The connectivity of gel (intra C-S-H and inter C-S-H) and capillary pore network
was investigated for the first time on road concrete samples tested for repeated freeze–
thaw cycles through low field NMR relaxometry. The experiments rely on monitoring
the distribution of water and cyclohexane molecules saturating the pores. The relative
distribution of gel and capillary pores, determined through NMR, was conducted on
samples taken from control specimens kept in water during the freeze–thaw test period
and on samples extracted from specimens tested at 300 freeze–thaw cycles. The content
of permeable pores was obtained on cubes with a side of 71 mm, made of the same
composition and tested at the same age. For the three blast furnace slag compositions, the
same amount of (GGBS), 54 kg/m3, but different percentages (20%, 40%, 60%) of crushed
aggregates (ACFBS) were used. Different dosage of Portland cement, 360 and 414 kg/m3,
were used for the two compositions made with conventional materials. The conclusions of
the experiments are summarized in the following:

I. After the freeze–thaw cycles, the transverse relaxation time distribution interval,
T2, a of the intra C-S-H pores shifted towards higher values compared to the
control mixtures, which indicates the appearance of microcracks even in the (intra
C-S-H) pores. In addition, the maximum probability density was close to the value
indicated for the control mixtures.

II. From the diagrams of the distribution of inter C-S-H gel pores and of the capillary
pores of the specimens tested at freeze–thaw, displacements are observed for higher
values of T2 in all compositions with blast furnace slag compared to the control
samples, which indicates an increase in the relative size of the pores.

III. Furthermore, the maximum probability density of samples maintained at freeze–
thaw cycles, measured on the y-axis, increased with the increase in the substitution
level of crushed aggregates, indicating the increase in the density of the pore
distribution in concrete with the highest increase registered in the S 54/60 mixture.

IV. For the S 54/40 and S 54/60 mixtures tested on freeze–thaw, the distribution range
of the capillary pores was shifted to higher values compared to the control mixtures,
which showed an increase in pore size due to the increase in the amount of water
in the capillary pore mixtures.

V. However, for the mixture S 54/20, the distribution range and the maximum inten-
sity of the capillary pores were close to the control mixture S 360 and lower than
the control mixture S 414, which indicates that this mixture contains the optimal
dosages of slag built-in furnace.
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VI. The results obtained for the content of permeable pores and the mechanical
strengths obtained through standard methods and of capillary pore distribution
obtained through NMR technique were consistent.

VII. The analysis of SEM images for slag mixtures shows that the pore density for S
54/20 mixture is the lowest, which confirms the highest compressive strength.

VIII. Using the CPMG technique, the distribution and relative size of gel pores and
capillaries on concrete samples tested on freeze–thaw were revealed, which permits
the additional extraction of gel pore information compared to the standard method
in which only the content of permeable pores is extracted.

IX. The CPMG technique can reflect the effect of freeze–thaw cycles on the total
porosity of the concrete internal structure; however, the results must be correlated
with standardized methods.

X. An important advantage of this technique is that it allows the progressive and
repeated evaluation of the distribution of gel pores and capillaries throughout the
freeze–thaw test.
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Abstract: The aim of the study was to densify samples of Paulownia Clone wood in vitro 112 and
hornbeam (Carpinus betulus L.) by compression in the radial direction. Before the specimens were
densified, they were subjected to plastic treatment in an ammonia solution. After densification, the
compressive strength in the radial direction and the determination of the Brinell hardness in all
three anatomical directions of the wood were determined. The wood swelling in humid air (98%
RH) and liquid water was also determined. Paulownia wood density increased by about 280% and
hornbeam wood density by 40%. The Brinell hardness parallel to the fibres increased by 49 and 390%,
perpendicular by 80 and 388% for hornbeam and Paulownia, respectively. A significant increase in
the compressive strength of wood in the radial direction was also observed. Densified hornbeam
wood exposed to water showed a high swelling value of 153, while Paulownia wood exhibited 107%.

Keywords: densified wood; ammonia; mechanical properties; Brinell hardness; Paulownia; hornbeam

1. Introduction

It is known that the density of wood is related to its mechanical properties, i.e., the
strength of the wood increases proportionally with the increase in its density. Densification,
i.e., the thickening of the wood structure, improves the mechanical properties of low-
density species and replaces hard species. Wood species with high hardness can also be
densified, and their properties are even more improved [1]. The first concept of wood
compaction appeared in 1900, but it consisted only of wood compression and did not
consider plasticising treatment. Research on increasing wood density has been carried
out for many years. It is said that this effect is achieved by compressing the wood in the
transverse direction, which improves its mechanical properties [2–6]. In the 20th Century,
patents for densification through wood compression began to appear [1,7]. These ideas
involved mechanically compressing the wood tissue after subjecting it to steam under high
pressure. However, this method did not capture the “memory effect” of wood, i.e., the
post-deformation effect [8,9], which led to the “desire” for the wood to return to its original
dimensions. According to Jakes et al. [8], hemicelluloses are responsible for dimension
stabilisation of lignocellulosic materials. Lignin is the substance responsible for the shape
memory effect. Delignification, leading to a reduction in the content of the components
that make up the matrix encrusting the cellulose skeleton (hemicellulose and lignin),
causes a significant decrease in post-deformation recovery because the hemicellulose in
the wood is responsible for shape stabilisation. Lignin plays a substantial role in the quasi-
elastic recovery mechanism [6,10–13]. Wood subjected to densification treatment has better
physical and mechanical properties, but the increase in density does not always go hand in
hand with improving these properties. This is permanent damage to the cell wall during
such significant deformation of the wood [3,14].

The thermo-hygro-mechanical (THM) wood thickening process depends on the type
of wood, both in terms of the degree of densification and the properties of the modified
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wood. This is due to the structural diversity and composition of the chemical cell walls
of individual types of wood. Species with a lower density can be densified more easily
than species with a higher value [15,16]. This is related to porosity and susceptibility to
deformation. For this reason, when the timber is compressed in the radial direction, the
earlywood zones first deform, and then the latewood zones. In this case, deformations of
the early and latewood zones are inversely proportional to the value of their modulus of
elasticity. Usually, the compaction of the wood tissue contributes to the improvement of the
mechanical properties of the wood, even more than the increase in the density of the wood.
Sometimes, however, the increase in the value of the mechanical parameters is smaller than
the increase in wood density caused by its compaction.

One method that ensures plasticisation and fixation in one step is treatment with
ammonia. Ammonia penetrates deeper into wood than water. This causes significant
plasticisation of the wood, and the permanent displacement of particles becomes possible
as the cellulose changes its morphology as new bonds are formed. The effect of ammonia
is to swell the wood tissue, dissolve the low-molecular substances it contains, and split
higher polymerised hemicelluloses, which is manifested by increasing the solubility of
wood in water. Part of the ammonia is permanently bound to the lignin. Along with
the destruction of hemicelluloses, some changes occur in the cellulose itself, and some of
the bonds between lignin and carbohydrates are broken. Ammonia penetrates not only
amorphous areas, but also, it can be assumed, partially in ordered areas. Due to the washing
out of soluble substances and the deep penetration of ammonia and water particles into
the cell membrane structure, an additional capillary system appears, and the inner surface
of the wood is increased. Microfibrils gain greater freedom of movement from each other,
manifested externally in the advanced plasticisation of the wood tissue [17–21].

Paulownia Clone in vitro, commonly known as Oxytree, is a new species that has
appeared in Poland for several years. Apart from the tree’s physical and mechanical
properties and the environmental impact of the tree, the species has not been thoroughly
researched. Furthermore, not many studies related to the compression of this wood
structure have been carried out. The aim of the study was to densify wood after its
plasticizing in ammonia solution and to determine its selected properties. It was decided
to determine the hardness of the wood in all anatomical directions and the compressive
strength in the direction of densification. The dimensional stability of the material in water
and humid air was also determined. Therefore, it was decided to compare the densification
process after the wood was plasticised with ammonia on two completely different types of
wood: the heaviest type of wood naturally occurring in Poland and one of the lighter ones,
which is popular in Poland. For this purpose, hornbeam and Paulownia wood were used.

2. Materials and Methods

The test samples were obtained from 10 Paulownia wood planks, 24 mm thick, pur-
chased from a local seller, originating from Shantung Province (China). The boards were
machined and cut into samples with lengths: of 22 mm in the tangential and longitudinal
directions and 106 mm in the radial direction. The panels were selected so that the growth
rings were as parallel as possible to the longer edge of the specimen. The moisture content
(MC) of the samples obtained was about 12%. Hornbeam wood was the second experi-
mental material, as hornbeam is the heaviest species that grows naturally in Poland. The
material for the tests was taken from 60 mm-thick hornbeam logs. The log was cut into
one-meter sections and mechanically processed to obtain samples of the exact dimensions
as above. The drawing showing the model cut out with the dimensions marked is shown
below (Figure 1). The densification process was applied to 70 samples of hornbeam and
Paulownia wood. The exact number of samples was used as the reference material. Thirty
samples were then used for the hardness determination, 30 for the compressive strength of
the wood, and 10 for thickness swelling.
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The density of the samples was determined before densification and after the modifica-
tions made to measure the degree of compaction as a percentage. Density was determined
using the ISO 13061-2 standard [22]. Rectangular samples were measured in three direc-
tions with a calliper with an accuracy of 0.01 mm and then weighed on a laboratory balance
with a measurement accuracy of 0.001 g. Density was calculated as the ratio of its mass
and volume.

The samples were plasticised in a 25% ammonia solution. It consisted of heating the
pieces in a boiling aqueous 25% ammonia solution for seven hours. The samples were
placed in 6 L round-bottomed flasks. The flasks containing 2.5 L of the ammonia solution
and the pieces were connected to a reflux condenser and placed in a heating mantle to bring
the solution to a boil. The boiling point of the solution was 110 ◦C. After 7 h, the samples
were taken out of the solution and inserted into the clamps in a hot-plasticized state.

A particular device was designed to densify the wood. The device was designed
in such a way as to limit the possibility of the sample buckling on either side (Figure 2).
Therefore, the samples after densification had a rectangular shape. Compression took place
in the radial direction of the wood on a Zwick ZO50TH (Zwick/Roell, Ulm, Germany)
strength testing machine. The maximum deformation that the samples could withstand
without cracking and failure was 85 mm for paulownia and 55 mm for hornbeam wood
samples. This compression of the samples was achieved by applying a stress of 2.5 N/mm2.
This is the value beyond which the stress rapidly increased, as proven by preliminary tests.
After pressing the specimens, the clamps were clamped by tightening the screws to prevent
elastic recovery. The samples clamped in this way were left in the laboratory to dry.
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After six weeks of conditioning, the densified wood samples were subjected to com-
pression and a Brinell hardness test. The hardness of the tested materials was determined
in three anatomical directions. A steel ball with a diameter of 10 mm was pressed into the
surface of the samples with a force of 1000 N for densified and 500 N for control hornbeam
samples and for paulownia wood, 500 N and 150 N, respectively. The maximum and
minimum diameters of the residual indentation were measured with a Brinell magnifier to
the accuracy of 0.1 mm. The hardness was calculated from the following formula:

HB =
2F

Dπ
(

D−
√

D2 − d2
) (MPa) (1)

where F is the force acting on the ball (N), D is the diameter of the pressed ball (mm), and d
is the average residual indentation (mm).

Compressive strength was determined in the direction of densification, so in the
radial direction. The stress at the proportionality limit (so-called compressive strength
perpendicular to the grain or relative strength (RcR in the radial direction)) was determined.
Compression tests were conducted using a numerically controlled test machine, Zwick
Z050TH (Zwick/Roell, Ulm/Germany).

The maximum wood swelling degree was determined on five densified hornbeam
and Paulownia wood samples. The maximum swelling was determined only in the radial
direction. The oven-dried samples were measured in the radial direction with a calliper
with an accuracy of 0.01 mm; then, the samples were placed in a desiccator above the water
surface for 14 days (RH = 98%). After this time, the samples were again measured in this
direction with an electronic calliper. Similar measurements were made on five consecutive
samples, with the difference that the samples were placed in a beaker with distilled water
for 14 days. Thanks to this, it is possible to evaluate the behaviour of such wood in humid
air and water. The maximum swelling degree was calculated as the ratio of the increase in
the size of the sample to its initial size.

The experimental data were analysed using the STATISTICA 13.3 software (TIBCO
Software Inc., Palo Alto, CA, USA) with the analysis of variance (ANOVA). Significant
differences between mean values of the parameters describing paulownia and hornbeam
wood properties were determined using Tukey’s HSD test. The comparison tests were
performed at a 0.05 significance level. Identical superscripts, e.g., a, b, c, denote no
significant difference between mean values of the investigated properties.

3. Results and Discussion

The results of the determined density of hornbeam and Paulownia wood before and
after densification are presented in Table 1.

Table 1. Basic statistical parameters of the density of the studied wood species.

Material

Statistical Parameters
Coefficient of Variation,

CV (%)ρmin ρmean ρmax ±SD
(kg ×m−3)

Control hornbeam 761 786 a 831 31.5 4.01
Densified hornbeam 1010 1102 c 1232 95.2 8.65

Control Paulownia 243 249 b 279 6.3 2.53
Densified Paulownia 643 705 d 784 59.2 8.39

a–d different superscripts denote a statistically significant (p < 0.05) difference between mean values according to
Tukey’s HSD test.

As shown in Table 1, the average measured density of the hornbeam with a moisture
content of MC = 12% is 786 kg/m3. This is a relatively low value for Poland’s heaviest
and hardest native species because, according to Wagenführ [23], the average density of
hornbeam is about 830 kg/m3 and the minimum is 530 kg/m3. The density at 790 kg/m3
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was almost identical to [24,25]. The average density of the studied variety of Paulownia at
12% moisture is slightly lower than usual for this species. The density for Oxytree should
be between 220 and 350 kg/m3 with an average value of 270 kg/m3 [26–29]. The average
density for all densified samples of hornbeam wood increased by an average of about
320 kg/m3. However, this is only an average value. The densification results of individual
specimens differed significantly, as evidenced by the difference between the minimum and
maximum obtained density. The higher coefficient of variation for non-densified samples
and the standard deviation show that the spread of density is significant compared to the
control, unmodified wood. The density of hornbeam wood after densification increased
by nearly 40% compared to the reference samples. A lower increase in hornbeam wood
density can be explained by a higher initial density and a significant recovery of this wood
after deformation. The densification process was carried out in the radial direction, where
the wood rays constituted a substantial obstacle in the compaction process. The presence
of aggregate wood rays characterises the hornbeam. However, the microstructure of these
rays looks different than, for example, those in beechwood. The aggregate rays present
in hornbeam wood are made of narrow wood rays separated by layers of wood fibres. A
much higher increase in wood density was observed in Paulownia. The average value
increased by over 2.8-times. A similar values, 740 kg/m3, was given by Li et al. [30] after
densification. Although the increase in wood density is significant, it is still much lower
than in the case of previously delignified wood [6,10]. It should be noted that the density
of hornbeam and Paulownia samples was not the same. The initial height of hornbeam
samples was reduced by 55 and Paulownia by 85 mm. The changes in wood density after
the densification process were statistically significant for both types of wood.

Table 2 summarises the average values of the Brinell hardness for three anatomical
directions (L—longitudinal, T—tangential, R—radial) of hornbeam wood and Paulownia
wood before and after densification.

Table 2. Basic statistical parameters of the Brinell hardness (HB) of the studied material.

Material
Statistical Parameters

HBL (MPa) HBT (MPa) HBR (MPa)

Control
hornbeam

HBmean 69.24 d 37.25 b 38.13 b

±SD (MPa) 7.26 4.55 4.98

CV (%) 10.48 12.21 12.82

Densified
hornbeam

HBmean 103.35 c 67.12 a 65.64 e

±SD (MPa) 10.06 7.67 8.72

CV (%) 9.73 11.42 13.28

Control
Paulownia

HBmean 10.61 b 5.63 d 5.46 a

±SD (MPa) 1.22 1.06 1.10

CV (%) 11.49 18.83 20.15

Densified
Paulownia

HBmean 41.55 c 22.51 e 20.51 f

±SD (MPa) 5.49 2.39 2.63

CV (%) 13.21 10.62 12.82
a–f different superscripts denote a statistically significant (p < 0.05) difference between mean values according to
Tukey’s HSD test.

The table above shows that the wood has the highest hardness in the longitudinal
direction, despite compacting it in the radial direction. The wood’s radial densification
increases the wood’s hardness in three anatomical directions. Likewise, a significant
change in hardness due to densification has also been reported for different densification
processes [31–33]. The presented data indicate that the hardness of the tested materials is in
the range of 5.63 MPa for control Paulownia wood to 103.35 MPa for densified hornbeam.
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The obtained results for the control hornbeam wood did not differ from the values given,
for example, by [24,34]. Very similar results were also presented by Fodor et al. [35], where
HB along the fibres was 67 and across the fibres 28 MPa. Comparing the hardness results for
particular anatomical directions of hornbeam wood, a significant increase in this parameter
can be noticed. The increase in hardness was about 80% perpendicular to the fibres and
nearly 49% in the longitudinal direction in favour of densified wood. The lowest HB
values characterised paulownia wood. In the longitudinal direction, it was only 10.6 MPa
and across the fibres, only half of this value. There are no specific Brinell tests on Oxytree
hardness in the literature. According to [26], the hardness determined by the Brinell method
for the Paulownia tomentosa species is 19.7 MPa in the longitudinal direction, 9 MPa in
the radial direction, and 8.2 MPa in the tangential direction, which is almost twice as high
as in the Oxytree control samples. According to [36], HB parallel to fibres is about 27
and perpendicular 9.5 MPa. By densifying the Paulownia wood by 85 mm, the hardness
increased nearly four-times in each anatomical direction. Li et al. obtained a minor increase
in density with the densification of Paulownia wood, which amounted to 84 to 173%. The
ANOVA analysis of variance confirmed that HB differed statistically after the densification
process. Statistically insignificant differences occurred only in the hornbeam control wood,
where the differences were statistically insignificant for both transverse directions.

Table 3 shows the average values and primary statistical data of the compressive
strength of wood in the radial direction (RcR) carried out before and after the densifica-
tion process.

Table 3. Basic statistical parameters of the compressive strength of the studied material.

Material

Statistical Parameters
Coefficient of Variation,

CV (%)RCRmin RCRmean RCRmax ±SD
(N ×mm−2)

Control hornbeam 10.11 11.75 c 15.32 2.11 17.96
Densified hornbeam 18.23 20.08 a 31.76 5.62 25.45

Control Paulownia 1.12 1.37 b 1.65 0.20 14.82
Densified Paulownia 3.81 4.38 d 5.45 0.75 17.05

a–d different superscripts denote a statistically significant (p < 0.05) difference between mean values according to
Tukey’s HSD test.

The compressive strength of wood perpendicular to the grain is low. It is also im-
possible to determine the maximum compressive stress in the radial direction. During
compression, successive wood zones are destroyed, resulting in the wood’s compaction.
Therefore, stress at the limit of proportionality is most often taken as strength. Comparing
the average values of the compressive strength of hornbeam wood samples before and after
modification, a significant increase in this parameter can be noticed in the modified wood.
On average, the compressive strength increased by almost 71%. The obtained results for
the control hornbeam samples did not differ significantly from the results of other authors
and fell within the given range of 9.7–11.5 MPa [25,37]. The Paulownia wood analysed had
a very low compressive strength perpendicular to the fibres. During the densification of
Paulownia wood and its shortening by 85 mm, the strength increased by over 320%. Such a
large change may indicate significant changes in the structure of the wood. The force at the
limit of proportionality was over 2100 N and was over three-times greater than the force in
the control samples. The obtained differences are statistically significant at the significance
level of 0.05.

A significant increase in the analysed mechanical parameters proves that ammo-
nia is a suitable plasticiser. Its good plasticising properties have been described many
times [17,19,21]. However, the biggest problem of mechanically densified wood is the
post-deformation recovery associated with the discharge of the elastic energy previously
accumulated and partially preserved in the drying process. Wood expansion deformations
result from its elastic–viscous properties, exacerbated by moisture changes. In such a case,
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apart from the elastic deformations (immediate and delayed) resulting from the partial
return of the deformed cell walls to their original form, there are also deformations related
to the swelling of the wood. As the value of wood swelling increases with the greater
density of wood, the problem of the moisture deformation of the densified wood is still the
subject of many studies to reduce this unfavourable feature of such modified wood [8,9,38].
Therefore, it was purposeful to answer the question: How does the tested wood swell in
the radial direction, i.e., in the direction of densification? Figure 3 shows the values of the
maximum degree of swelling for densified hornbeam and Paulownia wood after 14 days
of exposure to various humidity conditions. Both analysed materials behave similarly in
conditions of increased humidity or liquid water. Hornbeam (Hb) wood was characterised
by higher swelling. This is due to its higher density and aggregate wood rays. The wood
swelling in humid air shows lower values. The process is more relaxed and slower. The
post-deformation recovery of Paulownia (P) was about 50% and of hornbeam almost 80%.
While in water, these values were about twice as high and about 107 and 153%, respectively.
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Prior plasticisation of the wood in ammonia solution does not sufficiently stabilise
the obtained material. Wood deformation recovery is significant. Jakes et al. [8] found that
hemicelluloses are responsible for shape stabilisation and that lignin plays a significant role
in the recovery mechanism. The chemical change in the wood after the action of ammonia
is not substantial. Part of the ammonia is permanently bound to the lignin. Along with the
destruction of hemicelluloses, some changes occur in the cellulose itself, and some of the
bonds between lignin and carbohydrates are broken. Because lignin is not removed during
the modification of ammonia, but is only combined with it, the recovery stabilisation effect
is reduced. Partial removal of matrix components from the cell walls significantly reduces
their relaxation effect. The above observation confirms the earlier results of [10].

4. Conclusions

The presented and discussed results led to the following conclusions:

1. Ammonia solution is a suitable wood plasticiser. The previously plasticised and
mechanically densified hornbeam and Paulownia wood was characterised by a wood
density higher than the control samples. This increase was approximately 40% and
280%, respectively.

2. Radial densification of wood contributed to a statistically significant increase in Brinell
hardness in all anatomical directions of the wood. There was also a substantial increase
in the compressive strength of wood in the radial direction.
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3. The ammonia solution does not contribute to stabilising the shape of the obtained
material in conditions of increased humidity. The recovery of samples immersed in
water is essential.
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Abstract: Multi-beam box girder bridges have been applied widely throughout the world for many
years. However, the cracking of longitudinal joints between the box girders always leads to reflective
cracking of the bridge decks during the service period and thus finally affects the safety and durability
of the actual bridges. An embedded steel plate (ESP) strengthening method was presented by
introducing carbon-A/-B glue to reinforce the longitudinal joints of old multi-beam box girder
bridges for this problem. In order to evaluate the feasibility of the proposed method for actual
bridges, an old multi-beam box girder bridge was reinforced, and structural parameters including
strain, frequency, and deflection were obtained by adopting field tests before and after strengthening.
In addition, the corresponding finite element (FE) model of the background bridge was also set up
using ANASYS 18.0 to analyze the strengthening process. Analysis results of the actual bridge and
FE model indicate that structural stiffness and load lateral transferring performance between the
box girders were enhanced after ESP strengthening. Therefore, this proposed strengthening method
can be used to improve the mechanical performance of multi-beam box girder bridges and provide
reference for such bridge reinforcement.

Keywords: multi-beam box girder bridge; ESP strengthening; field test; load lateral transferring
performance; structural stiffness

1. Introduction

Multi-beam box girder bridges have always been applied in short- and medium-span
bridges. Those bridges were longitudinally connected together through full-depth and
partial-depth shear keys between adjacent girders to enhance the bridge’s integrity [1]. Due
to accelerated bridge construction, high torsional stiffness, favorable depth-to-span ratios,
cost-effectiveness, and aesthetic appeal [2,3], multi-beam box girder bridges are one of the
most popular bridges and have been applied widely for many years in the world. However,
this type of bridge has lost attractiveness little by little because of the longitudinal cracks
at the girder-key interface or in the shear key that are created under a combination of live
loads and temperature [4]. These cracks can spread to the bridge slab surface and lead
to salt and water leakage through the shear key, and they can accelerate the corrosion of
the joint rebar. Lateral load transferring among the box girders can be lost, which leads to
safety concerns [5]. Attanayake and Aktan [2] tried to apply a cast-in-place concrete slab,
transverse post-tensioning, full-depth shear keys, and seven-day moist curing of the bridge
slab to mitigate reflective cracks. The results showed that these methods failed to solve the
longitudinal joint cracking of multi-beam box girder bridges.

In America, four types of keyway details (three generic partial-depth shear keys and
a generic narrow full-depth shear key) are used. Conversely, the wide full-depth shear
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key is applied in South Korea, Japan, and England [6–8]. El-Remaily et al. [9] indicated
that longitudinal cracks were seldom found in multi-beam box girder bridges with wide
full-depth shear keys. At present, four grouting materials (shrinkage-compensated concrete,
fiber-reinforced concrete, cement-based construction grout, and epoxy grout) were applied
in the shear key. It is easy to de-bond at the interface of the shear key, which is filled
with cement-based construction grout, during the early-age period when the shear key is
subjected to the heat of hydration and joint material expansion. Liu and Phares [10] showed
that the wide full-depth joint filled with shrinkage-compensated concrete performed better
than the narrow full-depth joint filled with epoxy grout. It was also found that the wide
full-depth joint filled with shrinkage-compensated concrete would have cracks during the
early-age period. However, the epoxy has a high thermal expansion relative to that of the
concrete, and this may lead to cracking of the epoxy grout. Sang [11] found that longitudinal
cracks have not occurred in the full-depth shear key but did occur in the partial-depth
keyways using fiber-reinforced cementitious grout. This showed that it was very important
to choose the grouting material and joint details to mitigate longitudinal cracking of the
bridge slab. Yuan and Graybeal [12] reported a new shear key design for multi-beam box
girder bridges using ultra-high performance concrete (UHPC). Hussein and Steinberg [13]
found that UHPC might enhance the capacity of the shear key and mitigate reflective
cracking of the bridge deck due to high adhesion and higher strength of the UHPC material,
and the adhesive strength increased with surface roughness (adhesion/cohesion values of
3.01, 5.01, and 5.63 MPa for smooth, mid-rough, and rough surfaces). Shad et al. [14] and
Ali et al. [15] showed that a UHPC joint with a smooth surface and minimum transverse
rebar was sufficient for load transfer between the beams for the load level used in the
Federal Highway Administration testing, and these research studies indicated that a UHPC
joint with a mid-rough surface and minimum transverse rebar was capable of transferring
the load up to failure of the girder system.

Multi-beam box girder bridges constitute one-sixth of all the bridges in America [5],
and they account for the largest percentage (about 85%) of bridges built during the early
years in China. About 73% of these bridges have partial-depth shear keys, about 80% have
spans ranging between 12 m and 18 m, and more than 15% are replaced or built each
year [16]. The cause for the replacement is that the shear key is ruptured, which leads
to the loss of lateral load transfer between the box girders, and the capacity of the single
box girder is further reduced under the action of overloaded vehicles and environmental
variations, which creates safety concerns. If the shear key is reinforced to enhance the
overall performance of box girder bridges, there is no need to rebuild or replace most
of the multi-beam box girder bridges with the distress, which can avoid inconvenient
vehicle traffic and economic loss. To the authors’ knowledge, few studies were conducted
to strengthen the longitudinal joints of multi-beam box girder bridges. Attanayake and
Aktan [2] and Shi [17] tried to apply transverse post-tensioning and large diameter screws
to reinforce the shear key of box girder bridges, and this required that the stress must be
constant per unit length in the direction of the bridge span. In fact, the compressive stress
is only limited to a slab width of 1.35 times in the direction of post-tensioning, and it varied
with the bridge width, which made the reinforced effect of transverse post-tensioning
ineffective. Fu et al. [18] also reported that the transverse post-tensioning had no effect on
the load transfer between the girders before the cracking of the shear key.

Since the full-depth shear key with high adhesive strength of the grouting material
might mitigate reflective cracking [11,12], the authors tried to propose a new method
by introducing a new grouting material (carbon-A/-B glue) to strengthen the partial-
depth keyways. Carbon-A/-B glue has outstanding advantages in adhesion/cohesion
strength and shear strength, and it especially gives good mobility to grout, conveniently,
in the narrow gaps between the box girders. To reduce the amount of carbon-A/-B glue,
the steel plates are embedded in the shear key and the gaps between the girders as the
skeleton. The box girders and steel plates are pasted by the carbon-A/-B glue in the
full depth of the longitudinal joints, as the full-depth shear key, to make the box girder
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bridge behave monolithically. In this study, an old multi-beam box girder bridge was
strengthened using the ESP method. Then its corresponding structural performance before
and after ESP strengthening were obtained and analyzed by adopting field tests. Finally,
a three-dimensional finite element (FE) model was developed to further investigate the
strengthening effect.

2. Experimental Program
2.1. Bridge Description

The background bridge, located in Shaoxing, China, was constructed in 1994 and was
scheduled to be dismantled in 2021. Its three box girders of 1# span were selected as the
experiment subject to evaluate the feasibility of the proposed ESP method. Figure 1 is
composed of three figures, and these figures show the longitudinal section, girder section,
and transverse section, respectively. It can be seen that the bridge consists of five spans and
the total length is 86 m. The length of the 1# and 3# span is 13 m and other spans are 20 m.
The width of the bridge slab is 23.3 m, and each girder of 1# span is 990 mm and 550 mm in
width and depth, respectively, as shown in Figure 1b. Each span of the bridge is made up of
twenty-one box girders. Each girder of 1# span is prestressed using nine 9.5-mm-diameter
pre-tensioning strands and all these strands are stressed to 195 kN. The box girders are
connected together by adopting partial-depth shear keys, which incorporate an on-site
concrete slab (100 mm deep) with monolayer rebar mesh. In 2002, the reflective cracking of
the bridge slab was observed in the longitudinal joints, and a few cracks were also found
in the bottom surface of the box girders. In the following years, the reflective cracking
of the bridge slab became worse with the increasing of traffic loads and the overloading
of vehicles. In 2006, the partial-depth shear keys and bridge slab were removed, and the
longitudinal joints were rebuilt using concrete with a compressive strength of 40 MPa. The
bridge deck was replaced by a cast-in-place concrete slab (200 mm deep) with two-layer
rebar mesh, and the designed compressive strength of the concrete is also 40 MPa. In 2018,
the longitudinal reflective deck crack was observed again, and the damage degree was less
than that in 2006. This showed that the increasing of the depth and reinforcement ratio of
the bridge slab might relieve the development of reflective cracking. With the service time
increasing, the reflective cracking of the bridge slab would become more and more severe,
which was consistent with Attanayake and Aktan [2].

Figure 1. Background bridge (cm). (a) Longitudinal section. (b) Girder section. (c) Transverse section.
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2.2. Material Properties

It can be seen in the introduction that the full-depth shear key with high adhesive
strength of grouting material might mitigate reflective cracking. Since the carbon-A/-B glue,
a kind of composite material, has high tensile and shear strength, high adhesion/cohesion
strength, and good mobility, it is chosen in our work. The carbon-A/-B glue is shown in
Figure 2. The carbon-A/-B glue is divided into an A-type and B-type in storage. When the
two kinds of glues are mixed together, the solidification takes place after about six hours.
The mixture ratio is A:B = 1:2. According to the product instructions, the adhesion strength
of the concrete-concrete interface with a smooth surface is 4.2 MPa; this is larger than that
of the HSC-UHPC interfaces with a smooth surface (3.5 MPa) [11], whereas the adhesion
strength of the steel-steel interface is 35 MPa. The steel plate was embedded in the shear
keys, and the gaps between the box girders might further improve the adhesion strength of
the girder-key interface or the girder-girder interface. The elongation of the glue after the
solidification is 2.1%, and the shear deformation is less than 0.2 mm. Huckelbridge et al. [15]
reported that the shear key is fractured if the relative displacement value is between 0.08
and 0.5 mm, whereas a relative displacement value of 0.025 mm or less between box girders
indicates that the shear key remains intact when the grouting material is concrete. This
also shows that the carbon-A/-B glue endures a good shear deformation in comparison
with concrete. The material properties of the steel plate and carbon-A/-B glue are listed in
Table 1.

Figure 2. Carbon-A/-B glue and mixture. (a) Glue. (b) Mixture.

Table 1. Material properties of carbon-A/-B glue and the steel plate.

Shear Strength
(Mpa)

Yield Strength
(Mpa)

Tensile Strength
(Mpa)

Young’s
Modulus (Gpa)

Steel plate 265 435 540 210

Carbon-A/-B glue ≥15 ≥65 ≥30 ≥2.5

2.3. Schematic Process

Figure 3 shows the details of the steel plate, which is embedded in the shear keys and
gaps between the box girders. The steel plate is divided into two parts. One part is welded
into the grooved section located in the shear keys, and another part is embedded directly
into the gaps between the box girders, as shown in Figure 3a. The PVC pipes are inserted
by drilling holes at the bottom of the grooved section to grout the carbon-A/-B glue. The
length of the steel plate is more than 100 mm from the bottom surface of the box girder,
and some holes were drilled at the exceeding part of steel plate, as shown in Figure 3b.
Two angle irons are connected to the steel plates, using the bolts to resist the pressure
caused by grouting the carbon-A/-B glue, as shown in Figure 3a. The sealing strips are
pasted between the angle irons and the bottom surface of the box girder to prevent leakage
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of the carbon-A/-B glue. The steel plate is divided into thirteen parts in the longitudinal of
the box girder in order to be easily installed, as shown in Figure 3b.

Figure 3. Details of inserting the steel plate. (a) Transverse section (mm). (b) Longitudinal section (cm).

Figure 4 shows the process of the ESP strengthening method. As the initial step,
the bridge slab and shear keys of the old bridge are chipped away and then the girder-
key interface and girder-girder interface are cleaned up (Figure 4a). The steel plates are
embedded in the shear keys and gaps between the box girders, as shown in Figure 3.
Two angle irons are placed flat and tight against the underside of the box girders at the
gaps between the box bridges and are connected with the steel plate by the bolts, as shown
in Figures 3a and 4b. The sealing strips are applied to plug the gaps between the angle
irons and the underside of the box girders to prevent leakage of the carbon-A/-B glue
(Figure 4b). Some holes need be reserved at the bottom of the grooved steel located in the
partial-depth shear keys in order to install the PVC pipes, and the carbon-A/-B glue is
injected into the spaces between the steel plate and box girders through the PVC pipes. The
upper ends of the spaces between the grooved steel and the box girders are also sealed by
the strips to prevent leakage of the concrete when the bridge deck and the shear keys are
cast-in-situ (Figure 4c). The carbon-A/-B glue is injected into the spaces between the steel
plates and box girders through the PVC pipes until the concrete strength reaches 40 Mpa
(Figure 4d). The carbon-A/-B glue was grouted from the mid-span to the edge along the
longitudinal joint.
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Figure 4. Process of the ESP strengthening method. (a) Cleanup and installation. (b) Sealing treatment.
(c) Insertion of PVC pipe. (d) Cast-in-place and grout.

2.4. Field Test

A truck was applied to conduct field tests before and after ESP strengthening. Its
parameters and configurations are listed in Table 2 and Figure 5, respectively. The tests were
proceeded under three cases: the first was continuous loading and the truck was driven
along the box bridge, the second was symmetrical loading at the mid-span (Figure 5a),
and the third was partial loading at the mid-span (Figure 5b). Figure 6 shows the layout
of the strain gauge and LVDTs for the three box girders. Three 1/1000-mm LVDTs were
applied to measure the vertical displacements at the mid-span of the box girders (Figure 6),
and four 1/1000-mm LVDTs were laid near the gaps to measure the relative displacements
between the box girders. Strain gauges were also placed in the underside of the box girders
at the mid-span to measure the concrete strain (Figure 6). The data acquisition instrument
(DHDAS-3818Y) was used to collect the static experimental data, and all strain gauges and
LVDTs were connected to the data acquisition instrument using extension lines (Figure 7).
In addition, the dynamic test was also carried out to further verify the reinforcement effect
of the ESP method. The frequencies of the box girder bridge were measured under ambient
excitation before and after ESP strengthening, and the data logger was used to collect the
dynamic test data (Figure 8). Both the dynamic and static loading tests were conducted
twice, and the average values were selected as test results.

Table 2. Load Vehicle Parameters.

Axle Axle Load (kN) Left Tire (kN) Right Tire (kN) Distance between
Axle (m) Axle Width (m) Truck Total

Load (kN)

1 80 39 41 3.9 2.036
3002 111 55 56 1.3 1.860

3 109 53 56 / 1.860
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Figure 5. Truck load configuration (m). (a) Symmetrical loading. (b) Partial loading.

Figure 6. Layout of the strain gauge and LVDTs.

Figure 7. Static test.
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Figure 8. Dynamic test.

3. Experimental Results

In this study, the ESP method was used to strengthen the longitudinal joint of an old
multi-beam box girder bridge. Figure 9 shows the vertical deflections under the symmetrical
and partial static loading test before and after ESP strengthening. Under the symmetrical
static loading case (Figure 9a), the deflections for the 1#, 2#, and 3# girders were 4.834 mm,
1.085 mm, and 5.018 mm before strengthening, respectively, and 3.766 mm, 3.102 mm, and
3.85 mm after strengthening, respectively. The strengthening effect of the deflections was
improved by 28.4%, 185.9%, and 30.3% for the 1#, 2#, and 3# girders, respectively. The
relative displacement before strengthening was 0.75 mm between the 1# and 2# girders
and 0.93 mm between the 2# and 3# girders. This indicates that the shear keys of the
old box girder bridge have been fractured according to Huckelbridge et al. [15]. After
strengthening, the relative displacement was 0.02 mm between the 1# and 2# girders and
0.023 mm between 2# and 3# girders. This indicates that the shear keys remain intact.
Figure 9b displays the vertical displacements at the mid-span under partial loading before
and after strengthening. The displacements were 0.446 mm, 1.553 mm, and 3.437 mm
for the 1#, 2#, and 3# girders before strengthening, respectively, and the corresponding
displacements were 1.65 mm, 1.692 mm, and 1.965 mm after strengthening, respectively.
The displacement of the 3# girder was decreased by 43% and increased by 270% and 9% for
the 1# and 2# girders, respectively. The relative displacements before strengthening were
0.51 mm between the 1# and 2# girders and 0.89mm between the 2# and 3# girders. After
strengthening, the corresponding relative displacements were 0.012 mm and 0.018 mm.
This shows that the whole performance of the box bridge after strengthening was better
than that before strengthening.

Figure 9. Displacement at the mid-span. (a) Symmetrical loading. (b) Partial loading.
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Figure 10 displays the concrete strain values in the underside of the box girders at
the mid-span under the symmetrical and static partial loading tests before and after ESP
strengthening. The test results under symmetrical loading presented that the maximum
and minimum concrete strain values at the mid-span were 1747 µε and 952 µε before
strengthening, respectively. After strengthening, the corresponding strain values were
1413 µε and 1299 µε, respectively. Under the case, the maximum concrete strain value of the
concrete was decreased by 23.6%, and the minimum concrete strain value was increased by
26.7%. Under the partial loading, the maximum and minimum concrete strain values in the
underside of the box girders at the mid-span were 1244 µε and 248 µε before strengthening,
respectively, and 763 µε and 637 µε after strengthening, respectively. Under the condition,
the maximum and minimum concrete strain values were decreased by 63% and increased
by 61%, respectively. In one word, the concrete strain values were improved obviously
before and after strengthening.

Figure 10. Concrete strains in the underside of the box girders at the mid-span. (a) Symmetrical
loading. (b) Partial loading.

The truck was driven along the box bridge to present the variations in the deflection
of the box girder at the mid-span under the symmetrical and partial continuous loading
conditions. The deflection curves under the above cases are shown in Figure 11. Before
strengthening, the maximum deflection was 5.17 mm under the symmetrical continuous
loading case, and the big relative displacement was 0.75 mm. After strengthening, the
maximum deflection was reduced to 3.8 mm, and the big relative displacement decreased to
0.021 mm. The maximum deflection was improved by 36%, and the relative displacement
met the requirements that Huckelbridge et al. [15] proposed. Under the partial continuous
loading case, the maximum deflection before strengthening was 4.44 mm, and the big
relative displacement was 0.89 mm. After strengthening, the corresponding values were
2.2 mm and 0.02 mm, respectively. The maximum deflection was improved by 50%, and
the relative displacement was less than 0.025 mm. The comparison of the deflections and
the relative displacement before and after strengthening indicate that the box girder bridge
behaves more monolithically after strengthening.

Figure 12 displays the concrete strain curves in the underside of the box girders at
the mid-span under the symmetrical and partial continuous loading tests before and af-
ter the ESP strengthening. The test results under the symmetrical continuous loading
case presented that the maximum concrete strain value was 1927 µε before strengthening,
and the corresponding value was 1409 µε after strengthening. Under the partial continu-
ous loading case, the maximum concrete strain value was 1542 µε before strengthening
and 787 µε after strengthening. It can be seen that the maximum concrete strain value
was decreased by 36.8% under the symmetrical continuous loading case and 49% under
continuous partial loading.
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Figure 11. Deflections of the box girder at the mid-span under the continuous loading case.
(a) Symmetrical loading. (b) Partial loading.

The collection time of the acceleration signal is not less than 30 min in order to get
enough data under ambient excitation. Then the signals were used to obtain the Fast
Fourier transform (FFT) spectrum of the box bridge (Figure 13). It can be seen that the
first three order frequencies before strengthening were 8.875 Hz, 11.274 Hz, and 18.167 Hz,
respectively, and the corresponding frequencies were 17.578 Hz, 25.282 Hz, and 30.416 Hz
after strengthening, respectively. The fundamental frequency was increased by 46%, and
this indicates the overall stiffness of the box girder bridge is improved by adopting the
ESP method.
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Figure 12. Concrete strain curves of the box girder at the mid-span under continuous loading.
(a) Symmetrical loading. (b) Partial loading.

Multi-beam box girder bridges always consist of side-by-side prestressed or precast
reinforced concrete box girders, which are then longitudinally connected together using the
shear keys. The distribution factor of the vehicle axle load to each box girder is not always
equal, as it is commonly characterized by a live load distribution factor. Some researchers
have tried to explore the analytical approaches of lateral load distribution by adopting
field tests. However, load effects cannot be directly measured in the field, whereas the
deflection and strain can be measured. As a result, the distribution factor can alternatively
be determined by taking the ratio of the response in a given member to the summation of
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all primary load-carrying member responses and multiplying the number of trucks applied
on the bridge [19], as follows:

gi =
Rmax,i

∑
NO.girders
i Rmax,i

· Ntrucks =
∆max,i

∑
NO.girders
i ∆max,i

· Ntrucks

=
εmax,i

∑
NO.girders
i εmax,i

· Ntrucks

(1)

where Rmax,i is the maximum reaction force in the ith girder; ∆max,i is the maximum
deflection in the ith girder; εmax,i is the maximum strain in the ith girder; and Ntrucks is the
number of trucks on the bridge for the given loading.

Figure 13. FFT Spectrum. (a) Before ESP strengthening. (b) After ESP strengthening.

Figure 14 shows the lateral load distribution factors under the symmetrical and static
partial loading cases before and after ESP strengthening. Under the symmetrical static load-
ing case, the deflection distribution factors obtained from Equation (1) before strengthening
were 0.44, 0.1, and 0.46 for the 1#, 2#, and 3# girders, respectively, and the coefficient of
variation was 0.036. The strain distribution factors were 0.4, 0.22, and 0.38 for the 1#, 2#,
and 3# girders, respectively, and the coefficient of variation was 0.039. After strengthening,
the corresponding deflection distribution factors were 0.35, 0.29, and 0.36, respectively, and
the coefficient of variation was 0.017. The corresponding strain distribution factors were
0.35, 0.32, and 0.33, respectively, and the coefficient of variation was 0.018. Under the case,
the coefficient of variation of the deflection and strain distribution factors was improved by
53% and 50% after strengthening, respectively. Under the static partial loading condition,
the deflection distribution factors before strengthening were 0.08, 0.29, and 0.63 for the
1#, 2#, and 3# girders, respectively, and the coefficient of variation was 1.167. The strain
distribution factors were 0.13, 0.38, and 0.49 for the 1#, 2#, and 3# girders, respectively,
and the coefficient of variation was 0.752. After strengthening, the deflection distribution
factors were 0.31, 0.32, and 0.37 in order, and the coefficient of variation was 0.126. The
corresponding strain distribution factors were 0.31, 0.33, and 0.36, respectively, and the
coefficient of variation was 0.12. Under the condition, the coefficient of variation of the
deflection distribution factors was improved by 89% and 84% for the strain distribution
factor. This indicates that the load lateral transferring performance between the box girders
is improved under two cases.
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Figure 14. Lateral load distribution factor from field tests. (a) Deflection distribution factors under
symmetrical load. (b) Deflection distribution factors under partial load. (c) Strain distribution factors
under symmetrical loading. (d) Strain distribution factors under partial loading.

4. Finite Element Analysis

To further verify the strengthening effect of the ESP method, ANSYS 18.0 [20] was
used to conduct a study based on the background bridge. Figure 15 shows the FE model
of the bridge in Sections 2.3 and 2.4. Concrete box girders, the shear key, and bridge slabs
were all simulated as 3-D element SOLID65. Reinforcing bars and pre-tensioning strands
were modeled as link elements. Double cells with the irregular figure were converted into
the double circular according to the equality of the area and inertia moment. The concrete
properties came from Schmidt hammer tests. The elastic modulus of the steel rebar and
concrete is 200 GPa and 32.5 Gpa, respectively. Poisson’s ratio of the steel rebar and concrete
is 0.3 and 0.18, respectively. The background bridge worked in the elastic behavior under
the truck load, which was applied in the field tests, and the non- linearity behavior was not
taken into consideration in the FE analysis. Before strengthening, the partial-depth shear
key was fractured, and the girder-key interface was thought to be de-bonded in the FE
model. After strengthening, because the adhesion strength of carbon-A/-B glue was more
than the tensile strength of concrete, the girder-key interface strength of the concrete, the
girder-key interface, and the girder-girder interface were thought to be bonded perfectly in
the FE model. The loading process was divided into a loading step and a pre-tension step.
In the pre-tension step, an initial stress, 195 kN, was applied to all strands. A roller and a
hinge were applied as boundary conditions.
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Figure 15. Finite element (FE) model. (a) Analysis model. (b) Boundary conditions. (c) Reinforcement.

In this paper, the Lanczos algorithm was applied for free vibration analysis. The
fundamental frequency results are listed in Table 3. The fundamental frequency of the FE
analysis was 8.76 Hz and 17.45 Hz before and after ESP strengthening, respectively. The FE
analysis results were in good agreement with the test results, and the corresponding error
was only 1.3% and 0.7%, respectively. Table 4 lists the comparison of the deflection of the
1# girder at the mid-span under the symmetrical loading test between the test results and
the FE analysis. The deflections of the 1# girder at the mid-span from the FE analysis were
4.71 mm and 3.62 mm before and after strengthening, respectively, and they agreed well
with the corresponding deflection of the test results.

Table 3. Fundamental frequency results.

Model Number

Fundamental Frequency (Hz)
Model ShapeTest FEA

Before After Before After

1 8.88 17.58 8.76 17.45
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from the FE analysis before strengthening were 0.37, 0.26, and 0.37 for the 1#, 2#, and
3# girders, respectively. After strengthening, the load distribution factors from the FE
analysis were 0.345, 0.31, and 0.345 in order. Under the static partial loading condition,
the load distribution factors from the FE analysis were 0.1, 0.32, and 0.58 for the 1#, 2#,
and 3# girders before strengthening, respectively. After strengthening, the corresponding
load distribution factors from the FE analysis were 0.32, 0.33, and 0.35, respectively. This
indicates that the FE analysis results were consistent with the field tests’ results.

Figure 16. Comparison of load distribution factors between the test and FE analysis. (a) Symmetrical
loading. (b) Partial loading.

Table 5 displays the stress contours of the 1# girder before and after ESP strengthening.
The maximum longitudinal stress was located in the underside of box girder at the mid-
span. The girder strengthened based on the ESP method had a relatively low stress
distribution at the same load condition, which indicated that ESP method could be used to
improve the capacity of the box girder bridge.

Table 5. Stress contours of the 1# girder under the symmetrical loading condition.
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5. Conclusions

In this paper, a 26-year-old multi-beam box girder bridge was reinforced by adopting
the ESP method, and the strengthening results were investigated by adopting field tests
before and after strengthening. The conclusions are drawn as follows.

(1) In comparison to the box girder bridge before strengthening, the field test results
showed that the strengthening effect of the deflections and relative displacements
under the symmetrical/partial loading case was improved greatly. The maximum
concrete strain values under the symmetrical/partial load case were decreased by
23.6%/63% after strengthening, respectively. However, the minimum concrete strain
values under the symmetrical/partial load case were increased by 26.7%/61%, re-
spectively. This indicates that the box girder bridge behaves more monolithically
after strengthening.
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(2) The results showed that the first three order frequencies before strengthening were
8.875 Hz, 11.274 Hz, and 18.167 Hz, respectively, and the corresponding frequencies
were 17.578 Hz, 25.282 Hz, and 30.416 Hz after strengthening for the background
bridge, respectively. The fundamental frequency was increased by 46%, which shows
the overall stiffness of the box girder bridge was enhanced.

(3) The coefficient of variation of the deflection and strain distribution factors was im-
proved by 53% and 50% under the symmetrical load case for the actual bridge, re-
spectively. The coefficient of variation of the deflection and strain distribution factors
was improved by 89% and 84% under the partial load condition, respectively. This
presents that the load lateral transferring performance between the box girders is
enhanced under two cases.

(4) It was manifested that the FE analysis results had a good agreement with the test
results for the fundamental frequency, load lateral distribution factor, and deflection.
The FE analysis results further verified that the ESP method could be used to improve
the mechanical performance of multi-beam box girder bridges.
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Abstract: The current context provides, worldwide, the need to identify solutions for the thermal
efficiency of constructions, through sustainable and innovative methods and products. A viable
solution is to produce thermal insulating products by carding-folding technology, using natural
fibres and recycled polyethylene terephthalate (rPET) and polyester (rPES) waste, converted to
fibres. This paper presents experimental results obtained after testing several thermal insulation
composite products produced using a mix of sheep wool, cellulose, rPET and rPES fibres. The results
of the research demonstrate the thermal insulation properties but, at the same time, identify the
benefits of using such materials on the quality of the air in the interior space (the ability to adjust
humidity and reduce the concentration of harmful substances). At the same time, the advantages of
using sheep wool composite mattresses concerning their resistance to insect attack is demonstrated
when compared with ordinary thermal insulation materials. Finally, sensitivity elements of these
composites are observed in terms of sensitivity to mould, and to contact with water or soil, drawing
future research directions in the development of this type of materials.

Keywords: thermal insulation; recycling; polyethylene terephthalate (PET); polyester (PES); natural
fibres; sheep wool

1. Introduction

According to the Energy Performance Directive (EPBD recast, 2010/31/EU) and the
Energy Efficiency Directive (2012/27/EU) [1,2], nowadays all new buildings should have
been designed according to the principles of the lowest possible energy consumption,
and old buildings are currently designed thermally efficient as much as possible. One of
the key factors in this design is the possibility of thermal insulation. On the other hand,
the principles of the Sustainable Development concept and the need to implement the
defining guidelines of the Circular Economy oblige us to identify new possibilities for
the development of sustainable thermal insulation materials. If by 2020 it was estimated
that buildings represented 30–40% of the global primary energy consumption and more
than 25% of the sources of greenhouse gas emissions [3–6], the current pandemic context
changed this paradigm. It has required the migration of activities in individual or smaller
indoor spaces, with a lower degree of occupancy, so the adverse effects have increased
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substantially, leading to the increasing need to identify sustainable thermal envelope possi-
bilities. Worldwide, various thermal insulation materials are currently used extensively,
mainly expanded or extruded polystyrene or mineral wool. On the one hand, they offer
satisfactory thermal performance but the impact of their production on the health of users
and the environment cannot be neglected: most of the time, in addition to the polluting
emissions that occur during the manufacturing process, these materials reduce the quality
of the air in the living space by reducing the permeability of the walls to water vapour and
various gaseous compounds. Consequently, there is an accumulation of indoor humidity
leading to the development of moulds, the accumulation of volatile organic compounds
or radon [7,8] and, finally, leading to the development of the so-called “sick building syn-
drome” [9–15]. Despite these disadvantages, thermal insulation based on expanded or
extruded polystyrene, polyurethane foam, glass fibre or mineral wool accounts for about
87% of the market [16,17].

The use of plant and animal fibres and recycled waste in new bio-eco-innovative
thermal insulation products, on the one hand, opens new possibilities for the development
of such materials, but, on the other hand, brings new challenges, especially in terms of
water and micro-organism behaviour [2,18]. The advantages of natural fibre-based thermal
insulation materials are, above all, that they are relatively straightforward to obtain, from
renewable resources, with low cost and environmental impact. Moreover, some characteris-
tics that would appear to be disadvantages at first sight can easily be turned into benefits.
For example, the feature of natural fibres to absorb moisture from the air can be seen as
a benefit if viewed through the lens of sorption/desorption capacity, which will clearly
contribute to the regulation of indoor air humidity [2,18–22]. A market share analysis [23]
shows that growth in environmental awareness in the developed countries translates into
the increased use of natural insulating materials, thus representing a growing market share
in recent years. Correlated with market concerns, it is not surprising that research into the
development of natural fibre-based thermal insulation materials has increased in scope
over the last 20–25 years. Worldwide research has shown that insulation produced using
natural plant or animal raw materials or recycled raw materials has lower greenhouse
gas emissions than other insulation materials, e.g., mineral wool or polystyrene [24–29].
A comparative analysis of the impact of different types of insulation materials on global
warming places sheep wool as having the lowest contribution (1.457 kg CO2eq/functional
unit), 9–10 times lower than, e.g., extruded polystyrene (13.22 kg CO2eq/functional unit),
and even half that of mineral wool insulation (2.77 kg CO2eq/functional unit) [30]. A simi-
lar report also ranked the lifetime energy consumption, from production to disposal and
recycling, and in terms of stored energy (MJ/functionaleq unit)—much lower parameters
for bio-eco-innovative thermal insulation [24–30]. Moreover, animal fibres, and especially
sheep wool, due to the COOH-CHNH-R2 structure of the proteins in the wool yarn, con-
tribute to the reduction in environmental pollution by adsorption on the yarn of gases such
as SO2, NOx, aldehydes, or VOC, this adsorption being in some cases reversible (VOC,
phenols) or irreversible (NOx, SOx, formaldehyde). In the case of sheep wool fibres, some
research has shown that under conditions of 2.32 ppm sulphur dioxide concentration, the
adsorption capacity of wool was initially 0.012 mg/g wool/min, reaching 0.003 mg/g
wool/min after 60 min of exposure. Regarding the toxic products from cigarette smoke, a
retention capacity of 40 mg cigarette smoke/g of wool was demonstrated. Moreover, other
studies showed the capacity to reduce Cu2+ concentration by 41% in 1 h, and As3+ content
by 34–53% in 1 h [31–36].

In terms of the mechanisms underlying these unique properties, natural fibres of
animal and plant origin are defined by their structural specificity. Thus, in the case of wool
yarns, the genetic structure, of a proteinaceous nature, with hydrophobic cuticles due to the
presence of fatty acids covalently bound to the protein substrate, with a cortex composed of
elongated cells containing more than 93% keratin (mass percentage) and 18 other α-amino
acids and with a specific medullary channel, allows the absorption of 15–18% of the
water vapour mass under normal conditions, but can reach up to 40% under saturated
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atmosphere conditions. The expansion of the medullary canal facilitates the absorption
phenomenon, the diameter of the strand can increase by up to 18% and its length by
1%, and the formaldehyde neutralisation capacity is based on the keratin chemisorption
reaction shown in Figure 1 [37–40]. In the case of fibres of plant origin, the absorption of
atmospheric moisture is associated with the possibility of trapping hydroxyl (OH) groups
and molecular water in the cell wall, which can be considered a cellulosic composite formed
by crystalline microfibrils embedded in an amorphous lignin/hemicellulose/pectic matrix.
Cellulose, consisting of linear chains of glucose grouped into units of microfibrils with
high crystallinity, also has a paracrystalline component, favouring the binding of molecular
water. Lignin is an amorphous cross-linked polymer composed of phenolic units; it has a
lower (OH) group affinity compared with the polysaccharides characteristic of cellulose.
Hemicellulose and the pectin component, predominantly amorphous polysaccharides, are
very accessible for the addition of water molecules [22].
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Figure 1. Keratin chemisorption reaction.

Unlike fibres of plant or animal nature, those from recycled waste plastics such as
polyethylene terephthalate (PET) or polyester textile waste (PES) are relatively inert in
terms of their chemical binding capacity to water or other compounds. Nonetheless, they
offer different advantages, and the need to recycle and reuse them is imperative under
the Waste Directive 2008/98/EC [41]. Their recycling successfully addresses the need to
reduce the quantity of polymer waste and to obtain new products with reduced emissions
and the sustainable use of non-renewable raw material and energy reserves. Polyethylene
terephthalate (PET) is a material of great interest in the materials sector in general and, by
extension, in the building materials sector as it is 100% recyclable, the only more easily
recyclable material being aluminium. The cost of recycled polyethylene terephthalate
(R-PET) is 20–60% lower than the cost of polyethylene terephthalate produced from virgin
raw material (V-PET). Additionally, the reduction in energy consumption is 50–70% and
the reduction in petroleum feedstock consumption is 50–60% [42–47]. Worldwide, the main
use of R-PET is for fibre production, accounting for more than 70% of all polyethylene
terephthalate fibres produced [29,42,44]. Studies have demonstrated the possibility of
using polymeric fibres from recycled materials to produce non-woven thermal insulation
materials for the construction sector, thus identifying the potential for conserving natural
resources and reducing environmental impact. In the case of polyethylene terephtha-
late (PET) mattresses, thermal conductivity varies with increasing density. For the same
thickness of non-woven thermal insulation product, a low density ensures a high thermal
insulation potential, but for mechanical strength reasons this density must be increased.
A balancing calculation of thermal and mechanical performance is necessary, also taking
into account that around a density value of 60 kg/m3, the phenomenon of heat transfer
through conduction becomes dominant and thermal insulation performance decreases
significantly [48–51]. Research has demonstrated the possibility of obtaining thermal in-
sulation mattresses produced using R-PET fibres characterised by a thermal conductivity
coefficient around values of 0.035 W/mK [29]. Based on the research, the quantifiable
indicator TIV “Thermal Insulating Value” was identified, which indicates that the thermal
insulating efficiency of a product depends on the thermal conductivity coefficient of the
material, the thickness of the product and the thermal emission of the surface. For thermal
insulation products produced using PET, the TIV coefficient ranges from 41.21% to 52.15%
for thicknesses in the range 3.54–7.97 mm, increasing alongside increasing thickness [48–51].
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At the same time, the advantage of this type of fibre is its reduced sensitivity to water and
increased resistance to mould action.

Approximately 5.8 million tons of textile waste are produced annually in the EU, of
which only 25% is recycled and reused, although the recycling potential is 95% [52–54].
One of the possibilities for recycling is the transformation into fibres which, although not
fully suitable for reuse in the textile industry, can successfully become a raw material in
the non-woven thermal insulation sector for the construction industry. Research results to
date [55,56] have shown that recycled textiles have competitive thermal properties, thermal
conductivity and thermal diffusivity, and can be used as an alternative to commercial ther-
mal insulation materials (extruded polystyrene or mineral wool) in the construction sector.
Danihelová et al. [55], in agreement with other reports [48] showed that recycled textile
waste mattresses can be good thermal insulators, characterised by a thermal conductivity
coefficient around 0.033 W/mK.

Therefore, producing thermal insulation mattresses from a mixture of recycled PET
fibres, recycled PES, fibres of plant origin and fibres of animal origin makes it possible to
exploit the basic principle of composite materials: the accumulation of benefits.

This paper aims to present the possibility of producing composite materials, of the
non-woven type (mattresses), intended for use as thermal insulation materials in the
construction sector, and through the experimental results obtained, to identify the benefits
that these products can have on the air quality of the indoor space and, implicitly, on the
health of the users, also identifying possible weaknesses to draw future research directions.

2. Materials and Methods
2.1. Materials

The experimental testing was carried out for six types of non-woven thermal insulation
materials (thermal insulation mattresses), presented in Table 1, identified with codes
P1–P6. They were produced by carding-folding technology with thermal consolidation
at low temperature (110–180 ◦C), from a mixture of raw materials. The mixture of fibres
used to produce the six heat-insulating mattresses (mass ratio) is characterised by three
parts combed sheep wool; 1.5 parts siliconised cellulosic fibre; 2.5 parts heat-sealable
bicomponent recycled polyethylene terephthalate (PET) fibre; and 3 parts recycled polyester
fibre (PES). Sheep wool yarn was obtained by splitting combed sheep wool, which was
purchased in bulk from local traders. The siliconised cellulosic fibre is characterised by an
average linear density of 2 dtex and length of 20 mm. Recycled PES fibre is characterised
by an average linear density of 7 dtex and a length of 65 mm. Recycled PET fibre is
bicomponent, max. 9 dtex and max. 80 mm length.

Table 1. Thermal-insulation mattresses produced using textile waste, recycled PET waste and natural
fibres of plant and animal origin.

Identification Thickness (mm) Apparent Density (kg/m3)

P1 19.99 18.56
P2 29.99 29.22
P3 49.98 21.41
P4 49.98 25.23
P5 59.99 16.38
P6 29.99 39.99

The six thermal insulation mattresses, although produced using the same fibre blend,
had different bulk densities and thicknesses, characteristics that were controlled by con-
trolling specific parameters on the technological flow. The production of the materi-
als took place in an industrial system, on the technological flow of MINET S.A. Rm.—
Vâlcea, Romania.

Given the intended field of use, several categories of measurable indicators have
been assessed for each type of thermal insulation mattress according to EAD 040456-00-
1201/2017 “In situ formed loose fill thermal and/or acoustic insulation material made
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of animal fibres” and EAD 040005-001201/2015 “Factory-made thermal and/or acoustic
insulation products made of vegetable or animal fibres”. These indicators are: physical–
mechanical (heat transfer coefficient, compressive strength, tensile strength, elongation
failure, short-term water absorption) and durability, biological resistance and impact on
human health (sorption–desorption characteristics of atmospheric moisture, water vapour
permeability, resistance to the action of micro-organisms, formaldehyde neutralisation
capacity and corrosivity).

2.2. Thermal Insulation Performance

Heat transfer coefficient, λ10,ct. (W/mK) was determined using a FOX 314 conductivity
meter by the hot plate method at a temperature difference between the plates of 10 ◦C. Sam-
ples were placed between the two plates, and then a temperature gradient was established
over the probe thickness. The equipment automatically detects equilibrium conditions and
determines the heat transfer resistance R (m2K/W) and, for the homogenous probes, the
equivalent heat transfer coefficient.

2.3. Mechanical Performance

In order to evaluate the compressive strength (universal testing machine, type ZDM-
5/91, VEB Leipzig, Germany), a compressive load was applied with uniformly increasing
speed, perpendicularly and uniformly distributed over the surface of the specimen, and
the degree of indentation of the specimen was recorded. The compressive strength was
calculated as the ratio of the applied force to the area of application, for an indentation of
10% of the initial thickness of the specimen.

Tensile behaviour was assessed by recording the maximum tensile strength and elon-
gation at failure of specimens taken in the longitudinal/transverse direction of the material
(Shenzhen Wance Testing Machine Co., Ltd., Shenzhen, China). According to the standards
in force, short-term water absorption is an indicator of the material behaviour in the situa-
tion caused by a 24 h rain period during the construction process. The test specimen was
placed with the bottom side in contact with water for 24 h and its mass change in relation
to the exposed surface area was measured.

2.4. Behaviour in Water and in the Presence of Water Vapour

Water vapour sorption/desorption capacity was quantified by plotting characteristic
curves of specimen mass variation against relative air humidity. Thermal-insulation con-
ditions, 23 ◦C, controlled by relative air humidity (RH) of 30%, 45%, 60%, 80%, and 95%,
were chosen for testing.

Water vapour permeability was evaluated using test specimens sealed over circular
cups in which water vapour pressure was kept constant by a saturated potassium nitrate
solution under specified conditions (23 ± 2 ◦C). Moisture transfer was determined as the
change in weight of the test system when constant vapour flow was reached.

The samples were constantly weighted using an analytical balance from Kern & Sohn
GmbH, Albstadt, Germany, with a precision of 0.0001 g.

2.5. Resistance to the Action of Biological Agents

Mould resistance was determined by exposing the specimens for a defined period of
time (4 weeks), at a constant temperature of 23 ± 2 ◦C, in an environment with high hu-
midity, after which a visual and microscopic evaluation was carried out on the appearance
of signs of growth of microorganisms, after which the product was given a certain class
indicated in Tables 2 and 3, respectively.
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Table 2. Criteria for assessing mould resistance.

Fungal Growth Class Evaluation of Fungal Growth Product Category Product Performance

Class 0 No sign of growth under the microscope. Category 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.

Class 2 Increase visible to the naked eye, covering up to
25% of the test area. Category 1 The material contains nutrients or is so

poorly contaminated that it allows very
little growthClass 3 Visible growth to the naked eye, covering up to

50% of the test area.

Class 4 Considerable growth, covering more than 50% of
the test area. Category 2–3

The material is not resistant to fungal
attack; it contains nutrients that allow

micro-organisms to grow.Class 5 Strong growth, covering the entire test area

Table 3. Criteria for assessing insect resistance.

Estimation of Surface Degradation Hole Estimation

Symbol Ruptures-Visibly Degraded Surface Symbol

1 No visible damage A No visible holes
2 Reduced degradation B Partially destroyed yarns and fibres
3 Moderate damage C Reduced number of holes; destroyed yarns and fibres
4 Major damage D Large holes

Biological resistance to worm and insect attack was assessed by evaluating the viability
of the first generation and the development of the second generation of insects, the common
moth (Order lepidoptera), under conditions of the contact of specimens with eggs, larvae and
adult insects for 6 months. The classification into resistance classes by visual assessment of
the damage caused by was carried out according to Table 3.

Resistance to soil biological attack was assessed by microscopic analysis to identify
signs of microorganism and worm growth and by determining the percentage reduction in
tensile strength and elongation at break under conditions of complete burial of the speci-
mens in soil with a water holding capacity of 60% for 4 weeks and 6 months, respectively.

The analysis of the samples in terms of resistance to the action of biological agents was
carried out using a Leica DMC2900 microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) and results/images were obtained using the dedicated image capturing application
(Leica Application Suite, Leica Microsystems GmbH, Wetzlar, Germany).

2.6. Metal Corrosion Development Capacity

The metal corrosion development capability provided information on the level of
corrosivity of the thermal insulation material on Cu/Zn metal elements (metal parts that
may come into contact with the thermal insulation material in place) by allowing the
migration of corrosive agents adjacent to the thermal insulation material towards these
metal elements. The ability of metal corrosion to develop was assessed by visual and
microscopic evaluation of the appearance of signs of corrosion on the surface of metal plates
(Cu sheet or galvanised steel sheet) after they had been kept in contact with the surface of
specimens of thermal insulation material saturated with water, for 4 weeks. The analysis of
the samples in terms of metal corrosion development capacity was carried out using the
same equipments as the ones used for the analysis of the action of biological agents.

2.7. Impact on Indoor Air Quality

The formaldehyde neutralisation capacity was assessed by recording the variation in
formaldehyde concentration in a sealed enclosure of which the base was completely covered
with a heat-insulating mattress. Initially, the atmosphere in the 0.1 m3 volume enclosure
was enriched with formaldehyde to a concentration of more than 25,000 µg/m3, equivalent
in terms of health impact to a “toxic level with neurotoxic manifestations”. Formaldehyde
concentration monitoring was performed using commercial equipment equipped with a
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formaldehyde sensor and electronic display (HCHO & TVOC Meter, Shenzhen Everbest
Machinery Industry Co., Ltd., Shenzhen, China). When the formaldehyde concentration
in the monitored volume fell below the limit level of 200 µg/m3, which is equivalent
in terms of the health impact on the population to a state of “no signs of discomfort or
irritation”, a new amount of formaldehyde was introduced into the test enclosure to assess
the maintenance of the formaldehyde-neutralising capacity of the heat-insulating mattress
over time. The specimen used, with dimensions equal to the base dimensions of the
enclosure, 600 × 450 mm, was covered on the lower face and on the edges with aluminium
foil, so that formaldehyde transfer was achieved only through the upper, exposed face.

To ensure repeatability, five determinations were performed for each test, the results
being presented as the mean values of the individual values.

The results obtained experimentally were analysed both in comparison with other ref-
erences in the literature and with existing data in the NIRD URBAN-INCERC databases on the
performance of similar thermal insulation products produced by other Romanian manufacturers.

3. Results and Discussions

As is well known, some of the performances analysed are influenced by the material,
by its composition, not by its thickness or density. Following the experimental tests carried
out, several experimental results were recorded; some expected, others less anticipated.
Thus, in terms of thermal insulation performance, the products tested meet the specific
requirements of the intended field of use, and the results are in accordance with the spec-
ifications in the literature in terms of the heat transfer coefficient, the values recorded
being in the ranges 0.034–0.042 W/mK for products tested with their full thickness and
0.030–0.034 W/mK for products tested at half thickness by tamping (Table 4), giving heat
transfer resistances, R, in the range 0.55–1.46 mK/W2 for products tested with their full
thickness and 0.33–0.89 mK/W2 for products tested at halved thickness. Comparing the
experimental results obtained with the declared performance of non-woven thermal insu-
lation products made exclusively or predominantly from sheep wool by local producers
(Figure 1), it can be said that, in terms of thermal insulation performance, the analysed
composite products fall within the general trend, in the higher performance area, with heat
transfer coefficient values of 0.032–0.050 W/mK for the comparison products. It should be
specified that the comparison values presented in Figure 2 are the results of experimental
tests carried out at NIRD URBAN-INCERC Cluj-Napoca Branch Laboratory, on some
insulation products present on the local market, with data collected in the past five years.
As seen in Figure 1, in terms of thermal insulation performance, analysed on the basis of
the measurable indicator λ—heat transfer coefficient, it can be said with certainty that the
tested specimens P1–P6 correspond to the intended field of use. The values recorded are
comparable with those presented by various types of common thermal insulation materials
(expanded polystyrene, extruded polystyrene, mineral wool, etc.) as well as alternative
products such as mattresses produced only with sheep wool. It should be noted, however,
that under current legislation in the field, this validation in terms of thermal insulation
performance is insufficient, and at least a complement is needed in terms of operational
safety, durability, and analysis, with regard to environmental and user health impacts.

The density of the material (Table 4) has a significant impact on the thermal conduc-
tivity, market acceptance and feasibility when put into operation. When plotted against
the density, thermal conductivity first drops as the air cavities between fibres are reduced
in volume when increasing in density. An optimum value is reached, the heat transfer
through conduction grows as the contact between fibres increases, and the convective part
of heat transfer cannot compensate anymore. Generally, a mattress with a higher density
(around 30 kg/m3) has better compressive strength values and is easier to deal with from
the workers’ perspective. However, we have to keep in mind that market acceptance is of
the essence. Therefore, production prices should be kept as low as possible. One should
observe and balance all these aspects for a viable product, and material density is the
common denominator of all these aspects.
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Table 4. Physical-mechanical performance of thermal-insulation mattresses produced using recycled
textile and PET waste and natural fibres of plant and animal origin.

Identification Code P1 P2 P3 P4 P5 P6

Heat transfer coefficient at full thickness (W/mK) 0.0362 0.0358 0.0421 0.0377 0.0412 0.0336

Heat transfer coefficient at 1/2 of thickness (W/mK) 0.0306 0.0308 0.0338 0.0325 0.0337 0.0303

Heat transfer resistance at full thickness (mK/W2) 0.55 0.84 1.19 1.33 1.46 0.89

Heat transfer resistance at 1/2 of thickness (mK/W2) 0.33 0.49 0.74 0.77 0.89 0.50

Compressive strength (kPa) 0.17 0.18 0.14 0.20 0.10 0.11

Tensile strength
(N/mm2)

longitudinal direction 0.05 0.11 0.06 0.06 0.04 0.13

transverse direction 0.03 0.11 0.05 0.08 0.05 0.19

Elongation at
break (%)

longitudinal direction 47.60 34.02 34.03 26.62 35.27 22.86

transverse direction 43.45 37.71 28.64 38.26 31.82 31.24

Short-term water absorption (kg/m2) 0.069 0.223 0.132 0.121 0.387 0.350

Water vapour resistance (m·h·Pa/mg2) 0.06 0.06 0.09 0.11 0.09 0.08

Water vapour resistance factor, µ 1.35 1.41 1.26 1.61 0.95 2.32
Materials 2022, 15, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 2. Thermal conductivity coefficient recorded for samples P1–P6 in comparison with the 
thermal conductivity coefficient of sheep wool mattresses and common thermal insulation materi-
als available on the building materials market. 

In terms of mechanical strength, as expected due to the non-woven mattress technol-
ogy used, low values were recorded. Thus, the compressive strengths for an indentation 
of 10% of the original thickness (Table 4) was in the range 0.10–0.20 kPa. The tensile 
strength was in the range 0.05–0.13 N/mm2 for the specimens cut in the longitudinal di-
rection of the thermal insulation mattress, with a total elongation at break of 22.86–47.60%, 
and in the range 0.03–0.19 N/mm2, with a total elongation at break of 28.64–43.45% for the 
specimens cut in the transverse direction. 

The short-term water absorption recorded in the range of 0.07–0.38 kg/m2 confirmed 
the sensitivity of this type of thermal insulation material to water and the need for protec-
tion both during storage, transport, and commissioning and during the entire service life. 
However, compared with similar products produced under similar conditions, but exclu-
sively from natural fibres of animal origin (sheep wool), an improvement in the parameter 
is noted by reducing it even 10 times. This improvement was due to the contribution of 
the other types of fibres introduced in the raw material mix, in particular recycled PET 
fibres. 

In terms of water vapour sorption/desorption capacity (Figure 3), it is noticeable that 
the potential regulating character of the indoor air humidity, and therefore its quality, is 
preserved, a characteristic of similar sheep wool products. The placement of the sorption 
curve, in all cases, below the desorption curve, means that, although permeable to water 
vapour, these innovative thermal insulation mattresses, under conditions of increased hu-
midity of the ambient environment, are able to retain a certain amount of water, the results 
being in agreement with those reported in the literature [2,18–22,25]. As the ambient hu-
midity is reduced, this water will be released to the environment, but at a lower rate than 
the retention rate, as demonstrated by the slope of the sorption-desorption curves. As a 
result of this behaviour, it can be seen that this type of product contributes not only to the 

Figure 2. Thermal conductivity coefficient recorded for samples P1–P6 in comparison with the
thermal conductivity coefficient of sheep wool mattresses and common thermal insulation materials
available on the building materials market.

Additionally, in the same vein, as presented in Table 4, it is not possible to establish a
pattern regarding the values of density vs. thickness vs. thermal performance, since for
each case there are advantages and disadvantages, thermal insulation performance being
influenced by factors other than dimensional ones.

In terms of mechanical strength, as expected due to the non-woven mattress technology
used, low values were recorded. Thus, the compressive strengths for an indentation of 10%
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of the original thickness (Table 4) was in the range 0.10–0.20 kPa. The tensile strength was
in the range 0.05–0.13 N/mm2 for the specimens cut in the longitudinal direction of the
thermal insulation mattress, with a total elongation at break of 22.86–47.60%, and in the
range 0.03–0.19 N/mm2, with a total elongation at break of 28.64–43.45% for the specimens
cut in the transverse direction.

The short-term water absorption recorded in the range of 0.07–0.38 kg/m2 confirmed
the sensitivity of this type of thermal insulation material to water and the need for protec-
tion both during storage, transport, and commissioning and during the entire service life.
However, compared with similar products produced under similar conditions, but exclu-
sively from natural fibres of animal origin (sheep wool), an improvement in the parameter
is noted by reducing it even 10 times. This improvement was due to the contribution of the
other types of fibres introduced in the raw material mix, in particular recycled PET fibres.

In terms of water vapour sorption/desorption capacity (Figure 3), it is noticeable that
the potential regulating character of the indoor air humidity, and therefore its quality, is pre-
served, a characteristic of similar sheep wool products. The placement of the sorption curve,
in all cases, below the desorption curve, means that, although permeable to water vapour,
these innovative thermal insulation mattresses, under conditions of increased humidity of
the ambient environment, are able to retain a certain amount of water, the results being
in agreement with those reported in the literature [2,18–22,25]. As the ambient humidity
is reduced, this water will be released to the environment, but at a lower rate than the
retention rate, as demonstrated by the slope of the sorption-desorption curves. As a result
of this behaviour, it can be seen that this type of product contributes not only to the thermal
insulation of the interior space but also to the regulation of its humidity. By analysing the
shape of the sorption curves, it can be appreciated that they are in accordance with the
specifications of the literature [2,18–22,25], which indicate that water absorption of up to
5% of the dry weight of the fibre takes place at a higher speed, with water binding strongly,
after which the phenomenon is influenced by the relative humidity of the environment,
the speed stabilising towards the saturation zone, which is also identified by analysing
the slope of the sorption–desorption curves. The identification of a slope change zone on
each of the desorption curves was considered to delimit a range of relative air humidity in
which the activity of regulating atmospheric humidity by releasing water is characterised
by a maximum yield. Mathematical modelling of the air moisture sorption/desorption
process revealed first-order equations (ax + b), i.e., that these phenomena are influenced by
relative air humidity.
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Satisfactory results were also obtained in terms of water vapour permeability. These
thermal insulation composites have a good water vapour permeability, which will con-
tribute substantially to the air quality of the indoor space, allowing the transfer of moisture
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from the inside to the outside and thus making a significant contribution to reducing the
risk of mould growth or the development of other types of micro-organisms. Experimental
testing showed the following characteristic parameters: water vapour permeance, W, in
the range 8.83–18.43 m/mhPa2; vapour resistance, Z, in the range 0.06–0.11 mPa/mg2;
water vapour permeability, δ, in the range 0.31–0.75 mg/mhPa; water vapour diffusion
resistance factor, µ, in the range 0.95–2.32; and water vapour diffusion equivalent air layer
thickness, sd, in the range 0.04–0.08 m. Compared with other thermal insulation products,
the water vapour diffusion resistance factor, µ, of the tested thermal insulation composite
products is similar to that of other non-woven thermal insulation products (sheep wool
mattresses) and clearly superior to commonly used thermal insulation products such as
mineral wool and, even more so, expanded or extruded polystyrene. In fact, this is one of
the great advantages of the composite thermal insulation mattresses tested.

Microscopic analysis of the specimens after testing them under mould growth con-
ditions showed numerous areas where mould develops (Figure 4). However, it was not
possible to identify precisely which type of fibre of the four raw materials used was
favoured, and to what extent it contributed to mould growth. After the first four weeks
of testing, there were already clear signs of mould, visible under the microscope, on the
whole surface of the specimen and in its depth, the classification according to Table 2
being class 1 (growth invisible to the naked eye, but clearly visible under the microscope),
category 2–3 (material does not resist fungal attack; it contains nutrients that allow micro-
organisms to grow). Continued testing over the next 4, 8, 16 weeks revealed continued
mould growth over time, which indicated an urgent need to identify a treatment solution
to reduce mould susceptibility.
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6b,e–h), worm colonies, worm eggs (Figure 6a,c,d,g,h), etc., can be observed on the fibres, 
which leads to the hypothesis that this material is a favourable environment for the de-
velopment of microorganisms and worms. After six months in the soil, signs of the deg-
radation of the specimens are evident, as well as indications of the development of colo-
nies of microorganisms (Figure 7a,b,e) and worms (Figure 7c–f); the presence of at least 
two types of moulds (green and black—Figure 7a,b,e), and the presence of at least two 
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Biological resistance to attack by worms and insects has highlighted an advantage of
these thermal insulation materials compared with similar thermal insulation made exclu-
sively or mainly of sheep wool: visual and, subsequently, microscopic analysis (Figure 5)
showed that they fall into category 1A (Table 3) and that the bio-eco-innovative products
tested do not represent a viable environment for moths (Order lepidoptera), their eggs and
larvae. After 7 days of exposure, all adult insects died and there was no evidence of egg
laying for the further life cycle. In the case of samples on which moth eggs and larvae were
artificially deposited, life cycle interruption was recorded and they did not develop into
larvae or adult insects, respectively. Testing continued by follow-up for 56 days with no
signs of insect development or the appearance of developmental signs recorded. In contrast
to thermal insulation mattresses made exclusively or predominantly of sheep wool, the
risk of moth colonies developing, characteristic of products made of wool or various other
textile fibres, is minimised in this case. Although clear and proven identification has not
been achieved, it is assumed that the introduction of recycled PET and vegetable fibres and
their siliconisation has contributed to the insecticidal action of the tested material.

116



Materials 2022, 15, 1348

Materials 2022, 15, x FOR PEER REVIEW 11 of 19 
 

 

mould growth over time, which indicated an urgent need to identify a treatment solution 
to reduce mould susceptibility. 

    

Figure 4. Image captures obtained by microscopic analysis of test specimens for mould resistance. 

Biological resistance to attack by worms and insects has highlighted an advantage of 
these thermal insulation materials compared with similar thermal insulation made exclu-
sively or mainly of sheep wool: visual and, subsequently, microscopic analysis (Figure 5) 
showed that they fall into category 1A (Table 3) and that the bio-eco-innovative products 
tested do not represent a viable environment for moths (Order lepidoptera), their eggs and 
larvae. After 7 days of exposure, all adult insects died and there was no evidence of egg 
laying for the further life cycle. In the case of samples on which moth eggs and larvae were 
artificially deposited, life cycle interruption was recorded and they did not develop into 
larvae or adult insects, respectively. Testing continued by follow-up for 56 days with no 
signs of insect development or the appearance of developmental signs recorded. In con-
trast to thermal insulation mattresses made exclusively or predominantly of sheep wool, 
the risk of moth colonies developing, characteristic of products made of wool or various 
other textile fibres, is minimised in this case. Although clear and proven identification has 
not been achieved, it is assumed that the introduction of recycled PET and vegetable fibres 
and their siliconisation has contributed to the insecticidal action of the tested material. 

   
(a) (b) (c) 

Figure 5. Exposure of heat-insulating mattresses specimens to assess biological resistance to attack 
by worms and insects: (a) in the presence of adult insects; (b) in the presence of larvae; (c) in the 
presence of insect eggs. 

In terms of resistance to ground action (Figures 6 and 7), after keeping the specimens 
buried in soil for one month, there were already signs of degradation. Without showing 
the exact degradation at the level of the fibres, deposits of microorganisms, mould (Figure 
6b,e–h), worm colonies, worm eggs (Figure 6a,c,d,g,h), etc., can be observed on the fibres, 
which leads to the hypothesis that this material is a favourable environment for the de-
velopment of microorganisms and worms. After six months in the soil, signs of the deg-
radation of the specimens are evident, as well as indications of the development of colo-
nies of microorganisms (Figure 7a,b,e) and worms (Figure 7c–f); the presence of at least 
two types of moulds (green and black—Figure 7a,b,e), and the presence of at least two 
types of small organisms, worms (Figure 6e,f), their larvae and eggs (Figure 7c,d) are iden-
tified. These results, on the one hand, indicate the need to impose restrictions in terms of 

Figure 5. Exposure of heat-insulating mattresses specimens to assess biological resistance to attack
by worms and insects: (a) in the presence of adult insects; (b) in the presence of larvae; (c) in the
presence of insect eggs.

In terms of resistance to ground action (Figures 6 and 7), after keeping the specimens
buried in soil for one month, there were already signs of degradation. Without show-
ing the exact degradation at the level of the fibres, deposits of microorganisms, mould
(Figure 6b,e–h), worm colonies, worm eggs (Figure 6a,c,d,g,h), etc., can be observed on
the fibres, which leads to the hypothesis that this material is a favourable environment
for the development of microorganisms and worms. After six months in the soil, signs of
the degradation of the specimens are evident, as well as indications of the development of
colonies of microorganisms (Figure 7a,b,e) and worms (Figure 7c–f); the presence of at least
two types of moulds (green and black—Figure 7a,b,e), and the presence of at least two types
of small organisms, worms (Figure 6e,f), their larvae and eggs (Figure 7c,d) are identified.
These results, on the one hand, indicate the need to impose restrictions in terms of use so as
not to come into direct contact with the soil, but, on the other hand, they represent the fact
that, after the end of the products’ life span, they become waste, which could be directed
towards the realisation of composite matrices that, in combination with the soil and specific
nutrient substrates, allow the development of substrates favourable to plant cultivation; a
trend reported in the literature [57–62].

In terms of the measurable parameters evaluated, tensile strength and elongation at
break (Figure 8), it can be observed that after one month of keeping the specimens buried
in the soil, the tensile strength was little influenced, the loss of strength being at most
1 N/mm2, which could indicate the maintenance of the thermo-welding effect, but the
elongation at break was reduced by 7–30%, depending on the tested composite, which
could indicate a degradation in the fibres, becoming more prone to breakage and having
less elastic. After six months in the soil, the specimens were more strongly degraded,
with measurable parameters indicating a reduction of at least 20% in tensile strength and
elongation at break, which could be considered a sign of the degradation of both the degree
of thermal welding between fibres and the integrity and performance of the fibres in the
matrix of the thermal insulation material.

As can be seen in Figures 9 and 10, in humid conditions, when in contact with the
composite thermal insulation mattresses, the Cu or galvanised metal elements undergo
slight corrosion, manifested by the loss of gloss and the formation of a small quantity of
corrosion products, which are easily removed by washing. It can therefore be said that,
in terms of the migration of corrosive agents adjacent to the thermal insulation material
towards these metal elements, bio-eco-innovative thermal insulation products do not
provide corrosion protection, as atmospheric oxygen, water and other corrosive agents
easily reach the metal surface, nor do they accelerate this process.
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Figure 10. Evolution of the appearance of galvanised steel specimens: (a) initial appearance of the
metal specimen; (b) appearance of the metal specimen after testing; (c) appearance of the metal
specimen after testing and washing of corrosion products.

The formaldehyde neutralisation capacity (Figure 11) revealed the good ability of
the composite thermal insulation matrix in terms of formaldehyde neutralisation. In
the first 72 h after the start of the test, the composite matrix succeeded in neutralising
a sufficient amount of formaldehyde, to reach, from a concentration in the zone of high
risk, high discomfort, headaches, possible skin allergies, sickness and nausea, a zone
of moderate risk concentration, and in the following hours this concentration zone is
also exceeded, entering a zone of formaldehyde concentration in the air that does not
pose a risk to the population. After neutralisation of the first dose of formaldehyde, the
replenishment of the air with the chemical agent does not pose a problem for the test product
to develop a new neutralisation reaction. In both cases, the neutralisation of formaldehyde
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occurs at a high rate initially in the high concentration zone, and then decreases as the
concentration of formaldehyde in the air decreases. It should be noted, however, that under
normal conditions of use in the living space, it is rare that the formaldehyde concentration
reaches concentrations similar to those at which the test started. These concentrations have
been chosen precisely to evaluate the behaviour of the product under extreme conditions.
It can therefore be said that the composite matrix obtained by recycling and reusing
PET and PES waste, together with the use of natural vegetable fibres and sheep wool,
successfully copes with and certainly contributes to improving indoor air quality, in fact
maintaining the special character of sheep’s wool, which, through its keratin structure, is
the neutralising agent. Moreover, according to the literature, formaldehyde adsorbed by
chemisorption mechanisms, inducing chemical, stable bonds, also has the advantage that it
becomes, indirectly but effectively, a passive treatment to increase resistance to attack by
microorganisms, insects and their larvae [31,37].
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low-quality fibre impossible to use in the textile industry, and 15% siliconised cellulosic 
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mal performance and less with compatibility and the influence on indoor environmental 
quality and user health. 

Although in terms of mechanical resistance, these products have low performance, 
requiring the imposition of limiting conditions of use (mounting in wooden frames, pro-
tection of exposed surfaces, protection from prolonged contact with water or soil), they 
have a number of other significant advantages compared with similar products made of 
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heat-insulating mattress was placed and its neutralisation rate (neutralisation rate relative to the
momentary concentration represents the amount of formaldehyde neutralised from time t of mea-
surement to time t + 1 of measurement, relative to the formaldehyde concentration existing at time t).

Analysing this neutralisation rate in relation to the momentary concentration, and
relating it to the time interval between two consecutive measurements, it can be seen that, as
the concentration of formaldehyde in the indoor air decreases, the amount of formaldehyde
neutralised per unit time decreases.

4. Conclusions

This work aimed to analyse the possibility and benefits of making composite prod-
ucts based on PET, recycled PES and natural fibres of plant and animal origin, of non-
woven type (mattresses), intended for the thermal insulation of buildings, also highlighting
the weaknesses, identified as possibilities for improvement through the development of
future research.

By design, the analysed thermal insulation products identify clear possibilities to
implement the guidelines of the Circular Economy concept, contributing both to waste
recycling and to sustainable development through the use of components from renewable
sources, with the final result of reducing energy consumption and increasing air quality in
the living space.

Therefore, the originality of this work is a result of the approach to the topic of insu-
lating products, combining the need to implement the principles of the Circular Economy
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with existing knowledge to date, but limited to the development of alternative insulating
products using one or two of the four raw materials used in this research. The article
focuses on an original formula for a thermal-insulating product which incorporates 55%
recycled materials (25% rPET and 30% rPES), 30% wool by-products or virgin wool with
low-quality fibre impossible to use in the textile industry, and 15% siliconised cellulosic
fibre. Additionally, in general, the literature is mainly concerned with the analysis of ther-
mal performance and less with compatibility and the influence on indoor environmental
quality and user health.

Although in terms of mechanical resistance, these products have low performance,
requiring the imposition of limiting conditions of use (mounting in wooden frames, protec-
tion of exposed surfaces, protection from prolonged contact with water or soil), they have a
number of other significant advantages compared with similar products made of a single
type of fibre:

• The thermal insulation performance, evaluated by the two indicators, thermal con-
ductivity coefficient and heat transfer resistance, indicates a good thermal insulation
capacity, compared with some thermal insulation products currently used on the con-
struction market and, therefore, a significant contribution to the reduction in energy
consumption used to ensure thermal comfort. If the thickness is reduced by half, as a
result of an impact load, for the same type of sample, a decrease in the heat transfer co-
efficient can be observed and therefore an increase in thermal insulation performance
by 15.7% (P1), 14.2% (P2), 19.8% (P3), 13.8% (P4), 18.2% (P5) and 10.0% (P6);

• The water absorption, although having values that impose the need for protection
in contact with water, is reduced to values up to 10 times lower than the values
characteristic of sheep wool mattresses. It is estimated that the improvement of this
parameter is due to the inclusion in the composite matrix of recycled PET and vegetable
fibre components;

• The composite material retained the specific capacity of natural fibres to sorb/desorb
atmospheric humidity, thus contributing to the improvement of air quality in the
indoor space. Additionally, the component of animal origin, sheep wool, in the
composite matrix, is sufficiently efficient also in terms of formaldehyde neutralisation
capacity, thus making another significant contribution to improving indoor air quality;

• The evident water vapour permeability characteristic of the thermal insulation prod-
ucts analysed demonstrates, once again, their benefits in ensuring adequate indoor air
quality, contributing significantly to ensuring the breathability of the walls and thus
reducing the risk of moisture accumulation and mould growth;

• The recycled waste components, and probably the siliconised component of the fi-
brous matrix, significantly improved resistance to insect action. This improvement is
particularly important as it is known that thermo-sheep wool mattresses are generally
very sensitive to insect attack, especially moths;

• From the point of view of the corrosivity on metallic elements with which these prod-
ucts could come into contact, the experimental results obtained allow the assessment
that the composite thermal insulation matrix does not contribute to provide corrosion
protection, but neither does it accelerate the corrosion phenomenon;

• The reduced resistance to mould attack and contact with the soil, although they could
be seen as disadvantages of these thermal insulation materials, are a challenge for the
development of future research directions, but, above all, they can be seen as a first
step towards the development of new possibilities for waste recycling by developing
materials that can be successfully used in the agricultural field, such as growing
substrate or protective material.

Therefore, based on the experimental results and in accordance with references in the
literature, it can be said that thermal insulation mattresses made of recycled PET and PES
fibres, natural plant fibres and sheep wool can be an alternative to commonly used thermal
insulation products (expanded polystyrene, extruded polystyrene, mineral wool, etc.), and,
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at the same time, can contribute to increasing the quality of life of the population by
ensuring better indoor air quality.
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Abstract: Currently, the need to ensure adequate quality of air inside the living space but also
the thermal efficiency of buildings is pressing. This paper presents the capacity of sheep wool
heat-insulating mattresses to simultaneously provide these needs, cumulatively analyzing efficiency
indicators for thermal insulation and indicators of improving air quality. Thus, the values obtained for
the coefficient of thermal conductivity, and its resistance to heat transfer, demonstrate the suitability
of their use for thermal insulation. The results of the permeability to water vapor characteristics
on the sorption/desorption of water, air, demonstrate the ability to control the humidity of the
indoor air and the results on the reduction of the concentration of formaldehyde, demonstrating their
contribution to the growth of the quality of the air, and to reduce the risk of disease in the population.

Keywords: sheep wool thermal-insulating mattresses; air quality; water vapor permeability; formalde-
hyde

1. Introduction

Currently, the population living in developed countries spends about 87% of their
time inside buildings [1–3]. In this context, huge amounts of fuels (wood, oil, coal, natural
gas, burned to produce heat during cold weather, or, for the production of electricity
used by heating appliances during cold weather or cooling during hot weather) are used
worldwide, together with considerable greenhouse gas emissions, to ensure indoor thermal
comfort. At the European level, 55–67% of total energy consumption is dedicated to
ensure indoor comfort in living spaces, office buildings, or commercial spaces [1,4,5].
According to the communication from the Commission of the European Parliament, the
Council, the European Economic and Social Committee, and the Committee of the Regions,
COM/2016/051, heating and cooling is the largest energy sector in the EU where 75% of
the required energy is provided from fossil fuels and only 18% from renewable sources.
In 2012, the report indicated that, 45% of EU heating and cooling energy is used in the
residential sector, 37% in industry, and 18% in the service sector, with space heating
accounting for more than 80% of energy consumption in colder climates. According to
this report, in order to meet heating needs, almost half of EU buildings have individual
boilers installed before 1992, with an efficiency of 60% or less. Moreover, at the EU level,
the 2016 reporting shows that 22% of individual gas boilers, 34% of electric direct heating
appliances, 47% of fuel-oil boilers, and 58% of coal-fired boilers exceeded their technical
life, implying low efficiency and high pollutant emissions [6]. Therefore, the current
trend is to reduce fuel consumption, to reduce greenhouse emissions, and to ensure the
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thermal efficiency of buildings through the use of high-performance insulating materials
and systems. However, a thermal-insulating “sealing” which only takes into account
the total heat transfer is not desirable because a low rate of ventilation will significantly
reduce the quality of the air inside [4,7,8] due to the accumulation of moisture, volatile
organic compounds gases—one of which, the most dangerous, classified as a 1B carcinogen
is formaldehyde [2,9–11], allergens, gases, radioactive materials (radon gas), pollutant,
inorganic, resulting in a decrease in the quality of life and even make people ill. The
sources of these emissions are diverse, some acting continuously, others intermittently
or occasionally: food preparation activities (cooking), personal hygiene activities of the
population, sanitation of space or things for personal use (e.g., washing clothes, cleaning
surfaces with chemicals or their maintenance by lacquering, periodic waxing), smoking, the
purchase of new products (emissions of organic compounds of a new element of furniture,
for example), even harmless activities intended for relaxation (perfuming space, burning
fragrant sticks) and, last but not least, radon emissions from the soil (radon being a gas with
a lower density than air, will climb through each crack of the construction, accumulating in
ventilated rooms rarely). Moreover, the degradation of an indicator of indoor air quality can
induce the degradation of other indicators, for example, the excessive increase in humidity
will become a catalyst for the development of microorganisms, which will determine the
need for sanitization of the space by chemical treatment of the affected surfaces in order
to remove the biological film (treatment carried out with chemicals, biocides), which will
bring into the interior a new amount of emissions of volatile organic compounds. The
World Health Organization [4,12,13] argues that it is impossible to eliminate all exposure
to these pollutants, but sets the risk limits [4,14] in relation to the concentration of the
emission of volatile organic compounds expressed as total volatile organic compounds
(TVOC) (Table 1). Accordingly, at the European level, two directives limit emissions of
volatile organic compounds, as follows: the Solvent Emissions Directive (SED) 1999/13/EC
(fully implemented since 2007) and the Products Directive (PD or DECO) 2004/42/EC
(which introduces VOC limits for 2010 that relate to specific products and materials (such
as paints) containing VOCs).

Table 1. Impact of TVOC [4,14].

TVOC (µg/m3) Health Impact

<200 No irritation or discomfort expected
200–3000 Irritation and discomfort may be possible

3000–25,000 Discomfort expected and headache possible
>25,000 Toxic range where other neurotoxic effects may occur

The symptoms of irritation, discomfort, and physical illness such as headaches, irri-
tation of the eyes, diseases of the respiratory system, allergic reactions, and disorders of
the skin, insomnia, difficulty in concentrating, fatigue, and illness, more severe, possibly
fatal [4], which may occur not only because of the high concentrations of TVOC in the
indoor air, but also to the high content of moisture which can cause mold and mildew
whose spores in the air are just as dangerous. These symptoms are currently associated
with the “sick building syndrome” [15–20]. Therefore, it is necessary and important that,
from the point of view of the impact on human health as a result of indoor air quality, at
the execution of thermal insulation works, at least three more factors should be analyzed
in addition to the thermal performance: water vapor permeability, water adsorption, and
the contribution of the thermal-insulating material to the TVOC concentration.

One of the possibilities of achieving a proper thermal insulation without affecting
the indoor air quality can be achieved by the use of natural thermal-insulating materials.
Therefore, the production of sheep wool thermal-insulation products has a substantial
potential as a result of its numerous advantages: it is an abundant renewable raw material
resource, it is made from the waste of the wool that cannot be used in the textile industry, the
technology of the embodiment is relatively simple and less polluting, the costs of producing
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and commissioning work are reduced, presents high durability, low flammability, all of
the performances needed for a good thermal insulation material [21–26]. In terms of the
availability of raw material resources, research carried out at the Politecnico di Torino,
Department of Architecture and Design [27–29] indicated some aspects of the production
and processing of sheep products in the Piedmont Region, Italy, which are similar to the
situation in Romania. Thus, sheep farms are populated with milk and meat-producing
breeds and less with breeds recognized for the fineness of the wool thread. Moreover, for
use in the textile industry, the wool is selected and the categories with thick or semi-thick
yarn being extremely low in demand, are stored in improper conditions, discarded or
burned, thus having a strong pollutant impact. According to the data presented by the
National Institute of Statistics, Romania is the fourth country in the EU in terms of the
number of sheep and goats and the fourth/fifth place in terms of the number of sheep
and goats/100 ha of land, and each sheep shearing operation generates about 2–2.5 kg
of wool/sheep’s head, wool that is not taken by the textile industry, becomes polluting
waste. According to the United States Department of Agriculture (USDA) Sheep and
Lambs Inventory, in 2011, there were 5.5 million sheep in the US [30], statistics indicating
an abundance of animals at the level of many areas throughout the planet. As a rule,
these thermal-insulating mattresses are placed on the surfaces of walls, ceilings, etc., inside
the rooms, in wooden frames mounted on the wall surface, and intended to support the
thermal-insulating material, due to the need for protection from the action of water, known
as the high-water absorption that wool has in general, and the need to ensure the conditions
of keeping the shape and dimensions, since they are non-woven products. This location,
however, has substantial advantages over the air quality inside the rooms.

Due to the genetic structure, sheep wool yarn has certain peculiarities. It has a natural
protein structure, being represented by cuticles whose surface is hydrophobic due to the
presence of organic saturated fat, covalently bound to the protein substrate and hydrophilic
cortex [21,31] and the medullary canal. Overlapping the cuticles on top of each other
determines the roughness and toughness of the thread [21]. The cortex is composed of
elongated cells, containing more than 93% by mass, keratin [21,32,33] containing 18 α-
amino acids, mainly cysteine, they are responsible for the specific characteristics—gloss,
own corrugation, insolubility in water, high resistance to chemicals, low biodegradability,
high mechanical strength. The medullary canal is responsible for the characteristic of
general hygroscopicity of the wool thread, being known that it absorbs 15–18% of the
mass water vapor under normal conditions (20 ± 5 ◦C, 50–65% RH), but can reach up to
40% under saturated atmosphere conditions (100% RH), absorption that occurs through
the expansion of the medullary canal, the diameter of the thread can increase by up to
18% and its length by 1% [21]. According to Downes and Mackay [34], sorption and
desorption of moisture under the influence of relative humidity is one of the fundamental
properties of wool fibers. Research has shown that, in general, the vapor transfer inside
thermal-insulating materials and not only, is influenced by the phenomenon of sorption
and the specific resistance to the flow of water vapor, so for two products with equal
densities, the water vapor resistance factor, µ, can be much different. On the other hand, it
is shown that the action of acidic or basic substances reduces the resistance and increases
the castability of the thread, and the increase in temperature and humidity causes the
elongation of the wool thread breakage (from 30% for dry thread to 70% for wet thread)
because, in accordance with research reported since the 1960s [35–37], in the presence of
water, a molecular reorganization of the thread. This phenomenon is also supported by
other research reported in the literature [38,39], which shows that under conditions of
relative humidity of 100%, the wool thread undergoes a process of swelling of 40% on
the transverse direction and 1% on the longitudinal direction, with the water molecules
entering the protein structure of the thread breaking some protein bonds. The same
research indicated that the kinetics of water adsorption on the wool yarn is influenced
by the diameter of the yarn, the amount of water adsorbed being inversely proportional
to its thickness [39]. Consequently, it can be said that sheep wool is an “smart material”,
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with a behavior that adapts according to external conditions: it has the ability to absorb
water in conditions of high humidity and give it away in conditions of low humidity, thus
regulating the humidity of the environment. The behavior of sheep wool in the presence of
volatile organic compounds, especially formaldehyde, can be considered a second reason
why it can be called a “smart material”. Inside buildings, there are many materials that can
emit VOCs, from finishing materials such as paints and varnishes, to treated and processed
wood-based composite materials for furniture and finishes, and to elements made of
plastics, each of these materials, by their own emissions, variable according to their nature,
the time elapsed from installation/use (for example, in the case of a paint, VOC emissions
are very high at application, during drying and immediately after drying, decreasing over
time), contributing to the accumulation of the VOC (levels indicated in Table 1). Research
conducted to date has shown the ability of the wool to adsorb formaldehyde [15,40–46]
and, accordingly, reduce the level of formaldehyde in the inhaled air. This research also
showed that the maximum adsorption is achieved at the surrounding temperature of
20 ◦C, the temperature normally encountered in the living space, and the formaldehyde
is absorbed by the wool fibers in one of two ways: physisorption, in which case it is
adsorbed in the micropores of the structure of the fibers, and the chemosorbtion, when
the formaldehyde forms a chemical bond of stable chains on the side of the amino acids
lysine and arginine, and with the groups that the amide of glutamine and asparagine [15]
in a chemical reaction, resulting in a pattern (Figure 1). These stable chemical bonds
formed will definitively contribute to reducing the concentration of formaldehyde in
indoor air. Moreover, the specific character of the formaldehyde thread, which has a keratin
structure, allows the chemical binding of a large amount of formaldehyde. Compared
to human hair, research has shown that sheep wool has a higher rate of formaldehyde
adsorption, thus becoming a “protector” of the population [47]. Studies carried out on
the adsorption of formaldehyde, both on strands of hair and sheep wool, have pointed
to the fact that, after the binding of formaldehyde to the keratin, the reaction was carried
out at the level of the amino group to formaldehyde, which results in the formation of an
aminomethylol itself, the process proceeds to a chain reaction that leads to the formation
of a solid connection with the methylene bridge, and the release of a molecule of water.
To date, no reports have been identified in the literature, indicating the attainment of
a degree of formaldehyde saturation of mattress products made of sheep wool. This
ability of sheep wool is considered particularly important, especially given that 2–5% of
cancer cases reported in the US are attributed to the continuous and prolonged exposure
of the population to formaldehyde present in the living environment, schools, offices,
or commercial spaces. For extreme situations of high formaldehyde concentration, it is
estimated that the risk of cancer increases from 42 cases/million people for a concentration
of 10 µg/m3, to 252 cases/million people for a concentration of 60 µg/m3 [48].
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Some studies have shown that wool spontaneously absorbs VOCs in the atmosphere,
and thus, it was reported that a capacity reduction of more than 89% of the total concen-
tration of formaldehyde in 3 days after exposure to conditions of 20 ◦C and 65% RH [49],
or the placing of a sample in 150 g of wool into a chamber with a volume of 0.158 m3, in
which the formaldehyde concentration is 20 ppm, and resulted in the full absorption of the
latter within 4 h and, by increasing the formaldehyde concentration to 400 ppm, and in the
same condition it was involved in a 35-min drive [50,51].

Moreover, keratin in the wool thread behaves amphoterically, depending on the pH
of the medium: at a basic pH, keratin determines an affinity of the thread for negative
ions, and at a lower pH, it will determine an affinity of the thread for positive ions [21,52].
This behavior is essential for interaction with the environment, even with pollutants such
as oxides, heavy metals, etc. [49]. Thus, some research has shown that under conditions
of 2.32 ppm concentration of sulfur dioxide, its absorption capacity by the wool was
initially 0.012 mg/gram wool/minute, reaching 0.003 mg/gram wool/minute after 60 min
of exposure [50,53]. Research in this direction has been carried out including on the
adsorption of toxic products from cigarette smoke, showing the capacity of 40 mg of
cigarette smoke/gram of wool [50,54]. Other research has indicated the ability to reduce
the concentration of Cu2+ by 41% in 1 h, and by 34–53% As3+ in 1 h, respectively [55,56].

From the point of view of the intended use and way to produce, in the case of
non-woven thermal insulation products, mattresses made of sheep wool, there are both ad-
vantages and disadvantages compared to classic thermal insulation products, in particular
when comparing to expanded or extruded polystyrene. Thus, classic thermal insulation
products are intended for placement, especially on the outside of buildings, on the one
hand from the desire not to reduce the internal volume of the rooms, and on the other
hand because by design, they significantly reduce the water vapor permeability of the wall.
Located indoors will substantially contribute to increasing the humidity of indoor air and,
accordingly, increase the likelihood of the development of microorganisms. However, there
are situations in which thermal insulation on the outside is not only not the best solution
and may even be unfeasible (the case of historical buildings where it is forbidden to modify
their exterior appearance) or impossible (constructions with buried walls, not accessible for
thermal insulation works). Moreover, the placement inside of thermal insulation materials
of the classical type, polystyrene in particular, not only does not allow good ventilation
of the walls, but also significantly contributes to the degradation of indoor air quality
by the emissions of harmful substances that characterize them. Therefore, the use of a
natural thermal insulation sheep wool mattress will cause a small reduction in space, but
will also bring major benefits, starting with a feasible thermal insulation solution, up to a
significant contribution to air quality (humidity regulation, the possibility of preserving
the permeability of the walls, etc.). The reduction of space by thermal insulation inside
is a result of the fact that this type of product is placed in wooden frames equal to the
thickness of the mattress used, over which sheets of gypsum board or wooden slats are
applied. Thus, the resulting surface will be smooth, with sufficient mechanical strength
for the application of finishes and for current uses. Therefore, the operation of thermal
insulation indoors using mattresses made of sheep wool brings more benefits compared to
its main drawback, that of reducing the inner volume of space.

The aim of this paper is to analyze the adsorption processes of water vapor and
formaldehyde in the air, simultaneously with the evaluation from the point of view of
water vapor permeability of four sheep wool thermal-insulating mattress of Romanian
origin. This work will thus contribute to the increase of knowledge in the field of bio-
insulating materials used in the construction industry; a sector that is still insufficiently
documented. It is therefore considered that it will contribute to the development of this still
under-exploited area, to increase the possibilities of using sheep wool that is unproperly
used in the textile industry to produce new materials and also to increase the confidence
of users.
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2. Materials and Methods
2.1. Materials

Four types of products, non-woven type sheep wool mattresses, intended for use as
thermal-insulating material in construction, produced within the framework of an experi-
mental research project by MINET SA Râmnicu Vâlcea, Romania, were analyzed. Those
were produced by thermal-sealing carding technology of a mixture of 90% sheep wool
yarn (thickness between 0.020–0.040 mm) and 10% BICO polymer fibers, characterized by
nominal density, thickness, and average real thickness (average result of 10 measurements)
according to Table 2. Those were also analyzed microscopically in order to inspect their
appearance (Figure 2). For an easier analysis, thermal-insulating mattresses with similar
density, within the limits of 30–35 kg/m3, were chosen.

Table 2. Characterization of non-woven type sheep wool thermal-insulating mattresses.

Type A B C D

Density (kg/m3) 33.6 34.8 30.8 32.4
Nominal Thickness (mm) 15 ± 10% 25 ± 10% 45 ± 10% 40 ± 10%

Average Real Thickness (mm) 15.6 23.4 44.0 42.2
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2.2. Thermal Insulation Efficiency

For the characterization of products from the point of view of thermal insulation
efficiency, the coefficient of thermal conductivity, λ10, ct. was determined (W/mK) and
thermal transfer resistance, R (m2 K/W) by means of a Fox 314 conductivity meter, by
the hot plate method, at a temperature difference between turntables of 10 ◦C, according
to EN 12667:2002, using specimens of the size 300 × 300 mm2, at their natural thickness,
after being dried at constant mass in a ventilated oven, the results are presented as the
arithmetic mean of five individual measurements for each type of product.

2.3. Analysis of the Interaction Phenomenon between Sheep Wool Mattresses and Humidity

Water vapor permeability was quantified by water vapor transmission rate, G (mg/m2

h), water vapor resistance, Z (m2 h Pa/mg), and by water vapor resistance factor, µ, were
calculated according to Equations (1)–(3), where G is the flow of moisture crossing the
sample in the time interval ∆t, A is the exposed area of the sample, ∆p is the atmospheric
pressure, δair is the vapor permeability of the air, and d is the thickness of the sample. The
tests were performed under laboratory conditions, 65 ± 5% RH and 23 ± 1 ◦C, using the
wet cup method.

g = G/A (mg/m2h), (1)

Z = (A × ∆p)/G (m2hPa/mg), (2)

µ = (δair × Z)/d. (3)
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The sorption/desorption capacity of water vapor was quantified by drawing the
characteristic curves, by the variation of the sample mass, according to the relative humidity
of the air, for 30%, 45%, 60%, 80%, and 95% RH. To stabilize the parameters being followed,
the samples were maintained at each RH value for 7 days, after which they were weighed.
To ensure repeatability conditions, five determinations were made for each test.

Due to the technology of production of the products, knowing the higher probability
of a slight variation in performance, as a result of the specific inhomogeneous structure
of the products, it was considered useful to calculate a quadratic mean deviation, as a
consequence of a measurement uncertainty, for each set of measurements, the test being
conclusively considered if the calculated measurement uncertainty was less than 10% of
the average value of the analyzed data.

2.4. Influence on Formaldehyde Concentration

The sorption/reduction capacity of formaldehyde was finally analyzed, according
to ISO 16000-3, for the product that achieved the best performance of those previously
presented. The working parameters of the test chamber that complied with the conditions
according to EN 16000-9 and EN 16516, are presented in Table 3. The specimen used, with
dimensions of 300 × 300 mm2 (Figure 3), was covered on the lower face and edges with
aluminum foil so that the transfer of formaldehyde was carried out only by the exposed
upper face. The testing was carried out over 7 days and the atmospheric concentration of
formaldehyde was recorded (day 1, 3, and 7).

Table 3. Formaldehyde absorption test parameters.

Parameter Chamber
Volume, V (l)

Air Change
Rate, n (h−1)

Relative
Humidity of
Supply Air,

RH (%)

Temperature of
Supply Air, T (◦C)

Average
Formaldehyde

Injection
(µg/m3)

Area Specific
Ventilation Rate,

q (m3/m2/h)

Value 119 0.5 50 ± 3 23 ± 1 100 ± 20 0.36
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Before loading the test chamber, the indoor air was cleaned and checked according to
EN 16,516 and ISO 16000-9. During the test, an artificial atmosphere containing a known
concentration of formaldehyde was continuously injected into the test chamber to create
the basis for the investigation of the reductive properties of the test product, according
to Table 3. The presence of aldehydes was tested by air sampling through DNPH-coated
silica gel tubes positioned in the exit area of the test chamber after each specified exposure
period. The analysis was carried out using an HPLC detector with UV diodes. The absence
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of formaldehyde and other aldehydes is indicated if the detector’s response to the specific
UV wavelength is missing from the chromatogram. The presence and quantification of
formaldehyde in the analyzed atmosphere was achieved by comparing specific UV spectra
with standard UV spectra.

Formaldehyde consumption, FC (%), was calculated with Equation (4) and sorption
flux, F (µg/m2·h), was calculated with Equation (5), where Cin = inlet concentration, µg/m3;
Cout = chamber concentration, µg/m3; Qc = air flow of chamber = 0.06 m3/h and A = area
of the test specimen.

FC = (Cin − Cout)/Cin × 100 (%), (4)

F = [(Cin − Cout) x Qc]/A (µg/m2h). (5)

3. Results and Discussion

First of all, in line with the existing literature [1,25,57–59], it can be seen the suitability
of this material for thermal insulation and the difference between the quantifiable parame-
ters of performance of the thermal insulation: the coefficient of thermal conductivity, λ, is a
factor of the material, depending on its density, as the resistance to heat transfer, R, is an
indicator of the product, depending on both the specifics of the material and the thickness
of the product (Figure 4). It can be said that in the case of tested materials, the coefficient of
thermal conductivity, λ, increases with increasing density, and the heat transfer resistance,
R, increases with increasing thickness of the product. It can easily be seen that a higher
density product does not necessarily provide a lower heat transfer if it does not satisfy a
corresponding thickness, so to obtain a high-performance thermal-insulating product, it is
necessary to establish an optimal density–thickness balance.
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Figure 4. Analysis of thermal insulation performance of thermal insulation sheep wool mattresses: (a) influence of material
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Water vapor permeability performance was analyzed according to the thickness of the
thermal-insulating mattresses and in conjunction with the thermal insulation performance
quantified as heat transfer resistance and is presented in Figure 5.

It is noted that, regardless of other characteristics of wool mattresses, the water
vapor resistance factor, µ, corresponds to values close, in order of magnitude, to values
characteristic of other thermal insulation products—mineral wool (µ = 2), glass wool (µ = 1),
rigid polyurethane foam (µ = 10), straw or stabilized chipboard plates (µ = 1.5) and are
much more permeable than thermal insulation products made of expanded polystyrene
(µ = 30–60) or extruded (µ = 150) or open-pore glass (µ = 28), thus ensuring the “breathing”
of the walls on which they are used, results that are consistent with specifications from
the literature [1]. As expected, the speed of the water vapor transmission decreases with
the increase of the thickness of the specimen, but the resistance to vapor-water is less
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influenced by this increase of the thickness, which might imply that these parameters are
affected differently by the characteristics of the test specimen, the first one being dependent
upon the characteristic of the product (thickness), and the second one is dependent on the
characteristic of the material (density).
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The sorption/desorption capacity of water vapor determined experimentally for
thermal-insulating mattresses was achieved by graphical representation of the sorption/
desorption curves constructed on the basis of moisture content according to RH (Figure 6).
Since these curves are very close, even superimposed in some areas, for better detail,
we chose the broken-down graphic representation, Figure 6a for the phenomenon of
sorption, and Figure 6b for the phenomenon of desorption, keeping the same proportions
to facilitate comparison.
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Placing the sorption curve, in all cases, under the desorption curve, signifies that, 
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Placing the sorption curve, in all cases, under the desorption curve, signifies that,
although permeable to water vapor, the sheep wool thermal-insulating mattresses, under
conditions of increased humidity of the environment, are able to retain a certain amount
of water, the results being consistent with those reported in the literature [1,25,60]. With
the reduction of the humidity of the environment, this water will be released to the
environment, but at a lower speed than the retention rate, as demonstrated by the slope of
the sorption–desorption curves. As a result of this behavior, it can be appreciated that this

133



Materials 2021, 14, 2443

type of products contributes not only to the thermal insulation of the interior space but
also to the regulation of its humidity. Analyzing the allure of the sorption curves, it can be
seen that they are consistent with previous results obtained in the literature [25,34,60–62],
which indicates that the water absorption of up to 5% of the fiber drying weight is carried
out with a higher speed, the water binding strongly, after which, the phenomenon is
influenced by the relative humidity of the environment, the speed stabilizing towards
the saturation zone, a fact also identified by the analysis of the slope of the sorption
curves, respectively, desorption. Considering that the thermal insulation of the building,
on the inside can be done for walls, floors, and ceilings, and the volume of indoor air is
proportional to their surface area, the literature also points to a high probability of meeting
the needs of the improving indoor air quality through the use of this type thermal-insulating
material [23,25,27,28,49].

As a result of the analysis of the cumulative, it was considered that type-C mattress
(30.8 kg/m3- density, and 44 mm) meets the simultaneous criteria of performance for
thermal insulation, water vapor permeability, and the ability to regulate the humidity
of indoor air by sorption/desorption of moisture, according to the need. Thus, for this
purpose, the test was performed by the performance of reducing the concentration of
formaldehyde in the indoor air, respectively. Binding of this compound by chemisorption,
the results being presented in Figure 7.
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The results obtained showed that, for equal flows of formaldehyde introduction into
the test room, in the situation of the existence of the wool sample, the concentration of
formaldehyde recorded in the atmosphere of the enclosure is much lower (24 µg/m2

per 1 day, 32 µg/m2 per 3 days, respectively, 34 µg/m2 per 7 days), compared to the
concentration recorded in at 74 µg/m2 on 1 day at 110 µg/m2 on 7 days). The calculated
flow of formaldehyde sorption in the wool test tube was 18 µg/m2h at 1 day, 25 µg/m2h
at 3 days, 28 µg/m2h at 7 days, increasing steadily with the duration of exposure and the
amount of formaldehyde introduced into the atmosphere inside the test chamber increased,
the consumption of formaldehyde by sorption in the wool mattress, calculated, being 68%
after the first day of constant, 69%, in the next test period, up to 7 days. Based on these
results, the efficiency of the tested thermal-insulating mattress in terms of improving the air
quality inside the rooms by reducing the concentration of formaldehyde was demonstrated.
Moreover, by keeping the wool sample in the test chamber for another 24 h after the end
of the test, under constant conditions and without further introduction of formaldehyde,
an amount of 29.5 µg/m2 remaining formaldehyde in the sample was determined, which
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indicates two aspects: the desorption of formaldehyde at 24 h is very low (only 13% of
the adsorbed amount and the probability that chemisorption mechanisms that induce
chemical bonds, much more stable, than sorption in micropores of the wool thread by
mechanisms of a physical nature (physisorption), in accordance with the references in the
literature [15,23,49]. According to the literature, this ability to bind formaldehyde also
has the advantage that, according to the specialized literature, it becomes, indirectly but
effectively, even a passive treatment to increase resistance to attack by microorganisms,
insects and their larvae, a concentration of 0.5% formaldehyde is sufficient to provide an
annihilation capacity of microorganisms within 5–6 h of exposure [62].

4. Conclusions

The aim of this work was to analyze the capacity of sheep wool thermal-insulating
mattresses to improve indoor air quality by evaluating the performance of ensuring the
water vapor permeability of the thermally insulated surface, regulating humidity by sorp-
tion/desorption of atmospheric humidity, and reducing the concentration of formaldehyde,
the main toxic substance found in indoor air, under conditions of satisfying the needs of
thermal insulation.

Based on the experimental results, it can be said that, according to the literature, sheep
wool mattresses have characteristics that successfully fit them into the category of thermal-
insulating materials, the coefficient of thermal conductivity being a characteristic property
of the material, and the resistance to heat transfer being a characteristic property of the
product, that is, influenced by the type of material and its thickness. From the point of view
of air humidity, the analyzed products ensure a high degree of comfort by maintaining
the “breathability” of the surfaces on which they are applied (walls, ceilings, floors) but
also by the ability to regulate humidity through processes of sorption/desorption of
atmospheric water. At the same time, these sheep wool mattresses contribute to maintaining
the safety and health of the population through the ability to reduce the concentration
of formaldehyde.

Tests carried out on the four types of sheep wool mattresses indicated that they have
good thermal insulation performance, but, at the same time, they have a beneficial influence
on the air in the interior space. Depending on the specific characteristics and the intended
use of the products, the use of these materials allows the user to choose the thickness of the
mattress, so that both the thermal insulation requirements are met, as well as meeting the
limitations imposed by the volume and architecture of the rooms or climatic conditions.

Further studies regarding the possibility of using sheep wool mattresses as thermal
insulating materials are focused on statistical analysis regarding the influence of specific
production technology on the performance of the product and on identifying optimiza-
tion opportunities.
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Abstract: Environmental pollution has particular implications for the whole geosystem and increases
the global risk to human and ecological health. In this regard, investigations were carried out on
soil samples to perform the quality status assessment by determining: pH, texture, structure and
metal concentration, as well as carrying out an assessment of anthropogenic activity by determining
pollution indices: Cf (contamination factor), Cd (degree of contamination), PLI (pollution load index),
Er (ecological risk index) and PERI (potential ecological risk index). Analyses on soil samples showed
high concentrations of metals (Cu: 113–2996 mg kg−1; Pb: 665–5466 mg kg−1; Cr: 40–187 mg kg−1;
Ni: 221–1708 mg kg−1). The metal extraction experiments were carried out by bioleaching using
Thiobacillus ferrooxidans, microorganisms at different amounts of bioleaching solution (20 mL and
40 mL 9K medium) and a stirring time of up to 12 h. The results on the degree of contamination,
pollution loading index PLI (2.03–57.23) and potential ecological risk index PERI (165–2298) indicate
that the soils in the studied area have a very high degree of pollution. The decontamination procedure by
bioleaching showed a decrease, but at the end of the test (12 h), the followed indices indicate high values,
suggesting that bioleaching should continue. The depollution yield after 12 h of treatment is, however,
encouraging: Cu 29–76%, Pb: 10–32%, Cr: 39–72% and Ni 44–68%. The use of yield–time correlation
equations allows the identification of the optimal exposure time on the bioleaching extraction process to
obtain optimal results. The aim of the research is to determine the soil quality, soil environmental risk,
extraction of metals from polluted soils by bioleaching and to identify influencing factors in achieving
high remediation yields.

Keywords: 9K medium; bioleaching; Thiobacillus ferrooxidans; pollution indices; ecological risk

1. Introduction

The interest in a cleaner and healthier environment has increased in recent years,
becoming a pressing need due to the awareness of the negative impact that pollution has
on the quality of life and health of the population [1,2].

The presence of metals generates the most widespread chemical pollution of soil,
and its adverse effects are particularly strong. Metal concentrations in uncontaminated
dry soils in Romania range from: Cu 20–40 mg kg−1; Pb 22 mg kg−1; Cr 10 mg kg−1;
Ni 25–40 mg kg−1 [3]. Naturally high levels of metals can be found in soil as a result of
geological processes. However, concentrations are mostly very high due to anthropogenic
influences from excessive agriculture and intensive industrial pollution [4–7].

The accumulation of metals in soil affects the surrounding environment through
quantity and toxicity, but also through chemical bonds that influence soil reaction, resulting
in degradation or loss of soil functions [6–8]. Soil pollution with metals affects the physical
and chemical properties of soil. High concentrations of Cu alter the humus composition,
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and Pb inhibits enzymatic processes, reducing the intensity of carbon dioxide removal, both
of them reducing the number of microorganisms and nutrient uptake by plants [6,9,10].

These pollutants also affect the health of the population, because copper compounds,
through ingestion, can cause digestive and nervous disorders. In high concentrations these
copper compounds can even trigger paralysis or cardio-respiratory arrest. Lead is a metal
that can cause, even in very low concentrations, serious damage to the brain and nervous
system [4,5,10]. Chromium is deposited in the liver, spleen and kidneys, and nickel is
carcinogenic and, in some people, can cause allergies [7,10].

The phenomenon of environmental pollution is no longer local or regional, but global,
with particular implications for the entire geosystem and leading to an increase in the
global risk to human and ecological health [1,2,4,5].

Bioleaching, or bacterial leaching, has gained increased attention as it is innovative,
environmentally friendly, and economical [11,12]. The bioleaching process relies on the ability
of micro-organisms to transform solid compounds into soluble and extractable elements that
can be recovered [13,14]. Acidophile microorganisms (Sulfolobus acidocaldarius, Acidithiobacillus,
Leptospirillum and Thiobacillus ferrooxidans) live in highly acidic environments (pH 1–3.0) and
in the presence of very high concentrations of metals [14–18].

The microorganisms or bacteria that are used in the aerobic bioleaching process directly
or indirectly oxidize inorganic compounds. Oxidation and acid-producing activities by
sulfo-oxidizing bacteria are essential [13].

In the direct process, bacteria can directly oxidize the sulfur ion from metal sulfide
into sulfate. This process is shown in Equations (1) and (2) [13,19,20]:

MS −−−→ M2+ + S2− (1)

S2− + 2O2
bacteria−−−−→ MSO2−

4 (2)

A general reaction is used to express the biological oxidation of a metal sulfide in-
volved in bioleaching. Metal sulfides can be iron-based (pyrites) or other metal-based
(Equation (3)) [13]:

MS + 2O2
bacteria−−−−→ MSO4 (3)

In the indirect process, the oxidation of metal sulfides is done by microbially generated
ferric ions (Equation (4)):

MS + 2Fe3+ −−−→ M2+ + 2Fe2+ + S0 (4)

The ferrous iron that is formed is re-oxidized by bacteria. When sulfur is formed, the
presence of bacteria is indispensable for its oxidation to sulfuric acid and thus maintaining
the solubilized metal (Equation (5)) [13]:

S + H2O + 3/2O2
bacteria−−−−→ H2SO4 (5)

The production of sulfuric acid maintains the acidity of the solution at a favorable pH,
and leads to the growth of ferro-oxidizing and sulfo-oxidizing bacteria and the solubiliza-
tion of metals [14]. The general indirect leaching process involves the ferric–ferric cycle [19]
(Equation (6)):

4FeSO4 + O2 + 2H2SO4
bacteria−−−−→ 2Fe2(SO4)3 + 2H2O (6)

Microorganisms can alter the mobility of metals in the environment through its physi-
cal or chemical changes by microbial redox reactions. These microorganisms help in the
development of mechanisms that alter solubility, mobility and/or toxicity (Figure 1) and
allow soil remediation by separating or dissolving contaminants [21]. Separation or immo-
bilization involves mechanisms of bioabsorption (uptake of contaminants into biomass), as
well as changes in the redox state (reduction of oxidized metal to an insoluble form), and
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the accumulation, precipitation and/or volatilization of pollutants by phytoremediation.
Dissolution or mobilization includes the processes of bioleaching metals and metalloids
and changes in the redox state (oxidation of small insoluble metal forms to soluble forms),
which favor dissolution or volatilization. The removal of inorganic pollutants can be
achieved according to the following principles: (1) after precipitation, the pollutants are
immobilized; (2) the concentration of the pollutant reduces the volume of the contaminated
matrix; (3) the separation of metals is in an environment with lower risk potential [21].
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Figure 1. Interactions between metals and microorganisms.

Organisms are exposed to the presence of different types of metals and metalloids
in the environment. Interaction between them develops defense mechanisms, which
sometimes generates benefits and sometimes is to their detriment [21]. Microorganisms
use metals for structural and/or catalytic functions and have the ability to bind metal ions
present on the outside of the cell surface or transport them to the cell interior for various
intracellular functions (Ca and Mg have structural and catalytic functions, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Mo and Se in low concentrations can participate in catalytic functions). Some
prokaryotic microorganisms can use, during metabolism, metal species that may exist with
different valences, such as Cr, Mn, Fe, Co, Cu and Ca, because they act as acceptors or
donors of electrons [21].

Having a very rich and mobile enzymatic apparatus, the microorganisms have a
true advantage in their use for biotechnological soil depollution processes. This also
mainly happens because they have a high biosynthesis capacity and a high adaptability to
environmental conditions. Generally, the following microorganism species are used for the
bioleaching of metals: Thiobacillus, Leptospirillum or Sulfolobus [10].

Thiobacillus ferrooxidans, are single-celled, rod-shaped microorganisms, 1–2 microns
long and 0.5–1.0 microns wide. They are tolerant of high acidity and are found in soils
with a pH of 2.2, continuing to live even at pH below 0.6, but these organisms grow best at
pH 2–5 and at temperatures between 25–35 ◦C [22].

Thiobacillus ferrooxidans use Fe2+ as an energy source. Equation (7) shows the oxidation
relationship of Fe2+:

4Fe2+ + O2 + 4H+ −−−→ 4Fe3+ + 2H2O (7)

The assessment of soil metal contamination is done by calculating several parameters
that indicate the pollution of the soil. These parameters are used to monitor soil quality
and ensure future sustainability [23,24] by highlighting the degree of contamination and
the potential ecological risk [25,26].
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To highlight the influence of anthropogenic activities on soil quality and to assess
soil metal pollution, a simultaneous evaluation of the contamination index (Cf), degree of
contamination (Cd), pollution index (PLI), ecological risk factor (Er) and potential ecological
risk index (PERI) parameters can be performed [27–29].

The PLI index is used for the overall assessment of the degree of contamination in the
soil and provides an easy way to demonstrate the deterioration of soil conditions due to
metal accumulation [23]. The PERI index allows the identification of various environmental
effects (toxicology, environmental chemistry and ecology) and can assess the environmental
risks caused by metals [8,30].

Rouchalova (2020) pointed out that particle size (71–100 µm), pH (1.8) and microorgan-
ism density (9K medium) are the most important parameters in achieving high depollution
yields [31]. Groudev et al. (2001) pointed out that microbial activity is the most important
factor in Cu, Zn, Cd and As bioleaching, the exception being Pb [32].

Studies in the literature have shown that bioleaching is efficient for the extraction of
metals from water treatment sludge (Cr 92.6%, Cu 80.6%, Fe 95.6%, Mg 91%, Ni 89.7%,
Pb 99.5%, Zn 93% [33–35], Fe 76.5%, Cu 82%, Pb 89.9%, Zn 90%) [31] or from municipal
and industrial waste [36]. Pyrotite bioleaching could increase Fe recovery by bacterial
adaptation and biological contact oxidation [37], and Fe can be removed (18%) by adding
9K medium [38].

Results obtained in the literature regarding the bioleaching of metals from soils,
obtained under similar experimental conditions (use of Thiobacillus microorganisms, sample
agitation (120–170 rpm), extraction time (5–48 days) and temperature (28–30 ◦C)) have
shown that good extraction yields can be obtained for: Cu: 44% [39], 46% [40], 20–73% [41],
72. 8% [42], 69–92% [43], 95% [44,45], 51–72% [46], 78% [47], 80.6% [33–35], 82% [31],
83% [48], 89–96% [49], 95–96% [50]; Pb: 10–54% [43], 16–60% [50], 18% [40], 33–72% [51],
39.4% [42], 75–84% [49]; Ni: 10–47% [50], 35–65% [51], 69–92% [43], 75–93% [49], 78% [40],
90% [33–35]; and Cr: 14% [40], 10–41% [43], 9–20% [51], 53–92% [49], 64% [39].

As a result, based on the information present in the literature, it can be said that
in order to obtain a high yield of soil metal extraction technologies, it is important to
know the optimal parameters: pH, texture, structure, type and quantity of microorganisms,
temperature and extraction time, used in the extraction process. At the same time, it
can be said that there is still a number of controversies worldwide, especially in terms
of the effectiveness of the process (i.e., the optimal intervention time needed to obtain a
satisfactory degree of depollution) which vary according to the specific characteristics of the
soil and the initial concentration of the pollutant and the type of pollutant. It should also
be mentioned that, due to the high degree of inhomogeneity of the soils, it is particularly
important to accumulate as many experimental results as possible. Accumulating the
necessary data generates the possibility to assess, on a case-by-case basis, the parameters
necessary to obtain a satisfactory degree of decontamination, such as the duration of
intervention, the concentration and quantity of the pollutant, etc.

The aim of the paper is to highlight the factors that influence the yield of the bioleach-
ing process, these being mainly the amount of bioleaching solution and the duration of the
extraction process of potentially toxic elements (metals), in relation to the environmental
risk assessment. The use of yield–time correlation equations allows the identification of the
optimal exposure time on the bioleaching extraction’s potentially toxic elements to obtain
optimal results.

2. Materials and Methods
2.1. Soil Sampling

In order to study the assesed parameters, soil samples from two different areas in
Romania were extracted. These areas are particulary known for generating industrial activ-
ities (area P1—Maramures, County and area P2—Alba County). Soil from three different
depths was analyzed for each of the two areas: 0–10 cm, 10–20 cm and 20–30 cm. The
analysis of the data was performed according to the Romanian standard STAS 7184/1-84
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and were processed according to ISO 11464:1998 [52,53]. The investigated areas are specific
to mining areas and adjacent to these types of activities, being known as polluted areas
in Romania [54–56].

2.2. Soil Analysis

Characterization of the soil samples was carried out in terms of pH, texture, structure
and content of metals (Cu, Pb, Cr and Ni). Soil pH was determined in soil/water extract
1/5 (w/v) using a HANNA pH meter. Soil texture was determined by gravimetric method
with RETSCH AS 200 sieve and soil structure was determined by Sekera method. Soil metal
content was determined by atomic absorption spectrometry (AAS) with a SHIMADZU
AA-6800 spectrometer (Shimadzu, Tokyo, Japan) using the aqua regia digestion. The soil
samples were dried, grounded to a fine powder and sieved through a 100 µm sieve. Three
grams of each sample of soil were weighed into a beaker and 7 mL of HCl and 21 mL
of HNO3 were added. The mixture was then refluxed for 2 h. After cooling to room
temperature, the supernatant was filtered and diluted to 100 mL.

2.3. Bioleaching Process

The extraction of metals from contaminated soil was achieved by bioleaching using
180 Thiobacillus ferrooxidans (TF) microorganisms inoculated in 9K medium in different
quantities: 20 mL and 40 mL. The 9K medium contained: (NH4)2SO4—3.0 g; KCl—0.1 g;
K2HPO4—0.5 g; MgSO4·7H2O—0.5 g; Ca(NO3)2·4H2O—0.01 g; FeSO4·7H2O—44.2 g; and
distilled water up to 1000 mL [57].

From each soil sample, 10 g of soil (from the 2 mm soil fraction) was weighed and
20 mL and 40 mL of 9K medium was added. Samples were stirred using an orbitally
oscillating–rotating platform shaker (200 rpm) for 2 h, 4 h, 6 h, 8 h, 10 h and 12 h. Research
was carried out in laboratory conditions under constant temperature, real air humidity
and ventilation conditions (T = (27 ± 1) ◦C, RH = (65 ± 2)%), without forced ventilation of
ambient air. At regular time intervals (2 h, 4 h, 6 h, 8 h, 10 h, 12 h) the leachate was filtered
and the concentrations of the four metals (Cu, Pb, Cr, Ni) were determined by Atomic
Absorption Spectrometry (AAS). To ensure repeatability and reproducibility, the results
were recorded as the average of three successive measurements.

2.4. Ecological Risk Assessment Methodology

Based on previous studies and results [8,27,28,58–61], Cf contamination index and Er
ecological risk parameters were calculated for each sample and for each type of pollutant
and measurable indices for general assessment of the soil condition were analyzed, i.e., Cd,
PLI and PERI.

The calculation of the parameters were performed using background values of: Cu:
25; Pb: 20; Cr: 35; Ni: 20 [62]. The degree of Cd contamination was calculated by summing
the contamination indices according to Equation (8):

Cf =
CAi

CNi
− 1 (8)

where,

CAi—analyte concentration,
CNi—background value (in the case of soil).

Cd =

n

∑
i=1

(Cf) (9)

PLI = n
√

cf1 ∗ cf2 ∗ cf3 ∗ . . . . ∗ cfn (10)

Er = Cf ∗ Tr (11)

where,
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Er—ecological risk index of the metal i,
Cf—contamination factor of the metal i,
Tr—metal toxicity response coefficient for each metal: Cu: 5, Pb: 5, Cr: 2, Ni: 5 [8,63].

PERI =

n

∑
i=1

Er (12)

The results obtained from the calculations are interpreted according to the values of the
corresponding parameters by comparison with the information available in the literature
(Table 1) and presented also in colors, in order to easily asses the degree of pollution and/or
ecological risk.

Table 1. Metal pollution indices used for soil quality assessment.

PA
R

A
M

ET
ER

S

Cf—Contamination
factor [8,27,28]

Cf < 1—Low contamination factor
1 ≤ Cf < 3—Moderate contamination factor

3 ≤ Cf < 6—Considerable contamination factor
Cf ≥ 6—Very high contamination factor

Cd—Degree of
Contamination [8,58]

Cd < 8—Low degree of contamination
8 ≤ Cd ≤ 16—Moderate degree of contamination

16 ≤ Cd ≤ 32—Considerable degree of contamination
Cd > 32—Very high degree of contamination

PLI—Pollution Load
Index [27,28,59]

PLI < 1—Not polluted soil
PLI = 1—Soil with normal background level

PLI > 1—Polluted soil

Er—Ecological risk
index [8,60]

Er < 40—Low ecological risk
40 < Er ≤ 80—Moderate ecological risk

80 < Er ≤ 160—Considerable ecological risk
160 < Er ≤ 320—High ecological risk

Er > 320—Serious ecological risk

PERI—Potential
Ecological Risk Index

[8,61]

PERI < 150—Low ecological risk
150 ≤ PERI < 300—Moderate ecological risk

300 ≤ PERI < 600—High potential ecological risk
PERI ≥ 600—Significantly high ecological risk

During the entire experimental program, the evolution of the “soil health status” was
monitored. This parameter was expressed as the accumulation of all the factors influencing
this aspect, as well as the kinetics of the evolution of each type of pollutant in relation to
the duration of exposure to the bioleaching solution, the amount of 9K medium used, the
depth of soil sampling and the pH of the soil. The kinetics of the decontamination process
was followed by decreasing the concentration of the pollutant in relation to the time of
action of each type of solution.

The effectiveness of the extraction process (ER) was determined with Equation (13) [64]:

removal efficiency (%) =
Ci − Cf

Ci
× 100 (13)

where:

Ci is the initial metals’ concentration (mg kg−1) of soil;
Cf is the final concentration of metals (mg kg−1) in soil, after soil bioleaching treatment.

In order to estimate the time needed to apply the process until a satisfactory degree of
depollution is obtained, a series of equations correlating the yield with the time of action
were identified on the basis of experimental data. In this respect, the identified correlation
relationship was considered acceptable if the condition R2 ≥ 0.9 was satisfied.

144



Materials 2022, 15, 3973

3. Results and Discussions
3.1. Analysis and Assessment of Ecological Risks for Initial Soil Samples

The results of the pH tests indicate that all soil samples show a low pH (acid reaction)
with varying degrees of acidity. Samples P1 show a pH value of 5.2–5.5 (medium acidic
reaction), while samples P2 show a pH value of 2.3–2.5 (highly acidic reaction). In both
investigated locations, the soil was found to be well structured and has a sandy loam
texture with the following composition: 21.8% clay, 40.2% silt and 38% sand, according to
the USDA classification [65].

Initial testing of the soil samples indicated that, depending on the location and depth
of extraction, metal concentrations vary substantially. As shown in Figure 2, a slight
decrease in Pb concentration with an increasing depth of investigation was observed at
both investigated locations. On the other hand, the Cu, Ni and Cr content increased with
the depth of investigation. This can be explained by the fact that Pb is associated with the
acid-soluble and reducible phases, while the other metals studied are mainly associated
with the oxidization phase. These metal migration trends in the top layer (up to 30 cm) are
in agreement with the literature. Regarding the different concentrations of metals, between
the two areas investigated, it can be appreciated that the fact that these areas are part of
two different regions, with two different types of exploitation and pollution, lead to the
presented results.
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Figure 2. Initial metal concentration and pH of soil samples as a function of sampling location and depth.

The metal concentration values of the investigated samples show that they exceed
the normal values: 20 mg kg−1 (Cu, Pb and Ni) and 30 mg kg−1 (Cr), according to the
Romanian legislation (Order no. 756/1997). In the case of sample P1, the concentrations
are so high that they even exceed the action threshold: 1000 mg kg−1 (Pb), 500 mg kg−1

(Cu and Ni) [66]. Comparing the calculated indicators, Cd, Er, PLI and PERI with the
admissibility thresholds (Figure 3), it can be seen that all these indicators indicate the need
for decontamination intervention. The sources of the pollution in this area are the mining
activities carried out in the area over the years. At the moment, all the mines in the area
are closed.

3.2. Environmental Risk Assessment during the Bioleaching Process

After applying the metal extraction treatment by bioleaching, with 20 mL and 40 mL
of 9K medium, the results obtained show that the Cd indicator decreases steadily over time
(Figure 4), indicating the overall efficiency of the decontamination process. From the shape
of the curves, it can be seen that the variation of this indicator is directly influenced by the
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duration of the soil being exposed to the bioleaching solution, i.e., a linear dependence of
the Cd parameter on time.
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On the other hand, soil with a more acidic pH, but also with an initially lower con-
taminant content, shows a variation much closer to the ideal situation of linear variation.
However, the plot area indicates a slower rate of change of the Cd indicator in this case
(compared to the more contaminant-rich soil with a higher pH). These observations suggest
that, in addition to the length of time of exposure to the soil decontamination method, the
evolution of the Cd indicator is influenced by both the concentration of contaminant metals
and soil pH. The positioning of the experimental results, grouped for each soil type, even
for the three different sampling depths, may be an indication that the sampling depth is
not a factor directly influencing the evolution of the extraction process.

Results obtained for the Cd indicator are also found for the other two indicators, PLI
(Figure 5) and PERI (Figure 6). The evolution of these indicators, on the other hand, is
influenced by the evolution of the pollutant concentration which is a direct influence in the
evolution of the Er indicator.
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As shown in the figures above, in contradiction to the evolution of the concentrations
of the three polyunsaturated metals, Cu, Pb and Ni, the Cr concentration shows a different
variation. During the first 4–5 h of treatment, the concentration and its impact on the
general soil characterization decreases. Afterwards, a continuous and constant increase of
this parameter in terms of pollution is observed.

This can be explained by the specificity of the bioleaching process using TF microor-
ganisms, whose metabolism contributes to the transition from Cr(IV) to Cr(III) [6,11,67].
Bacteria can degrade Cr(VI) to Cr(III) in anaerobic environments, where it uses chromate as
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a terminal electron acceptor, and in aerobic environments via cellular depleting agents. The
transformation of Cr(VI) to Cr(III) leads to a reduction of toxicity, showing the stabilization
of Cr in the soil with little migration of Cr to the plant [6]. It can also be noticed that,
although the measuring equipment records this Cr concentration, the advantage of the
process is the ability of the element to change from its form which is hazardous to human
health to a less hazardous form. In accordance with the specifications in the literature,
results show a very high degree of contamination (Cd > 32), a pollution index PLI > 1
and a significant ecological risk for both soil samples that were analyzed in this study
(Figures 7–9). Results obtained on both soil samples show that interventions are required
for the decontamination and reduction of both the pollution index and the environmental
risk. Although the extraction process by bioleaching was applied for 12 h, the aforemen-
tioned parameters, at the end of the test, were not positioned in safe zones, which indicates
the need for further treatment.
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and sampling depth using 40 mL 9K medium.

Most of the soil samples presented Cf ≥ six values, resulting in a very high degree of
pollution (Table 2). Although samples have shown high values in terms of the analyzed
parameters, the Cr parameter showed values < one for most samples. A relatively small
number of samples (seven samples) had a Cf ranging from three to six, indicating consider-
able contamination (Cr = Ni < Cu). The Cf contamination index has the following order:
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Pb > Cu > Ni > Cr. The soil in the studied areas shows a high degree of contamination,
with the PLI pollution index greater than one and the Cd contamination degree greater
than 32 at the end of the 12 h of treatment, regardless of the amount of 9K medium used.
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Table 2. Calculated values for the Cf (contamination factor), Cd (contamination degree) and PLI
(pollution load index).

Sample Cf

Cd PLI
Code Sampling

Depth [cm]
Time

[h]
9K Medium

[mL] Cu Pb Cr Ni

P1

0–10
Initial - 28.44 272.30 0.24 59.30 360.28 18.17
Final

(after 12 h)
20 19.92 198.95 0.24 22.65 241.76 12.12
40 18.84 189.10 0.44 32.70 241.08 15.05

10–20
Initial - 92.44 261.15 4.34 69.35 427.28 51.93
Final

(after 12 h)
20 42.60 229.60 2.07 37.70 311.97 29.56
40 35.52 224.60 1.61 33.70 295.43 25.67

20–30
Initial - 118.84 254.65 4.20 84.40 462.09 57.23
Final

(after 12 h)
20 36.60 229.00 1.94 34.65 302.19 27.41
40 28.60 224.00 1.66 34.15 288.41 24.54

P2

0–10
Initial - 8.44 52.75 0.14 13.25 74.58 5.39
Final

(after 12 h)
20 5.24 41.80 0.33 3.55 50.92 3.99
40 4.04 39.10 0.44 3.30 46.88 3.89

10–20
Initial - 4.32 37.55 1.80 10.05 53.72 7.36
Final

(after 12 h)
20 1.68 29.60 0.43 2.80 34.51 2.79
40 1.24 29.10 0.18 2.60 33.12 2.03

20–30
Initial - 11.44 32.25 2.66 18.05 64.40 11.53
Final

(after 12 h)
20 7.12 25.15 0.26 7.55 40.08 4.32
40 6.80 24.10 0.03 6.50 37.43 2.35

Legend:
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The Er ecological risk factor values for the studied areas ranged from 0.06 to 1361.50
(Table 3). Samples from the investigation area P1 (ER > 320) show very high values in
all studied cases (Pb, Cu and Ni). For samples of P2 (ER < 40), an increase in Pb is
observed, which highlights an increased risk or considerable risk of contamination. P2
samples generally show a low or moderate environmental risk for Cu, Cr and Ni. Cr is the
only element with a low environmental risk regardless of the location of the soil sample.
Analyzing the degree of ecological risk for the samples studied, the following order can be
established: Pb > Ni > Cu > Cr.
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Table 3. Ecological risk index Er and PERI potential ecological risk, recorded after 12 h of treatment
with 20 mL and 40 mL 9K medium solution, respectively.

Sample Er

PERI
Code

Sampling
Depth
[cm]

Time
[h]

9K Medium
[mL] Cu Pb Cr Ni

P1

0–10
Initial - 142.20 1361.50 0.47 296.50 1800.67
Final

(after 12 h)
20 99.60 994.75 0.48 113.25 1208.08
40 94.20 945.50 0.88 163.50 1204.08

10–20
Initial - 462.20 1305.75 8.69 346.75 2123.39
Final

(after 12 h)
20 213.00 1148.00 4.14 188.50 1553.64
40 177.60 1123.00 3.23 168.50 1472.33

20–30
Initial - 594.20 1273.25 8.40 422.00 2297.85
Final

(after 12 h)
20 183.00 1145.00 3.89 173.25 1505.14
40 143.00 1120.00 3.31 170.75 1437.06

P2

0–10
Initial - 42.20 263.75 0.29 66.25 372.49
Final

(after 12 h)
20 26.20 209.00 0.65 17.75 253.60
40 20.20 195.50 0.88 16.50 233.08

10–20
Initial - 21.60 187.75 3.60 50.25 263.20
Final

(after 12 h)
20 8.40 148.00 0.87 14.00 171.27
40 6.20 145.50 0.36 13.00 165.06

20–30
Initial - 57.20 161.25 5.31 90.25 314.01
Final

(after 12 h)
20 35.60 125.75 0.51 37.75 199.61
40 34.00 120.50 0.06 32.50 187.06

Legend:
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The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

Er < 40—Low ecological risk
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The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

Er: 40–80—Moderate ecological risk
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The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

Er: 80–160—Considerable ecological risk
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Legend: 

 
 Er < 40—Low ecological risk 
 Er: 40–80—Moderate ecological risk 
 Er: 80–160—Considerable ecological risk 
 Er: 160–320—High ecological risk 
 Er > 320—Serious ecological risk 

 PERI: 150–300—Moderate ecological risk 
 PERI: 300–600—High potential ecological risk 
 PERI ≥ 600—Significantly high ecological risk 

The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

Er: 160–320—High ecological risk
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Legend: 

 
 Er < 40—Low ecological risk 
 Er: 40–80—Moderate ecological risk 
 Er: 80–160—Considerable ecological risk 
 Er: 160–320—High ecological risk 
 Er > 320—Serious ecological risk 

 PERI: 150–300—Moderate ecological risk 
 PERI: 300–600—High potential ecological risk 
 PERI ≥ 600—Significantly high ecological risk 

The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

Er > 320—Serious ecological risk
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Legend: 

 
 Er < 40—Low ecological risk 
 Er: 40–80—Moderate ecological risk 
 Er: 80–160—Considerable ecological risk 
 Er: 160–320—High ecological risk 
 Er > 320—Serious ecological risk 

 PERI: 150–300—Moderate ecological risk 
 PERI: 300–600—High potential ecological risk 
 PERI ≥ 600—Significantly high ecological risk 

The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

PERI: 150–300—Moderate ecological risk
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Legend: 

 
 Er < 40—Low ecological risk 
 Er: 40–80—Moderate ecological risk 
 Er: 80–160—Considerable ecological risk 
 Er: 160–320—High ecological risk 
 Er > 320—Serious ecological risk 

 PERI: 150–300—Moderate ecological risk 
 PERI: 300–600—High potential ecological risk 
 PERI ≥ 600—Significantly high ecological risk 

The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

PERI: 300–600—High potential ecological risk
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Legend: 

 
 Er < 40—Low ecological risk 
 Er: 40–80—Moderate ecological risk 
 Er: 80–160—Considerable ecological risk 
 Er: 160–320—High ecological risk 
 Er > 320—Serious ecological risk 

 PERI: 150–300—Moderate ecological risk 
 PERI: 300–600—High potential ecological risk 
 PERI ≥ 600—Significantly high ecological risk 

The values obtained for the potential environmental risk index (PERI) for samples 
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value. 
This indicates a significantly high degree. The PERI values obtained for samples extracted 
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 
cm and 20–30 cm, respectively).  

The Cd contamination degree, and the PLI pollution parameters have very high 
values for all 18 samples investigated. The PERI indicator shows high concentrations for 
samples extracted from area P1 and a moderate ecological risk for those from area P2. The 
results of the analyzed indicators suggest that the area has a high level of soil pollution 
and indicate a strong anthropogenic influence on the soil in the studied area. 

From the point of view of the yield of the extraction process (Figures 11 and 12), it 
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth 
of the sample extraction does not directly influence this parameter or the rate of reduction 
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration 
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant 
concentration reduction process are influenced, but a direct correlation, expressed by a 
mathematical dependence function of each of the two measurable indicators with the 
depth of extraction of the soil samples, cannot be made. 

On the other hand, it can be seen that the type of pollutant directly influences both 
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case 
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a pH 
of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the 
depollution process is observed for Cr. In the two studied areas, the depollution process 
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration 
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All 
these observations lead to the appreciation that, in addition to the type of pollutant, the 
duration of action and the amount of 9K solution used, the initial concentration of the 
pollutant is of great importance in the mechanism of depollution by this process. A high 
concentration of pollutant will determine a good yield of the depollution process as well 
as a good speed of reduction of the concentration of the pollutant. This, however, varies 
greatly depending on the type of metal pollutant. The results obtained for Pb (10–32%) 
and Ni (44–68%) using TF are higher compared to the yields obtained using Aspergillus 
niger: Pb: 13% and Ni: 21% [68]. The same can be observed for Cu (39–72%), and when 
using Acidithiobacillus, Sulfobacillus and Ferroplasma, where Cu amounts to 27% [69], 
Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70]. 

PERI ≥ 600—Significantly high ecological risk

Figure 10 shows the evolution of the Er parameter for samples P1 and P2 (extracted
from a 0–10 cm depth). As seen in the figure, the samples have similar evolutions in terms
of the analyzed parameters.

The values obtained for the potential environmental risk index (PERI) for samples
extracted from area P1 range from 1204.08 to 2297.85, far exceeding the PERI = 600 value.
This indicates a significantly high degree. The PERI values obtained for samples extracted
from area P2 indicate a moderate ecological risk, except two initial samples (depth 0–10 cm
and 20–30 cm, respectively).

The Cd contamination degree, and the PLI pollution parameters have very high values
for all 18 samples investigated. The PERI indicator shows high concentrations for samples
extracted from area P1 and a moderate ecological risk for those from area P2. The results of
the analyzed indicators suggest that the area has a high level of soil pollution and indicate
a strong anthropogenic influence on the soil in the studied area.

From the point of view of the yield of the extraction process (Figures 11 and 12), it
can be said that, regardless of whether 20 mL or 40 mL 9K medium was used, the depth of
the sample extraction does not directly influence this parameter or the rate of reduction
of the pollutant concentration (Figures 13 and 14). Indirectly, through the concentration
of the pollutant in the analyzed samples, both the yield and the speed of the pollutant
concentration reduction process are influenced, but a direct correlation, expressed by a
mathematical dependence function of each of the two measurable indicators with the depth
of extraction of the soil samples, cannot be made.
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Figure 10. Evolution of the Er indicator as a function of metal, location and sampling depth: (a) Cu, 
(b) Pb, (c) Cr and (d) Ni. 

Table 3. Ecological risk index Er and PERI potential ecological risk, recorded after 12 h of treatment 
with 20 mL and 40 mL 9K medium solution, respectively. 

Sample Er 

PERI 
Code 

Sampling 
Depth 
[cm] 

Time 
[h] 

9K Medium 
[mL] 

Cu Pb Cr Ni 

P1 

0–10 
Initial - 142.20 1361.50 0.47 296.50 1800.67 
Final  

(after 12 h) 
20 99.60 994.75 0.48 113.25 1208.08 
40 94.20 945.50 0.88 163.50 1204.08 

10–20 
Initial - 462.20 1305.75 8.69 346.75 2123.39 
Final  

(after 12 h) 
20 213.00 1148.00 4.14 188.50 1553.64 
40 177.60 1123.00 3.23 168.50 1472.33 

20–30 
Initial - 594.20 1273.25 8.40 422.00 2297.85 
Final  

(after 12 h) 
20 183.00 1145.00 3.89 173.25 1505.14 
40 143.00 1120.00 3.31 170.75 1437.06 

P2 

0–10 
Initial - 42.20 263.75 0.29 66.25 372.49 
Final  

(after 12 h) 
20 26.20 209.00 0.65 17.75 253.60 
40 20.20 195.50 0.88 16.50 233.08 

10–20 
Initial - 21.60 187.75 3.60 50.25 263.20 
Final  

(after 12 h) 
20 8.40 148.00 0.87 14.00 171.27 
40 6.20 145.50 0.36 13.00 165.06 

20–30 
Initial - 57.20 161.25 5.31 90.25 314.01 
Final  20 35.60 125.75 0.51 37.75 199.61 

Figure 10. Evolution of the Er indicator as a function of metal, location and sampling depth: (a) Cu,
(b) Pb, (c) Cr and (d) Ni.
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On the other hand, it can be seen that the type of pollutant directly influences both
the speed of the extraction process and its rate of reduction from the soil. Thus, in the case
of Pb, the lowest yield is observed for the use of 20 mL of 9K medium, for a soil with a
pH of 5.2–5.5. In contrast, in the case of soil with a pH of 2.3–2.5, the lowest yield of the
depollution process is observed for Cr. In the two studied areas, the depollution process
has a good yield in the case of Cu. In terms of the rate at which the pollutant concentration
is reduced, in the case of soil with pH 5, poor results are observed in the case of Cr. All these
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observations lead to the appreciation that, in addition to the type of pollutant, the duration of
action and the amount of 9K solution used, the initial concentration of the pollutant is of great
importance in the mechanism of depollution by this process. A high concentration of pollutant
will determine a good yield of the depollution process as well as a good speed of reduction
of the concentration of the pollutant. This, however, varies greatly depending on the type of
metal pollutant. The results obtained for Pb (10–32%) and Ni (44–68%) using TF are higher
compared to the yields obtained using Aspergillus niger: Pb: 13% and Ni: 21% [68]. The same
can be observed for Cu (39–72%), and when using Acidithiobacillus, Sulfobacillus and Ferroplasma,
where Cu amounts to 27% [69], Pleurotus florida (18%) and Pseudomonas spp. (16.6%) [70].

By analyzing the yield of the extraction process for each type of metal, in relation to
the time of action of the 9K medium, and by analyzing the plot area, it can be seen that
this process indicator could be modeled based on polynomial equations. Figure 15 shows
the identified equations and yield–time correlation indices for the situation of P1 and P2
samples extracted from a 0–10 cm depth and treated with 20 mL of 9K medium. The results
indicate that the yield of the extraction process varies, for all the analyzed metals, with
respect to time according to polynomial 3-degree equations. Therefore, the evolution of the
extraction process could be assessed, in time, with significantly good accuracy (correlation
index R2 > 0.95) for each type of polluted metal.
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from 0–10 cm depth and treated with 20 mL of 9K medium.

Table 4 shows the correlation equations of the extraction process yield with time and
the correlation factor R2. However, the fact that the mathematical equations identified are
of degree three (ax3 + bx2 + cx + d) leads to the hypothesis that, although time might be the
main determinant of the yield process, there are other influencing factors. Among them,
the most important is the type of polluting metal and its concentration. The importance of
identifying these yield–time correlation equations lines is the possibility of demonstrating
the influence that the exposure time has on the yield of the process, or more precisely, the
need to carry out longer tests to demonstrate and quantify the efficiency of this method
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of depollution. On the other hand, based on these equations, it is possible to estimate
the duration necessary for the process of extraction by bioleaching to obtain the best
results, i.e., maximum yield, and to restore the ecological balance of the soil. Analyzing
the relationships, two exceptions are observed for Pb (R2 = 0.8697) and Ni (R2 = 0.734).
These equations are not considered to be representative for assessing the evolution of the
decontamination phenomenon. It is considered that these situations may be due to the
high degree of inhomogeneity of the soil sample.

When analyzing the rate of reduction of the pollutant concentration, different results
can be observed, as the kinetics of this process can be appreciated, over time, with a
significantly good accuracy (R2 >0.95) for some polluted metals, respectively, with a lower
accuracy for other samples analyzed (0.85 < R2 < 0.9). The results show that for samples
extracted from area P1 (in terms of Pb) and area P2 (in terms of Cu) the kinetics of the
phenomenon cannot be appreciated as having an evolution characterized by an equation
as a function of time. Therefore, the rate of depollution is considered to depend on a
combination of several factors, not just time.

The results obtained in the research regarding extraction yields for Pb (10–32%) support
the claims of Blais J.F. (10–54%) [43], Chen S.Y. (16–60%) [50] and Beolchini F. (18%) [40],
but the yields are slightly lower than those obtained by Chen S.Y. (33–72%) [33], Zhou Q.
(39%) [42] and Li Q. (75–84%) [49].

The results obtained in the case of Cu and Pb are similar to those obtained by other
researchers, while in the case of Cr and Ni, higher yields were obtained than in most of the
studies studied. For example, Cr was extracted by 39–72%, while Beolchini F. (14%) [40],
Blais J.F. (10–41%) [43] and Chen S.Y (9–20%) [51] obtained lower yields, and at the opposite
pole are the results obtained by Li Q. who extracted 53–92% of Cr [49].

The Ni concentrations extracted (44–68%) are comparable to those of Chen S.Y.
(35–65%) [51], much lower than those of Blais J.F. (69–92%) [43], Beolchini F. (78%) [40],
Kamizela T. (90%) [33], but higher than the yields obtained by Chen S.Y. (10–47%) [51].

The Cu yield (39–72%) falls within the same values as those obtained by Duyusen G.
44% [39] and Beolchini F. 46% [40], but most studies in the literature show higher yields
with values above 80% [31,43,47,48] or even above 95% [44,45,49,50].

The investigated samples show very high values for the investigated indices (Cd, PLI and
PERI) indicating that the investigated areas have a high level of soil pollution with a strong
anthropogenic influence. This demonstrates that the two areas show complex, multi-element
contamination, typical of areas with a long history of mining-specific industrial activities, and
is comparable with the results of studies reported by other researchers [71–73].

Table 4. Correlation equations of extractive process yield with time and correlation factor R2.

Code Sampling Depth [cm] Pollutant Correlation Equation of Extraction Yield with Time Correlation Index, R2

20 mL 9K medium

P1

0–10

Cu y = 0.078x3 − 1.9413x2 + 16.186x − 20.154 R2 = 0.9861
Pb y = −0.0512x3 + 1.1711x2 − 4.9763x + 6.7447 R2 = 0.9707
Cr y = −0.0933x3 + 2.5869x2 − 19.709x + 63.356 R2 = 0.9672
Ni y = 0.01x3 − 0.4502x2 + 10.728x − 20.287 R2 = 0.9899

10–20

Cu y = −0.1323x3 + 2.9061x2 − 15.246x + 46.49 R2 = 0.9751
Pb y = −0.0002x3 + 0.0314x2 + 0.7325x − 0.8138 R2 = 0.9982
Cr y = 0.0557x3 − 1.5327x2 + 15.658x − 20.428 R2 = 0.9927
Ni y = −0.0779x3 + 1.3926x2 − 2.5333x + 8.6472 R2 = 0.9811

20–30

Cu y = −0.0195x3 + 0.5892x2 − 3.0349x + 54.717 R2 = 0.9442
Pb y = 0.0309x3 − 0.5623x2 + 3.5127x − 4.8439 R2 = 0.9667
Cr y = 0.0114x3 − 0.1962x2 + 2.8585x + 17.582 R2 = 0.9985
Ni y = 0.0204x3 − 0.3889x2 + 5.0498x + 17.721 R2 = 0.9679
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Table 4. Cont.

Code Sampling Depth [cm] Pollutant Correlation Equation of Extraction Yield with Time Correlation Index, R2

P2

0–10

Cu y = 0.0701x3 − 1.4368x2 + 10.889x − 10.876 R2 = 0.9976
Pb y = 0.0573x3 − 0.9811x2 + 5.3503x − 1.9845 R2 = 0.9646
Cr y = −0.0072x3 + 0.0637x2 + 4.335x − 7.4167 R2 = 0.9982
Ni y = 0.0573x3 − 1.3858x2 + 15.07x − 10.526 R2 = 0.9662

10–20

Cu y = 0.0322x3 − 0.4043x2 + 3.4665x + 11.779 R2 = 0.9548
Pb y = −0.0095x3 + 0.3439x2 − 1.1457x + 1.1673 R2 = 0.9989
Cr y = 0.129x3 − 2.7375x2 + 20.897x − 30.102 R2 = 0.9934
Ni y = 0.122x3 − 2.5767x2 + 20.829x − 22.926 R2 = 0.9794

20–30

Cu y = 0.0581x3 − 1.245x2 + 10.208x − 8.3601 R2 = 0.9869
Pb y = 0.019x3 − 0.2151x2 + 1.2339x + 4.9123 R2 = 0.9924
Cr y = 0.0645x3 − 1.3256x2 + 10.484x + 20.104 R2 = 0.9706
Ni y = −0.0881x3 + 1.7938x2 − 4.9839x + 8.3115 R2 = 0.9875

40 mL 9K medium

P1

0–10

Cu y = 0.0761x3 − 1.9138x2 + 15.763x − 11.866 R2 = 0.9259
Pb y = −0.0866x3 + 1.7478x2 − 6.8215x + 10.062 R2 = 0.9982
Cr y = 0.0075x3 − 0.1242x2 + 4.1427x + 11.239 R2 = 0.9583
Ni y = 0.2053x3 − 5.0242x2 + 39.427x − 59.204 R2 = 0.9726

10–20

Cu y = 0.0237x3 − 0.4359x2 + 5.534x + 17.352 R2 = 0.9646
Pb y = 0.0128x3 − 0.2366x2 + 2.2303x − 1.0236 R2 = 0.9965
Cr y = 0.0966x3 − 2.2616x2 + 18.62x − 12.941 R2 = 0.986
Ni y = 0.1115x3 − 2.7581x2 + 21.812x − 6.0412 R2 = 0.9615

20–30

Cu y = −0.0089x3 + 0.2983x2 − 0.4406x + 52.492 R2 = 0.9773
Pb y = 0.0165x3 − 0.2933x2 + 2.2293x − 1.6559 R2 = 0.8697
Cr y = 0.0114x3 − 0.2845x2 + 3.5453x + 27.473 R2 = 0.9972
Ni y = 0.1245x3 − 3.0828x2 + 24.233x − 2.42 R2 = 0.9588

P2

0–10

Cu y = −0.0579x3 + 1.3477x2 − 5.7293x + 20.904 R2 = 0.9894
Pb y = 0.0168x3 − 0.2763x2 + 2.8752x + 1.5814 R2 = 0.9967
Cr y = −0.1264x3 + 3.0672x2 − 18.985x + 54.917 R2 = 0.982
Ni y = 0.0954x3 − 2.084x2 + 18.132x − 11.345 R2 = 0.9766

10–20

Cu y = −0.0748x3 + 1.3971x2 − 2.7604x + 18.546 R2 = 0.9819
Pb y = 0.018x3 − 0.288x2 + 3.0948x − 4.9287 R2 = 0.9718
Cr y = 0.1227x3 − 2.3933x2 + 18.265x − 17.483 R2 = 0.9607
Ni y = 0.1477x3 − 3.2954x2 + 26.529x − 30.769 R2 = 0.9905

20–30

Cu y = 0.0826x3 − 2.1972x2 + 19.483x − 22.508 R2 = 0.9825
Pb y = −0.0656x3 + 1.3786x2 − 6.4111x + 16.04 R2 = 0.9709
Cr y = 0.0245x3 − 0.2959x2 + 3.2722x + 33.177 R2 = 0.9967
Ni y = 0.1461x3 − 3.7235x2 + 31.939x − 41.032 R2 = 0.734

4. Conclusions

Results obtained on the analyzed soil samples used in the current study showed
that the soil is well structured, has a sandy loam texture, a medium acidic to highly
acidic reaction and is highly contaminated with metals, exceeding normal values or even
exceeding the alert and intervention thresholds, according to Romanian legislation.

Analyzing the ecological risk (Er) (Pb > Ni> Cu > Cr) and the contamination index (Cf)
(Pb > Cu > Ni > Cr) revealed that the greatest danger is posed by Pb, and at the opposite
pole is Cr. Analyzing the PERI, we can conclude that the potential ecological risk index
differs in the two studied areas, so that the samples from area P1 predict a significantly
high risk and those from area P2, a moderate ecological risk. Thus, after analyzing the
results of Cd, PLI and PERI, which have very high values for all the samples analyzed, it
can be stated that the soils in the studied area have a very high degree of pollution, which
is caused by anthropogenic activity in the area.
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The results obtained by the extraction of metals by bioleaching allowed us to highlight
the factors influencing the yield of the process, these being mainly the amount of bioleaching
solution and the duration of the extraction process. It was found, for all metals investigated,
that a higher amount of bioleaching solution allows for the obtaining of a higher metal
extraction efficiency. It can be appreciated that a longer time duration leads to a higher
yield of the extraction process.

The identification of the yield–time correlation equations allows the possibility of
demonstrating the influence that the exposure time has on the yield of the process and the
appreciation of the necessary duration of the extraction process by bioleaching to obtain
the best results, i.e., maximum yield, and to restore the ecological balance at soil level.
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Abstract: Powder spreading is one of crucial steps in selective laser sintering (SLS), which controls
the quality of the powder bed and affects the quality of the printed parts. It is not advisable to
use empirical methods or trial-and-error methods that consume lots of manpower and material
resources to match the powder property parameters and powder laying process parameters. In this
paper, powder spreading in realistic SLS settings was simulated using a discrete element method
(DEM) to investigate the effects of the powder’s physical properties and operating conditions on
the bed quality, characterized by the density characteristics, density uniformity, and flatness of the
powder layer. A regression model of the powdering quality was established based on the response
surface methodology (RSM). The relationship between the proposed powdering quality index and
the research variables was well expressed. An improved multi-objective optimization algorithm of
the non-dominated sorting genetic algorithm II (NSGA-II) was used to optimize the powder laying
quality of nylon powder in the SLS process. We provided different optimization schemes according
to the different process requirements. The reliability of the multi-objective optimization results for
powdering quality was verified via experiments.

Keywords: selective laser sintering; spread the powder quality; parameter optimization; DEM;
RSM; NSGA-II

1. Introduction

Selective laser sintering (SLS) is one of the typical additive manufacturing processes,
which creates objects via scanning and layer-by-layer sintering. As a novel technology used
for the design and manufacturing of complex shapes and structures, SLS is implemented a
fast rate for automobile, shipbuilding, aerospace, and medical applications [1,2]. The laying
of a flat, uniform, and high-density powder bed is the aim when preparing the molded
parts to ensure good performance [3,4]. The size accuracy and mechanical properties of the
sintered parts are directly affected by the powder laying quality, which is closely related to
the powder flow characteristics and powder laying process parameters [5].

Flowability is an essential powder property for the achievement of uniformly spread
powder layers [6]. The powder must have appropriate rheological properties to form thin,
dense, and uniform powder layers [7]. The commonly used characterization methods for
powder fluidity include the angle of repose method, outflow velocity method, Hausner
index method, Carr fluidity index method, and shear method [8,9]. The powder flow
characteristics depend on many parameters, such as the particle size distribution [10,11],
particle shape [12,13], interparticle interaction force [14], and temperature [15]. For example,
Wei et al. [16]’s research suggests that the surface shape affects the stability of the particle
stacking structure and the uniformity of the pore distribution. Dai et al.’s research showed
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that [14] both the sliding friction and rolling friction hinder the particle flowability, leading
to a higher angle of repose and a lower packing fraction in the sandpile.

The technological parameters of the roller spreading process are relatively complex,
which include the thickness of the powder layer and the diameter, rotation speed, and
displacement speed of drum [17]. It is not advisable to optimize the powder laying process
through experience and tedious experiments. Therefore, it is necessary to optimize the
technological parameters of the roller powder laying process via numerical simulation
to improve the spreading properties of the powder. The discrete element method (DEM)
has great advantages in simulating the motion of powder systems [18,19]. The basic idea
of the DEM is to divide the system into a number of particles, whereby the response of
the whole system is described through the mechanical and kinetic states of each particle
in the system [20]. The DEM has been widely used to investigate the flow mode and
dynamic behavior of powder particles in additive manufacturing and to reveal the effects
of the powder laying process on the powder laying quality [21,22]. For instance, Meier [23]
studied the influence of the particle size distribution and adhesion forces between particles
on the uniformity of the powder layer in additive manufacturing. Tan et al. [24] established
a contact model between powder particles, which took van der Waals forces between
particles into account. The parameters of the contact model were calibrated experimentally.
The powder laying process was simulated, the density uniformity of powder layer was
evaluated, and the fluidity of the new powder and residual powder was compared.

It is of great significance to establish the relationship between powder property pa-
rameters, powder laying process parameters, and powder laying quality to expand the
raw material range of the powder promotion process. The evaluation index of the powder
spreading quality can be divided into powder quality (such as the powder density, powder
spreading thickness, coverage rate, and surface uniformity) and powder flow morphology
(such as deposition rate and avalanche angle change rate) aspects. More scholars are focus-
ing on the influence of the powder laying process on the powder laying quality. Mussatto
et al. [7] systematically studied the effects of the powder morphology, diffusion rate, and
layer thickness on the powder bed morphology uniformity. Chen [25] studied the fluidity
and powder quality of the powder laying process. The results showed that the continuity
and stability of the powder flow decrease with the increase in powder spreading speed and
the decrease in powder spreading layer thickness, which lead to the deterioration of the
bulk density and uniformity. Yao et al. [26] simulated the powder laying process with a
316L stainless steel powder scraper. The effects of technological parameters, the scraper
structure, and the powder particle size on the powder laying quality were studied. The op-
timum process parameters were determined. Parteli et al. [27] developed a DEM numerical
tool for the SLS powder laying process, with which the characteristics of the powder layer
deposited on the parts are studied by applying it to the roller powder dispensing system.
The results showed that an increase in powder spreading speed and wider particle size
distribution will lead to an increase in the surface roughness of the powder layer, and will
ultimately affect the quality of the parts.

The powder laying process parameters and physical powder parameters affect each
other and affect the quality of the powder laying process. At present, some researchers still
use empirical or trial-and-error methods in this process, which consume more manpower
and material resources to match the powder property parameters and powder laying
process parameters. Although DEM simulation of the SLS powder laying process can
monitor the powder laying quality well, this approach requires a lot of time because the
powder size is very small, the simulation system is huge, and the computing capacity
is limited. In the development of various optimization methods, the response surface
methodology (RSM) and genetic algorithm (GA) are used to optimize parameters to solve
engineering problems [28–30]. The multi-objective optimization method, which uses
polynomials to fit the relationship between factors and responses, can simplify these
engineering problems. The influences of the single factor and interaction factor on the
response index were analyzed previously and the optimal parameters were obtained [31].
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In this paper, powder spreading in realistic SLS settings was simulated using the DEM
to investigate the effects of the powder’s physical properties and operating conditions on
the bed quality, characterized by its density characteristics, density uniformity, and flatness
of the powder layer. The central composite design (CCD) approach was used to generate
13 groups of cases and to establish the regression model of the 3 indicators. A regression
model of the powdering quality was established based on the response surface methodology.
According to the analysis of variance (ANOVA), the influences of single factors and their
interactions on the response indicators were determined. Multi-objective optimization
was carried out for the drum powder laying parameters and the optimization results were
verified via experiments. This study will be helpful to optimize the drum powder laying
process parameters and improve the powder laying quality in the SLS process.

2. Methods
2.1. Discrete Element Method

In this model, based on the Hertz–Mindlin model and SLS powder paving process, the
particle gravity, collision force between particles (between particles and wall), friction, van
der Waals force, and electrostatic force were comprehensively considered to describe the
contact dynamic behavior of nylon powder at preheating temperature via DEM. There are
two modes of motion, namely translational motion and rotational motion, which describe
the motion of particles according to Newton’s second law of motion:

mi
dvi
dt

= ∑
j

Fc
ij + ∑

k
Fnc

ik +Fg
i (1)

Ii
dωi
dt

= ∑
j

Mij (2)

where Fe
ij is the contact force of particle j to particle i or wall j to particle i, Fnc

ik is the

non-contact force of particle k to particle i or wall k to particle i, and Fg
i is the self-gravity of

nylon power i; vi is the position vector of the particle i, ωi is the angle vector of the particle
i, and Mij is the torque of particle j to particle i or wall j to particle i.

Fc
ij can be decomposed into the normal contact force Fnc and tangential contact force Ftc.

The contact force Fnc of nylon powder i in the normal direction is composed of the normal
elastic force Fnc,s, normal damping force Fnc,d,van der Waals Fvdw

nc , and static force Fele
nc :

Fnc = Fnc,s + Fnc,d + Fvdw
nc + Fele

nc (3)

The Van der Waals forces take into account only the gravitational component based
on Hmaker’s theory. The normal elastic force Fnc,s and normal damping force Fnc,d can be
obtained according to the Hertz–Mindlin model:

Fc
n,s =

4
3

E∗
√

R∗δn
3/2 (4)

Fc
n,d = −2

√
5
6

β
√

Snm∗vrel
n (5)

where E∗ is the equivalent elastic modulus of nylon powder, R∗ is the equivalent radius of
nylon powder, m∗ is the equivalent mass of nylon powder, β is the damping coefficient,
and Sn is the normal contact stiffness, the expression of which is as follows:

E∗ =
Ep

2(1− γ2
p)

(6)
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R∗ =

[
1
Ri

+
1
Rj

]−1

(7)

m∗ =

[
1

mi
+

1
mj

]−1

(8)

β =
Ine√

In2e + π2
(9)

Sn = 2E∗
√

R∗δn (10)

where Ep is the elastic modulus of nylon powder, γp is Poisson’s ratio of nylon powder, and
mi and mj are the mass of nylon powder i and j, respectively; e is the recovery coefficient of

collision between nylon powders, δn is the normal overlap quantity, and vrel
n is the normal

relative velocity of contacting nylon powder.
Van der Waals forces are inherent in fine particle flows [32]. In the study of fine particle

flow, the Hamaker theory is often used to calculate Van der Waals forces between fine
particles [33]:

Fvdw
PP = −∂U0

PP
∂Z0

= − App

12Z2
0

didj

di + dj
(11)

Fvdw
pw = −

∂U0
pw

∂Z0
= −Apwdi

12Z2
0

(12)

where Fvdw
PP is the Van der Waals force between particles, Fvdw

pw is the Van der Waals force
between particles and walls, di and dj are the diameters of particles i and j, Z0 is the
distance between the particles, App is the Hamaker constant between powders, and Apw is
the Hamaker constant of the powder and wall.

The friction charge of the powder involves the friction charge between the powder
and the wall, as well as between the powders. The electrostatic force between two charged
particles is calculated by:

Fele
pp =

1
4πε0

qiqj

r2
ij

nij (13)

where qi and qj are the charges of particles i and j, respectively; rij is the distance between
the centers of particle i and j, ε0 is the dielectric constant of vacuum, and nij is the unit
vector from particle i to particle j.

The electrostatic force between the particle and the conducting plane is:

Fele
pw =

1
4πε0

qi
2

[2(Z0 + s)]2
npw (14)

where s is the correction factor and npw is the unit vector. Refer to the literature for detailed
information on static force modeling [34].

2.2. Establishment of Powder Laying Process Model

Nylon powder was selected as the research object in this study. The DEM model of
the powder laying process established in this research is based on PA3200 powder. The
preheating temperature of the SLS powder laying process is 171 ◦C. The contact parameters
of nylon powder in DEM simulation are calculated according to the inverse parameter
results. The DEM simulation results agree well with the experimental results. The reliability
and accuracy of the DEM model at preheating temperature were verified.

The above research laid a foundation for the study of the PA3200 SLS powder laying
process. Figure 1 shows the SLS powder DEM model established in this study. The
construction and verification process of the DEM model are detailed in our previous
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work [34,35]. Tables 1 and 2 present the physical parameters and working parameters,
respectively, in the SLS powder laying process.
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Figure 1. DEM simulation of roller spreading processes.

Table 1. DEM model parameters of PA3200 powder spreading process.

Parameter Value

Density (kg/m3) 1000
Shear modulus of powder (MPa) 61
Poisson ratio of power 0.35
Wall density (kg/m3) 7800
Wall shear modulus (Gpa) 80
Poisson ratio of wall 0.30
Coefficient of sliding friction between powder and wall 0.51
Coefficient of rolling friction between powder and wall 0.15
Hamaker constant between powder and wall 9.72 × 10−20

Resilience factor between powder and wall 0.52
Coefficient of sliding friction between powders 0.48
Rolling friction coefficient between powder and wall surface 0.24
Springback coefficient between powders 0.11
Hamaker constant between powders (J) 7.21 × 10−20

Powder charge generation factor 0.03
Power D50 (µm) 50
Number of powder particles 215,000

Table 2. Working parameters of numerical simulation of powder laying process.

Parameter Value

Drum translational velocity Vs (mm/s) 60, 100, 140, 180, 220, 260, 280, 320
Ratio of drum linear velocity to translational velocity Vr/Vs 0.16, 0.33, 0.50, 0.66, 1.0, 1.31, 2.0, 2.63
Diameter of roller Rg (mm) 4, 12, 20, 24, 28, 32, 36, 40
Powder particle D50 diameter (µm) 30, 40, 50, 60, 70, 80, 90, 100
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2.3. Quality Index of Powder Laying

It is necessary to characterize the quality of nylon powder in the molding area before
studying the influence of powder laying process parameters and powder property parame-
ters on the quality of nylon powder laying in the molding area. In this study, the quality of
powder laying is expressed by the density characteristics, density uniformity, and flatness
of the powder layer in the formation area.

A schematic diagram of the area meshing used to measure the apparent density is
shown in Figure 2. The density of the powder layer in the formation area is characterized
by the ratio of the total particle mass to the particle volume of the layer:

ρ =

n
∑

i=1
mi

n
∑

i=1
vi

(15)

where vi is the volume of grid i and mi is the particle mass of grid i.
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The standard deviation of the apparent density of the powder layer in the formation
region is denoted by S, which can be used to represent the density uniformity of the
powder layer. The standard deviation S of the apparent density of the powder layer can be
expressed as:

S =

√√√√ 1
N − 1

N

∑
i=1

(
ρ′i − ρ′

)2
(16)

where ρ′ is the average apparent density of particles in the selected box, which is given by:

ρ′ =

N
∑

i=1
ρ′i

N
(17)

Here, Ra is the surface roughness. This can be used to characterize the flatness of the
powder layer, which is given by [36]:

Ra =
1
l

∫ l

0
|y(x)|dx (18)

where l is the sampling length, y(x) is the distance between the contour point and the
reference line in the x direction, and the reference line is the least squares centerline of
the contour.

In order to study the influence of the number of grids on the flatness of the powder
layer in the formation area, the sampling lengths on the horizontal and vertical sections
are divided by different number of grids. Figure 3 shows the effect of the mesh number on
the standard deviation of the apparent density of powder layer ρ′ in the formation area.
It can be seen that ρ′ increases with the increase in mesh number. When the number of
grids increases from 20 to 48, the number of particles in each grid increases, but ρ′ is less
sensitive to the number of grids. The effect of the number of grids on the surface roughness
of the powdering layer Ra in the formation area is shown in Figure 4. When the number
of grids increases to a certain extent, Ra does not change much. Therefore, the number of
grids should not be too large when calculating the surface roughness of the powder layer in
the formation area. In order to find out the optimum cell size, the mesh size of the powder
layer selection box in the formation area should meet S1 ≥ 2.5dmax and S2 ≤ 0.5dmin. Here,
dmax is the maximum particle diameter and dmin is the minimum particle diameter.
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2.4. Response Surface Methodology

The response surface methodology (RSM) proposed by British statisticians Box and
Wilson in 1951 [37] is frequently used to approximately fit unknown functions, such as the
relationship between variables and responses. In practical applications, RSM establishes
mathematical relations through regression analysis of the test results of physical experi-
ments or simulation tests, which can evaluate the relevant factors and their interactions to
determine the optimal level range. RSM has been successfully applied to optimize a variety
of processes [38–40].

The basic idea of RSM can be summarized as follows:

y = f
(

x1, x2, · · · , xp
)
+ ε (19)

where y is a variable, f
(

x1, x2, · · · , xp
)

is the response function of factor x1, x2, · · · , xp, and
ε is the residual of the construction model.

The second-order response surface model is:

y = β0 +
m

∑
i=1

βixi +
m

∑
i=1

βiix2
i +

m

∑
i<j

βijxixj + ε (20)

where β0 is the constant term, βi is the linear effect of xi, βij is the interaction effect of xi and
xj, and βii is the second-order response of xi. The second-order response surface method
mainly includes the central composite design (CCD), Box–Behnken design, uniform design,
and D-optimal design. The most commonly used second-order response surface design
method is the central composite design method, which is used to optimize the reaction
process parameters or to find the best synthesis conditions [41]. The central composite
design method includes the universal rotary composite design, quadratic orthogonal
composite design, and others. In this research, the universal rotating combination design is
used to design the DEM simulation test scheme.

The general rotating composite design experiment was carried out considering the
drum translation speed Vs (mm/s) and particle size d (mm) of D50 as experimental factors.
The design factors of the DEM simulation test for the nylon powder laying process are
shown in Table 3. The CCD model of RSM was used to generate 13 cases. The response
indexes of the apparent density Y1, standard deviation of the density Y2, and powder layer
roughness Y3 can be calculated using Equation (18). Table 4 shows the simulation results of
the corresponding indicators.
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Table 3. Design factor level of DEM simulation test for nylon powder laying process.

Test Factor −1.414 −1 0 1 1.414

Drum translational
velocity Vs (mm/s) 68.93 100.00 175.00 250.00 281.07

particle diameter d (µm) 39.46 50.00 75.00 100.00 110.36

Table 4. DEM simulation test scheme and simulation results of powder laying process (Rg = 20 mm,
Vr/Vs = 0.5).

Test No.
Translational
Velocity
Vs (mm/s)

Particle Size
D (µm)

Apparent
Density
(kg/m3)

Standard
Deviation of
the Density
(kg/m3)

Roughness
(µm)

1 175.00 75.00 535.00 79.60 42.04
2 100.00 100.00 542.10 113.70 40.60
3 175.00 75.00 535.00 79.60 42.04
4 175.00 39.64 572.20 75.60 43.02
5 250.00 100.00 549.40 124.90 44.21
6 250.00 50.00 558.40 82.50 43.12
7 175.00 75.00 535.00 79.60 42.04
8 175.00 110.36 557.70 133.90 42.14
9 281.07 75.00 535.80 95.10 45.25
10 68.93 75.00 553.30 90.80 44.36
11 100.00 50.00 563.50 67.30 44.37
12 175.00 75.00 535.00 79.60 42.04
13 175.00 75.00 535.00 79.60 42.04

2.5. Multi-Objective Optimization Method Based on Genetic Algorithm

The multi-objective optimization problems (MOP) approach was first proposed by the
Italian economist V. Pareto in 1896 [42]. The optimization objective can be expressed as:

min Y = F(X) = [F1(X), F2(X), · · · , Fm(X)]
s.t.gi(X) ≤ 0 . . .

hj(X) = 0, j = 1, 2, · · · , q
(21)

where X is the optimization parameter vector, X = (x1, x2, · · ·, xm) ∈ D, Y is the optimiza-
tion target vector, and Y = ( f1, f2, · · · fm) ∈ F.

In general, different objectives are in conflict with each other for MOP. There is no
single optimal objective solution for MOP, but the Pareto optimal solution is set [43]. The
Pareto optimal solution set is defined as ∀x ∈ Ω; if x′ ∈ Ω does not exist in the domain ∆x,
let (x′ + ∆x) ∈ Ω, when the following conditions are satisfied:

Fi
(
x′ + ∆x

)
≤ Fi

(
x′
)

(22)

Fj
(
x′ + ∆x

)
≤ Fj

(
x′
)

(23)

We note that x′ ∈ Ω is the Pareto optimal solution set used for multi-objective optimization.
The non-dominated genetic algorithm II (NSGA-II) is a kind of multi-objective genetic

optimization algorithm, which was proposed by Kalyanmoy et al. in 2002 [44]. In this
research, the NSGA-II improved algorithm Gamultiobj function provided by MATLAB is
used to optimize the powder laying quality.
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3. Results and Discussion
3.1. Variance Analysis and Regression Model Establishment

Design-expert 8.0.6 was used to conduct an RSM analysis on the DEM simulation
results from the SLS powder laying process shown in Table 4. The response surface
equation for the powdering quality can be obtained via regression analysis of the numerical
simulation results. The apparent density, standard deviation of the density, and surface
roughness formulae of the powder layer in the formation area are as follows:

Y1 = 716.3832− 0.3129vs − 3.7645d + 0.0008vs
2 + 0.0234d2 (24)

Y2 = 149.1053− 0.33340vs − 2.0568d + 0.0011vs
2 + 0.0194d2 (25)

Y3 = 57.6460− 0.1181vs − 0.1330d + 0.0006vsd + 0.0002dvs
2 (26)

where vs is the translational speed of the drum and d is the diameter of particle D50.
Analysis of variance (ANOVA) is used to test the significance of the fitted second-order

regression equation. The drum translation velocity Vs (mm/s) and the particle size D (mm)
of the powder D50 are selected as independent variables of the multi-objective optimization
model. In the optimization of powder laying process in the formation area, there are three
objectives to be optimized, namely the maximum apparent density, the minimum standard
deviation of the apparent density, and the minimum surface roughness. The regression
model of the powdering quality established by the RSM is the objective function to be
optimized, F1(x) = −Y1, F2(x) = −Y2, F3(x) = −Y3.

If the drum speed is too slow, the production efficiency will be affected; if the speed is
too fast, the powder laying quality will be reduced. Therefore, the interval constraint is
100 ≤ Vs ≤ 300 (mm/s). The particle size of D50 is mainly controlled by the thickness of
the powder layer, and the interval constraint is 50 ≤ D ≤ 100 (µm).

The crossover rate is 0.8, the population size is 100, the maximum evolution algebra
is 200, the stop algebra is 200, and the deviation of the fitness function is 10−100. The
variation rate is determined by the feasible region adaptation equation. The adaptive
feasible mutation method can be used to assess the diversity of the population, which is
conducive to the optimization of the results. The tolerance is set to 10−4 as the termination
condition of the calculation. The other parameters are set to recommended values.

3.2. Effects of Powder Laying Process Parameters on Powder Laying Quality Index

In the formation area, the distribution of the normal residual diagram includes the
apparent density of the powder layer, the standard deviation of the apparent density, and
the surface roughness, as shown in Figure 5. It can be seen that the distribution of the
residual points is almost in a straight line. The results show that the second-order model
fitting effect of the nylon powder quality in the SLS process is good.

The response surface diagram of the relationships among the drum translational
velocity, particle size, and powder laying quality is shown in Figure 6. Based on the
response surface diagram, the influence of a single factor on the process parameters (drum
translation speed) and powder property parameters (nylon powder particle size) can be
assessed, and the synergistic influence of these parameters on the powder laying quality
can be obtained.

The analysis shows that the particle size has a great influence on the apparent density,
standard deviation of the density, and roughness of the powder layer in the formation
area. The smaller the particles are, the more likely they are to agglomerate under the action
of electrostatic and van der Waals forces. Therefore, the pores left by the roller powder
are smaller and the densification degree of the powder bed is also increased. The smaller
particle size improves the apparent density of the powder layer, reduces the standard
deviation of the density, and improves the density uniformity, but is not conducive to
reducing the surface roughness. The effects of the roller translation speed on the apparent
density and density uniformity of the formation area are relatively small, but the effect on
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the roughness is greater. With the increase in drum translation speed, the apparent density
of the powder layer in the formation area decreases slowly. When the drum translation
speed increases to a certain extent, the apparent density of the powder layer will increase
slightly, although the overall change trend will be small. However, this is contrary to the
effects of the roller translational velocity on the density uniformity and roughness. If the
roller translation speed is too high or too low, this will not be conducive to improving
the uniformity of the powder layer density and reducing the roughness of the powder
layer surface. The apparent density of the powder layer is in conflict with the standard
deviation of the apparent density and the surface roughness in the target formation area.
This is also consistent with the previous simulation results. The regression equation for the
powdering quality established based on the RSM is reliable and can predict the powdering
quality well.

3.3. Multi-Objective Optimization Results for the Powder Laying Quality

Based on the Gamultiobj function, 80 Pareto optimal solutions were obtained to assess
the nylon powder quality during the SLS process. Partial Pareto optimal solutions are given
in Table 5. Here, an optimal compromise solution is selected in the Pareto set according to
product preference. The first solution is biased towards the maximum apparent density
of the powder layer in the formation region. The second solution is biased towards the
best uniformity of the powder layer density in the formation region. The third solution is
biased towards the optimal surface flatness of the powder layer in the formation region.
If all three are considered, the fourth solution can be selected as the optimal compromise
solution. When the particle size of the powder is determined in the actual engineering
process, the appropriate drum translation speed can be selected according to Table 5 to
optimize the powder laying quality. Through this method, the matching of the physical
property parameters and the SLS powder laying process parameters and the prediction of
powder laying quality were achieved.

Table 5. Partial Pareto optimal solution for multi-objective optimization of powdering quality via
DEM simulation.

Test No. x(1) x(2) f(1) f(2) f(3)

1 100.000 50.000 −566.332 71.509 44.637
2 145.201 52.547 −555.438 69.179 43.021
3 124.124 100.000 −545.108 113.938 41.099
4 153.701 55.058 −551.242 69.371 42.750
5 122.961 50.120 −562.044 69.813 43.759
6 105.078 50.003 −565.348 71.035 44.424
7 126.765 97.187 −542.746 108.696 41.219
8 151.930 68.351 −539.267 74.025 42.255
9 109.506 50.645 −563.553 70.626 44.202
10 129.048 88.767 −538.274 95.260 41.578
11 120.959 99.525 −544.970 113.299 41.123
12 118.713 98.379 −544.272 111.400 41.182
13 146.365 91.364 −538.048 98.421 41.471
14 139.111 50.677 −558.840 69.282 43.257
15 114.194 87.017 −539.307 93.891 41.798
16 124.878 95.907 −542.035 106.622 41.277
17 104.755 100.000 −546.880 115.748 41.181
18 133.703 50.750 −559.483 69.377 43.396
19 139.166 90.231 −538.007 96.921 41.494
20 152.929 66.994 −540.043 73.241 42.296
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Figure 5. Normal residual diagram of powder quality from DEM simulation: (a) normal residual
diagram of apparent density; (b) normal residuals of standard deviation of the density; (c) normal
residual diagram of powder surface roughness.
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Figure 6. Response surface diagram of powdery mass from DEM simulation: (a) performance density;
(b) standard deviation of the density; (c) roughness.

173



Materials 2022, 15, 3849

4. Experimental Verification

PA3200 powder with a particle size of 50.02 mm was selected as the experimental
material, The polymer powder sintering machine (FS251) designed and manufactured
by Hunan Hua Shu Hi-tech co., Ltd., was used for the powder laying experiment. The
molding process parameters are shown in Table 6.

Table 6. SLS process parameters used in the experiment.

Parameter Value

Laser power (W) 21
Scanning interval (mm) 0.15
Drum diameter (mm) 40
Ratio of drum linear velocity to translational velocity 0.5
Preheating temperature of formation cylinder (◦C) 171
Preheating temperature of powder feeding cylinder (◦C) 132

In order to explore the influence of the powder laying parameters on the SLS powder
laying quality and to verify the optimized test results, an experimental method of online
sampling was designed to measure the powder laying quality. Figure 7 shows the schematic
diagram of the SLS powder laying quality detection process. In the formation area, three
experimental package layers can be seen, with each layer containing a powder paving roller
working from the bottom up to 100 mm/s, 140 mm/s, and 227 mm/s, respectively. Each
layer of the experimental package has the same design, including 13 statistical picker boxes,
1 no-cover statistical picker box, and 1 statistical picker box cover. The size of the outer
cavity of the selection box is 20 mm × 20 mm × 10 mm, and the thickness of the cavity wall
is 2 mm. The lumen is filled with powder. After sintering, it is cooled for a period of time
and then the sintering package is removed. The sintered parts of the statistical selection
box are then cleaned and sandblasted. The statistical selection boxes in each layer after
cleaning are numbered and distinguished. A high-precision balance (accurate to 0.0001 g)
is used to measure the mass mpi of each statistical selection box in each layer. Here, mpi can
be expressed as:

mpi = m1i −m2 −m3 (27)

where m2 is the mass of an open statistical box and m3 is the mass of the statistical box cover.
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The powder’s apparent density ρ′pi in each statistical selection box is:

ρ′pi =
mpi

liwihi
(28)

where li, wi, and hi represent the length, width, and height of the sintered parts in the
statistical selection box, respectively.

The apparent density of the powder layer in the formation area is:

ρp =

13
∑

i=1
mpi

13
∑

i=1
liwihi

(29)

The standard deviation of laminar density in the formation zone is:

Sp =

√√√√ 1
N − 1

N

∑
i=1

(
ρ′pi − ρ′pi

)2
(30)

where ρ′pi is the average value of the apparent density of the powder in the selection box.
According to the above experimental methods, the statistical box was prepared, as

shown in Figure 8a. We selected the box to sinter the molded parts for powder cleaning
(see Figure 8b). After cooling for a period of time, the size and quality parameters of the
sintered parts in the statistical selection box were measured, as shown in Figure 9.
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With the increase in drum speed, the apparent density of the powder in the formation
area decreases (Figure 10). The reliability of the numerical simulation study on SLS powder
laying process of nylon powder was verified. When the PA3200 powder D50 is 50 µm,
the diameter of powder spreading drum is 40 mm, the ratio of the linear velocity to
translation velocity of the drum is 0.5, the translation velocity of drum is 100 mm/s,
the apparent powder density in the formation area is 579.8 kg/m3 (Figure 10a), and the
standard deviation of the apparent powder density in the formation area is 70.3 kg/m3

(Figure 10b). This is in good agreement with the absolute value of optimization target result
no. 1 in Table 5, and the errors are 2.38% and 1.69%, respectively. When the roller translation
speed is 140 mm/s, the apparent powder density in the formation area is 543.1 kg/m3 and
the standard deviation of the apparent powder density in the formation area is 66.1 kg/m3.
This is in good agreement with the absolute value of optimization target result no. 14 in
Table 5, and the errors are 2.82% and 4.59%, respectively. This shows that the experimental
method of online sampling and measurement of the powder laying quality is feasible and
that the multi-objective optimization results of the nylon powder laying quality in the SLS
process based on the genetic algorithm are reliable.
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Rg = 20 mm, D50 = 50 µm): (a) effect of Vs on the apparent density of powder in the formation zone;
(b) effect of Vs on the standard deviation of the formation zone density.

5. Conclusions

The SLS powder spreading process was numerically simulated based on the DEM.
The effects of the powder’s physical properties and operating conditions on the bed quality
were investigated, characterized by the density characteristics, density uniformity, and
flatness of the powder layer. The main results from the present study are summarized
as follows:

(1) Statistical analysis and curve fitting of the DEM simulation data from the powder
laying process were conducted based on the central composite experimental design
method. ANOVA was used to modify the fitting model. A regression model of the
powdering quality was established based on the RSM. The relationship between the
proposed powdering quality index and the research variables was expressed well;

(2) An improved multi-objective optimization algorithm based on NSGA-II was used to
optimize the powder laying quality of nylon powder in the SLS. The solutions in the
optimized Pareto solution set were evenly distributed in the target space. An optimal
compromise solution can be selected from Pareto optimal solution set according to
the product requirements;
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(3) The apparent density and standard deviation of the powder under different conditions
were determined experimentally. The translation speed of the roller has a great
influence on the powder laying quality, and the apparent powder density in the
formation area decreases with the increase in roller speed. The experimental results
agreed well with the selected optimization results and the maximum error was less
than 4.6%. The reliability of the numerical simulation study on the SLS powder laying
process of nylon powder was verified.

At present, it is difficult to accurately measure the force and deformation of the particle
contacts using experimental equipment, and the inexact mechanical parameters are not
conducive to modeling simulations and for improvement of the adhesion collision model.
In addition, on the basis of improving the measurement method used for the particle
electrostatic transfer characteristics, the particle band charge and electrification mechanism
in this model need to be further refined. The model simulation system is smaller than the
actual system, so the parallel calculation of the DEM may increase the simulation system
and improve the computational efficiency.
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Abstract: This manuscript reports the isothermal annealing effect on the mechanical and microstruc-
ture characteristics of Sn-0.7Cu-1.5Bi solder joints. A detailed microstructure observation was carried
out, including measuring the activation energy of the intermetallic compound (IMC) layer of the
solder joints. Additionally, the synchrotron µX-ray fluorescence (XRF) method was adopted to
precisely explore the elemental distribution in the joints. Results indicated that the Cu6Sn5 and
Cu3Sn intermetallic layers thickness at the solder/Cu interface rises with annealing time at a rate of
0.042 µm/h for Sn-0.7Cu and 0.037 µm/h for Sn-0.7Cu-1.5Bi. The IMC growth’s activation energy
during annealing is 48.96 kJ mol-1 for Sn-0.7Cu, while adding Bi into Sn-0.7Cu solder increased
the activation energy to 55.76 kJ mol−1. The µ-XRF shows a lower Cu concentration level in Sn-
0.7Cu-1.5Bi, where the Bi element was well dispersed in the β-Sn area as a result of the solid solution
mechanism. The shape of the IMC layer also reconstructs from a scallop shape to a planar shape
after the annealing process. The Sn-0.7Cu hardness and shear strength increased significantly with
1.5 wt.% Bi addition in reflowed and after isothermal annealing conditions.

Keywords: bismuth; intermetallic compound; IMC thickness; mechanical properties; isothermal annealing

1. Introduction

Eutectic lead-tin solder has a significant impact on interconnecting an electronic
packaging in a variety of electronic systems and assembly. However, lead-tin solder has
disadvantages in terms of its harmfulness. This is due to the fact that the lead contained
in the solder of discarded electronic components is melted by contaminated groundwater
and acid rain. Thus, the European Union’s recommendation on the Waste Electrical
and Electronic Equipment (WEEE) Directive and the Directive Restricting the Use of
Certain Hazardous Substances quickly triggered the electronic packaging’s use of lead [1,2].
Therefore, the Sn-0.7Cu solder alloy is an outstanding choice rather than the classical
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Sn-Pb solder alloy in electronic devices [3]. However, in electronic devices, the long-term
electronic component usage and the on-off rotations of the power supply could affect the
solder joint strength. The IMC in the soldered joint will rise up by solid-state diffusion as a
result of the thermal condition under this case. Many scholars have conducted experimental
studies utilising isothermal annealing to replicate the actual thermal conditions.

An intermetallic compound denotes a solid phase that forms when two or more molten
metallic elements are combined and cooled, where the resultant phase possesses a fixed
chemical composition. Primary and interfacial IMC are the two kinds of IMC. The main
intermetallic compound is found in the solder joint’s bulk microstructure, whereas the
interfacial IMC compound is found at the solder-to-copper substrate interface. The most
common intermetallic in Sn-0.7Cu solder alloy is Cu6Sn5 and Cu3Sn. In interfacial IMC, a
thin and planar of Cu3Sn IMC is formed below the Cu6Sn5 IMC phase since the Cu3Sn IMC
acquired greater activation energy than the Cu6Sn5 IMC phase. Hence, it is recommended
that adjustments in microstructure can have a big impact on solder joint strength.

Consequently, the information regarding the microstructure changes in solders and
joints is essential. In order to construct dependable lead-free solder joints, it is essential
to measure the growth behaviour of the IMC during thermal annealing. Here, the IMC
layers grow gradually, leading to decreased ductility and defects-like voids forming at
the interface. The presence of defects could cause the failure of the solder interconnection.
Recently, Bismuth (Bi) elements were reported that might help boost the intensity of the
characteristics in the solder joint [1]. During the soldering and annealing process, the Bi
influence on the IMC layer in Sn-Ag-Cu/Cu solder joints was investigated [4,5]. Here, it
was discovered that the Bi addition could slow the growth tendency of the IMC layer. It
was also shown that Bi’s microstructure of the IMCs and precipitates happened due to
supersaturation [6]. As discovered by Teoh et al. [2], the Bi addition on Sn-0.7Cu could
increase the solder joint’s mechanical strength. The extension of that study regarding
the growth of activation energy of Sn-0.7Cu-1.5Bi in various temperature ranges will be
discussed in this manuscript. It is noteworthy to investigate the value of activation energy
since it can estimate the expansion of the IMC layer. In our previous study [1], the effect of
Bi and Ni addition to the microstructure focusing on the primary intermetallic compound
(IMC) growth rate during soldering using the in situ imaging technique were investigated.
Basic properties of the solder joint after soldering (without thermal annealing) such as
wettability and mechanical properties were also investigated.

Since the interfacial IMC growth is normally known to influence the solder joint
strength, this study investigates the microstructure, hardness, and shear strength of Sn-
0.7Cu and Sn-0.7Cu-1.5Bi after isothermal annealing. Focusing more on the growth rate
and activation energy of the interfacial IMC after isothermal annealing, the interfacial IMC
growth mechanism and its relation to the hardness and shear strength of the solder joint
were investigated. As discovered in our previous study [1], the limit of Bi solubility in Sn
is around 1.8 wt.% maximum, which is why only the 1.5 wt.% Bi is chosen for this study.
This is due to the fact that high Bi addition may lead to the brittle properties of solder joint.

2. Materials and Methods

In this work, the mixture of Sn-0.7Cu alloy with 1.5 wt.% of Bismuth was fabricated.
Sn-0.7Cu ingot was purchased from Nihon Superior, Osaka, Japan, while Bi was gained
from Sigma-Aldrich (M) Sdn. Bhd, Selangor, Malaysia. The Sn-0.7Cu solder ingot and Bi
were suspended in a furnace at 350 ◦C for 1 h. Then, the molten solder was stirred and
pour into treated steel moulds and cooled to room temperature. With a diameter of 600 µm,
the solder balls were formed with a diameter of 2.0 mm puncher from the alloy foils using
30 µm thickness. These solder balls were reflowed in an oven at 250 ◦C and eventually
went through a sieving process to get a uniform solder size. Then, the solder ball was
reflowed on the printed circuit board to form a solder joint. After that, these soldered
solder joints were aged at 120, 150, and 180 ◦C for 24, 120, and 240 h, respectively.
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The cross-sectional microstructure was imaged and analysed at the solder joints in-
terfacial. Here, the influence of Bi addition on Sn-0.7Cu solder alloy at three different
temperatures was measured. The IMC layer’s average thickness across the joint was ascer-
tained by analysing the thickness of the IMC layer for each subject from three photographs
in three separate places. In addition, the element’s distribution was investigated using a µ-
XRF experiment at BL6B beamline at Synchrotron Light Research Institute (SLRI), Nakhon
Ratchasima, Thailand. The sample was located at a 90◦ level between the charge-couple
device camera and the X-ray camera. The sample was then scanned at a fast rate in the air
atmosphere with a step size of 0.05 mm for 30 s exposure time, which was then examined
with the PyMca software (5.0.0, European Synchrotron Radiation Facility (ESRF), France).

The microhardness test was investigated via a Vickers microhardness (FV-700, Future-
Tech Corp, Osaka, Japan) followed by the ASTM B933-09 standard test. With a 1 kg
indenting load for a 10 s dwell time of the consistency, the results will be calculated
using five points for each combination. The shear test was performed to investigate the
solder’s joint strength after the annealing process. An Instron machine with a strain rate
of 2 mm.min−1 was used for shear testing. The specification of shear strength was based
on the ASTM D1002. For each annealing condition, five samples were examined, and the
average shear strength has been measured. The fractography for the fracture surface was
also imaged using an SEM (JEOL, Peabody, MA, USA).

3. Results
3.1. Primary Intermetallic Compound

The microstructure of the primary intermetallic compound of Sn-0.7Cu-1.5Bi as well
as Sn-0.7Cu after being aged at 180 ◦C at various annealing times was portrayed in Figure 1.
β-Sn and primary Cu6Sn5 were found in the Sn-0.7Cu’s bulk solder. In Sn-0.7Cu-1.5Bi
solder alloy, the primary IMC did not cause a significant change after the reflowed process.
However, after the annealing process at a certain period, it was observed that the hallowed
Cu6Sn5 were formed lesser in comparison to Sn-0.7Cu solder alloy. It is recommended that
the dissolution of the Cu atoms in the interfacial reaction solute forms a hallowed Cu6Sn5
intermetallic during the annealing process [7,8]. In the Sn-0.7Cu-1.5Bi sample, the existing
Bi dissolved in the β-Sn phase due to the solid solution mechanism, making the Cu6Sn5 in
Sn-0.7Cu-1.5Bi difficult to be formed.
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Figure 1. The microstructure of primary intermetallic for (a–d) Sn-0.7Cu and (e–h) Sn-0.7Cu-1.5Bi
after isothermal annealing at 180 ◦C.

The distribution of the elements as reflowed and after the annealing were analysed
using synchrotron µ-XRF mapping. Figure 2 shows the image of an µ-XRF in Sn-0.7Cu
solder ball. Here, the elemental map of Sn and Cu as reflowed and after the annealing
process are presented. The higher concentration of the element represents the higher
intensities. It shows the Sn and Cu dispersion through the Sn-grain. On the contrary,
Figure 3 shows the distribution of Sn-0.7Cu-1.5Bi solder balls, indicating the existence of
the mapping area of Sn, Cu, and Bi as reflowed and after the annealing process. It shows
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the lower Cu concentration level in Sn-0.7Cu-1.5Bi compared to Sn-0.7Cu solder alloy,
where the Bi element was also found well dispersed in the β-Sn area.
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Figure 2. The µ-XRF area mapping of Sn-0.7Cu (a,b) as reflowed and (c,d) after isothermal annealing
at 180 ◦C.

3.2. Interfacial Intermetallic Compound and Activation Energy

Figure 4 portrays the interfacial microstructures’ evolution of the Sn-0.7Cu/Cu-
substrate and Sn-0.7Cu-1.5Bi/Cu-substrate solder joint samples after being aged at 180 ◦C.
It can be seen that the interfacial intermetallic layers constitute Cu6Sn5 with a round scallop-
type morphology and that the Cu3Sn layers are too fine to be viewed objectively. In the
Sn-0.7Cu system, the interfacial layer commonly consists of two similar layers, which are
Cu3Sn intermetallic and Cu6Sn5 intermetallic. The Cu6Sn5 is normally formed during
soldering and grew via diffusion of Cu and Sn reactions, meanwhile Cu3Sn grows via
diffusion between the Cu-substrate and the Cu6Sn5 IMC layer. After the reflow process,
the interfacial Cu6Sn5 layers exist in the solder joints in the scallop-like morphology. After
the annealing process, this shape gradually changed to planar-like morphology. This total
IMC layer thickness also increases significantly, as revealed in Figure 4a–h.

The interfacial intermetallic compound can be divided into two types: The Cu6Sn5
phase that would grow initially at the soldering interface, then during the Cu3Sn phase
that grows after the solder joint’s diffusion process [9]. The diffusivity and solubility
of Cu in Sn during solid-state annealing are substantially lower than in molten solder.
As a result, the IMC growth is substantially gradual, which is amplified when the IMC
layer acts as a diffusion barrier [10]. The improvement rate for different phases is distinct,
relying on the service requirement. For example, Chen et al. [9] pointed out that the
Cu6Sn5 has a slower rate of growth than Cu3Sn under isothermal annealing conditions.
Simultaneously, the exaggerated IMC layer’s growth may also deteriorate the solder joints’
reliability [11]. Shen et al. [12] also posited that the IMC layer rises with annealing time
due to the solid-state diffusion taking place between Cu atoms from the Cu-pad and Sn
from the bulk solder. The average thicknesses of Cu3Sn and Cu6Sn5 at 180 ◦C are plotted
as shown in Figure 5. When the annealing time increases, the Cu6Sn5 and Cu3Sn IMC
grows. For Sn-0.7Cu-1.5Bi, the thickness of Cu6Sn5 and Cu3Sn becomes lower relative to
the Sn-0.7Cu solder, confirming the fact that the Bi addition effectively retarded the Sn
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diffusion and prevented the spread of Cu6Sn5 and Cu3Sn. The growth of interfacial IMC
thickness (Cu6Sn5 + Cu3Sn) increases with the annealing process at a rate of 0.042 µm/h
for Sn-0.7Cu and 0.037 µm/h for Sn-0.7Cu-1.5Bi. The implication also encompasses the
fact that the intermetallic compound layer grows gradually and is compacted with the
Bi addition.
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Figure 3. The µ-XRF area mapping of Sn-0.7Cu-1.5Bi (a–c) as reflowed and (d–f) after isothermal
annealing.

A cross-section view of the Sn-0.7Cu/Cu-substrate and Sn-0.7Cu-1.5Bi/Cu-substrate
solder joints as a reflowed and annealed sample at 180 ◦C for 240 h is shown in Figure 6.
Two types of the interfacial intermetallic compound layer, which is Cu6Sn5 and Cu3Sn was
found in the Sn-0.7Cu/Cu-substrate and Sn-0.7Cu-1.5Bi/Cu-substrate solder joints. As
compared with the interfacial intermetallic compound of the Sn-0.7Cu-1.5Bi/Cu-substrate
solder joints, some cracks were detected in the interfacial intermetallic compound layer
of the solder joints at the Sn-0.7Cu/Cu-substrate. This implies that the Bi inclusion could
reduce the crack formation at the interfacial intermetallic compound layer. This observation
can be clarified with these cracks, which might happen in a thicker intermetallic compound
layer formed by higher annealing temperatures due to the inherent brittle behaviour of
the intermetallic compound. Impressively, some voids that existed at Cu3Sn/Cu and
Cu6Sn5/Cu3Sn have an interaction.
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Figure 5. Average thickness of IMC (a) Sn-0.7Cu and (b) Sn-0.7Cu-1.5Bi during isothermal annealing
at 180 ◦C.
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Figure 6. Cross-sectional microstructure of interfacial IMC (a,c) as reflowed and (b,d) isothermal
annealing at 180 ◦C.

In this study, the Cu6Sn5 and Cu3Sn were produced when annealed at 180 ◦C. The
Cu6Sn5 thickness was increased with the increment of the annealing duration. The 1.5Bi
addition, on the other hand, had only a little effect on the development rate of the Cu6Sn5
intermetallic layer. These values propose that the expansion of the interfacial Cu6Sn5 layers
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has been suppressed due to the Bi addition into the solder alloy. It may be surmised that
the Bi addition reduced the Sn flux in the Cu6Sn5 layer due to the diffusion of Sn at that
temperature [5]. Therefore, the interfacial IMC thickness for both solders improves as
the annealing temperature and duration are increased. The connection between the total
interfacial intermetallic compound thickness and annealing period with the Bi inclusion
into Sn-0.7Cu is revealed in Figure 7.
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Figure 7. Relationship between the total interfacial intermetallic layer thickness (Cu6Sn5 and Cu3Sn)
with annealing time for (a) Sn-0.7Cu and (b) Sn-0.7Cu-1.5Bi.

A reflowed intermetallic compound in the solder joint will continue to grow via solid-
state diffusion. The growth kinetics after isothermal annealing of the intermetallic layer
can be calculated using:

X=
√

Dt. (1)

Here, X denotes the intermetallic compound thickness at t, while D and t indicate the
constant growth rate and annealing time, respectively. The straight-line slope is

√
D and

the growth rate was discovered from a linear regression model of X vs
√

t.
The activation energy was measured using the Arrhenius relationship from the layer

growth, given by:

k = k0exp (
−Q
RT

), (2)

where the diffusion coefficient is k, the constant temperature is k0, the activation energy
is Q, the gas constant is R, and the absolute temperature value is T. The activation energy
could be determined by taking the plot’s slope as shown in Figure 8, as per Equation (3).

lnk = ln k0− (
−Q
R

)
1
T

. (3)

The Arrhenius plots of the Sn-0.7Cu and Sn-0.7Cu-1.5Bi of two distinct types of
Sn solder joints are portrayed in Figure 8. The activation energy of the intermetallic
compound growth during annealing in Sn-0.7Cu is approximated to be 48.96 kJ mol−1,
while adding Bi into the Sn-0.7Cu solder increased the activation energy to 55.76 kJ mol−1.
With higher activation energy, it implies that the intermetallic compound needs higher
energy to grow. The higher activation energy could be attributed to bulk diffusion via
the intermetallic compound layer. The inhibition effect due to the addition of Bi can be
interpreted via the following considerations. First, the addition of Bi influences the Sn
diffusion’s driving mechanism by the Cu6Sn5 layer and the formation’s driving force of
the Cu6Sn5 intermetallic [5]. Second, the solid-solution effect with Bi addition causes the
lattice distortion of the Sn-rich phase, thus retarding the Sn dispersion from the solder
to the intermetallic compound. A mechanism is suggested to elucidate why Bi gathered
together to the joint. Regarding the Sn-Bi phase diagram, the Sn-rich phase could dissolve
large amounts of Bi at higher temperatures. Through the annealing process, the firstly
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produced intermetallic compound layers regularly grew to the bulk solder side. The Sn and
Cu reactions typically form the Cu6Sn5 intermetallic compound. The Bi element does not
dissipate in the Cu6Sn5 intermetallic compound. It is initially dispersed in the bulk solder
area with an apparent gathering near the intermetallic compound layer. It showed that Bi
dissolves typically in the Sn matrix in the Sn-0.7Cu solders. Consequently, Bi gathers in
the Sn matrix nearby the joint, precipitating from the Sn-rich phase. It is assumed that the
suppression of the IMC layer’s growth rate is due to the precipitation and accumulation
of Bi. Generally, the solder alloys with higher activation energies can grow faster at high
temperatures and slower at low temperatures. The Cu6Sn5 phase is typically formed
after the reflow process, while the Cu3Sn phase is formed via diffusion between Cu and
Cu6Sn5 [13]. This finding focused on the sample that aged at 120, 150, and 180 ◦C for
24, 120, and 240 h, respectively. However, to better understand the growth behaviour of
interfacial IMC, higher temperature and longer time is suggested to investigate.
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and Sn-0.7Cu solder joints using Arrhenius plots.

3.3. Mechanical Properties

Figure 9 displays the hardness of Sn-0.7Cu and Sn-0.7Cu-1.5Bi solder alloys as re-
flowed and after the annealing process at 180 ◦C. The hardness of bulk solder Sn-0.7Cu
decreased with the increasing annealing time. Meanwhile, with the inclusion of Bi, the
hardness was enhanced by 40.1%. The hardness continues to increase after 24 h annealing.
However, it then starts to decrease with 120 and 240 h of annealing time. The hardness
was increased due to the Bi addition mainly caused by the coarsening of the microstruc-
ture resulting from the IMC’s growth [14]. Bi also strengthened the solder alloy via a
solid solution [15]. Due to isothermal annealing, the IMC grew in size. The IMCs are
hard but quite brittle, and the formation of a large number of the IMCs in a bulk solder
hardened it further. This is caused by the Bi atom addition that can efficiently impede
the movement of dislocations, which strengthens the Sn-0.7Cu solder by limiting strain
due to the solid-solution effect. The existence of the distributed Bi increased the rate of
recrystallisation during the annealing process owing to the increased number of potential
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sites for nucleation. Contrarily, the distributed Bi acted as the holding agent that retards
the grain growth, which resulted in increased hardness.
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Figure 9. The Sn-0.7Cu and Sn-0.7Cu-1.5Bi hardness after isothermal annealing at 180 ◦C.

The shear strength results of Sn-0.7Cu-1.5Bi and Sn-0.7Cu as reflowed and after
annealing are shown in Figure 10. The shear test was performed at 180 ◦C for 24, 120,
and 240 h. The results illustrate that the Sn-0.7Cu alloy’s shear strength reduced with
an extended annealing time. However, on the Bi addition in Sn-0.7Cu, it showed an
improvement of the shear strength of the solder joint by 37%. After annealing samples
for 24 h, the Sn-0.7Cu-1.5Bi alloys’ strength increased. However, after annealing for 120
and 240 h, the strength of the Sn-0.7Cu-1.5Bi alloy decreased. This increment in the shear
strength of solder alloy was improved with Bi inclusion. This increment via the addition
of a metallic element could be ascribed to solid solution hardening. Tateyama et al. [16]
pointed out that the addition of 2–3% of Bi renders the solid-solution hardening dominant,
which in turn upsurges the shear strength.

The strength of Sn-0.7Cu after annealing was decreased, which can be attributed to
two significant facts. First, annealing coarsens the Cu6Sn5 intermetallic compounds, which
can reduce the capability to prevent the dislocation movement. Second, the β-Sn phase
also toughens due to annealing, which decreases the strength. Bi has a solubility limit
in Sn at room temperature, and any extra Bi forms a secondary precipitate phase. With
the rising temperature, the amount of Bi to enter Sn increased due to the solid solution.
Once in the solid solution and at a higher temperature, Bi could diffuse throughout the Sn,
which increases the homogeneousness of the alloy. Decreasing the temperature to room
temperature forces the precipitation of homogeneously spaced Bi precipitates, contributing
to stabilising the strength [17]. Additionally, 1.8% of Bi is considered to have good solubility
in Sn at room temperature and can contribute some improvement in strength before the
annealing process [18].

However, Bi travels into the solution in the β-Sn during the Sn-0.7Cu-1.5Bi alloy’s
annealing process. As a result, the solid solution solubility of Bi increases from only 1.8%
at 25 ◦C, to 14% at 100 ◦C. This suggested that Bi exists in the solidified Sn-0.7Cu alloy’s
microstructure as a separate Bi-phase and goes into the β-Sn matrix during annealing,
which leads to additional solid-solution strengthening in the Sn-0.7Cu-Bi alloy. We hy-
pothesised that the improvement of Sn-0.7Cu strength through annealing is owing to the
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improvement in strength from solid-solution strengthening, superseding any decreases in
strength due to the intermetallic compound and β-Sn phase coarsening. Ahmed et al. [18]
also reported mitigating the annealing effect in SAC-Bi alloys. They reported that Bi atoms
are wholly dissolved into the β-Sn induced solid-solution strengthening, thus increasing
the shear strength.
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3.4. Fracture Morphology

The fractography of sheared samples was imaged using the SEM to further elucidate
the shear behaviours of the Sn-0.7Cu-1.5Bi solder joint. Figure 11 shows the shear fracture
morphology of Sn-0.7Cu and Sn-0.7Cu-1.5Bi alloys before and after the annealing process
at 180 ◦C. Figure 11a shows a typical ductile mode on the fracture surface aged at 0 h.
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Nevertheless, after Sn-0.7Cu was annealed up to 240 h, the fracture surface changed to
a mixture of brittle fracture, as displayed in Figure 11b. Bi (1.5 wt.%) was added to the mix,
which showed a ductile fracture mode with a small dimple. After the sample was annealed
up to 240 h, it showed a cleaved pattern and brittle failure mode. It also can be seen that the
joint break happens at the interfacial IMC when a thicker IMC forms due to the annealing
process. Another reason is the existence of an initial crack at the interfacial IMC, as shown
in Figure 6b,d. This can be related to the reduced activation energy of IMC in the Sn-0.7Cu
solder joint, which increased the IMC’s growth thickness during the annealing process.
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However, with the Bi inclusion in Sn-0.7Cu, the IMC needs higher energy to grow, which
could reduce the IMC thickness growth.

Thus, it was concluded that if the fracture happens at the bulk region, it is ductile [19].
Moreover, if the fracture occurs in the region near the solder and intermetallic interface, it
is a mixture of brittle and ductile fractures [20]. As a result, the strength near the solder
and intermetallic interface is a weak point for the fracture, resulting in decreased shear
strength with time.

4. Conclusions

This study presents the mechanical characteristics of Sn-0.7Cu-1.5Bi, which are ex-
amined on the primary and interfacial intermetallic after isothermal annealing. Some
conclusions were drawn from the results of this work:

1. The 1.5 wt.% Bi addition did not lead to a significant change in the primary Cu6Sn5,
as was observed in the bulk solder Sn-0.7Cu. The µ-XRF analysis shows the lower
Cu concentration level of Cu6Sn5 primary intermetallic with the addition of Bi after
the annealing process. It can also be seen that the Bi element is well dispersed in the
β-Sn region.

2. The growth of interfacial IMC thickness (Cu6Sn5 + Cu3Sn) increases with the anneal-
ing process at a rate of 0.042 µm/h for Sn-0.7Cu and 0.037 µm/h for Sn-0.7Cu-1.5Bi.
The shape shifted from the scallop shape to the planar shape after the annealing pro-
cess with a small microcrack form. Bi also inhibited the growth of Cu3Sn interfacial
intermetallic compound after the annealing process.

3. The activation energy for the formation of intermetallic layers of Sn-0.7Cu was set to
48.96 kJ mol−1, and the activation energy of the Sn-0.7Cu-1.5Bi system was measured
at 55.76 kJ mol−1. It is obvious that the intermetallic compound thickness of the
Sn-0.7Cu-1.5Bi system is difficult to grow when matched to the Sn-0.7Cu system due
to the high activation energy.

4. Compared to Sn-0.7Cu, adding Bi improves hardness by 40.3% and shear strength by
37.1%. After 24 h of annealing, the shear strength of Sn-0.7Cu-1.5Bi was increased.
This is due to the fact that with the addition of Bi, it can be that the dissolution of the
Bi element in the matrix improved the shear performance of the solder joint. However,
a longer annealing time could reduce the shear strength. The fracture of the annealing
sample shows a mixture of brittle fractures in the area near the solder/intermetallic
interface due to a thicker intermetallic compound layer during the annealing process.
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Abstract: Shear thickening fluids (STFs) are innovative materials that can find applications in smart
body armor. However, the usage of STFs is limited by the aging of these materials. This work aims
to analyze the influence of UV radiation on the aging process of STFs. The investigation was done
experimentally, and artificial aging was applied to investigate the impact of UV radiation on the
properties of STFs. The shear-thickening properties of obtained STFs were confirmed by viscosity
measurements. The STFs based on PPG425, PPG2700, and KE-P10 exhibited a very high maximum
viscosity of up to 580.7 Pa·s and 3313 Pa·s for the STF425 and STF2700, respectively. The aging of the
obtained STFs caused the liquid matrix degradation, causing damage to the STFs and their change
from liquid into solid. Furthermore, the FT-IR, 1H NMR, and 13C NMR spectroscopies were used
for the confirmation of the breakdown of STFs. The FT-IR spectroscopy revealed the appearance of
carbonyl groups in STFs after aging. Moreover, 1H NMR and 13C NMR spectroscopy confirmed the
formation of the typical groups containing carbonyl groups. Our results demonstrate that STFs are
UV light-sensitive and may lose their properties during storage.

Keywords: shear thickening fluids; aging; lightfastness; product degradation

1. Introduction

The need for innovative and intelligent materials is encouraging the search for and
development of novel materials and applications. An example of such materials is shear
thickening fluids (STFs). These are non-Newtonian fluids, and their viscosity increases
with either increasing shear rate or applied stress [1]. STFs are ceramic-polymer composites,
wherein a ceramic powder is dispersed in an organic matrix such as glycerin, poly(ethylene
oxide), or poly(propylene glycol). These are technically not new materials; STFs have been
known for many years [2]. One of the material properties of STFs is the logarithmic increase
of viscosity as a function of shear rate, known as the dilatation jump and observed as the
liquid-to-solid transition. The viscosity of STFs can increase rapidly, and they can appear
as solid-like suspensions. This behavior may be utilized in many applications, such as in
body armor or various other elements of human protection [3].

The STFs can be used to impregnate the ballistic fabrics, improving the fiber fabric’s
friction and energy absorption [3]. For this purpose, high-performance fabrics can be used,
for example Kevlar® [4,5] or UHMWPE (Ultra High Molecular Weight Polyethylene) [6].
Arora et al. have reported the usage of panels made from up to five layers impregnated with
STFs [5]. In this work, it was discovered that the angular orientation of fabrics highlights
the synergic effect of impregnating fabrics with STFs. Other researchers proposed hybrid
composite materials and novel composite materials based on natural fibers and cornstarch
with STFs layers [7]. Finally, aramid fabrics may be impregnated with STFs and combined
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with a thermoplastic polyurethane coating, resulting in sandwich-structured composite
panels [8]. Chang et al. have reported the usage of polyurea elastomer/Kevlar fabric
composites enriched with STFs as protective materials [9]. Despite of the type of STFs, the
studies on the topic of STFs confirm the bullet resistance of Kevlar® fabrics reinforced with
STFs [6,7]. Unfortunately, the resistance of fabrics impregnated with STFs declines when the
fabrics contain too many STFs [4]. Aside from the application of STFs in human protection,
other applications have been reported in the literature. For example, Gürgen et al. reported
using STFs in cutting tools to prevent vibration dumping [10]. Additionally, Liu et al.
proposed using STFs with magneto-sensitive properties as shock absorbers for high-end
vehicles [11]. Furthermore, STFs can be used in multilayer composites for energy-absorbing
purposes [12].

STFs can be composed of various liquid matrices, which include PEGs, PPGs, and
even ionic liquids. The most popular materials for the STFs preparation, due to their good
properties and low price, are various PPGs. In our research team, STFs were prepared from
PPGs characterized by different molecular masses and silica (see for example in [13–15]).
Qin et al. have proposed novel STFs based on various imidazolium and pyridinium ILs
characterized by a maximum viscosity of up to 1000 Pa·s [16].

There are some disadvantages of introducing STFs into mass-scale use. Despite several
literature reports, the effect of shear thickening is not fully understood nor clearly defined.
However, several researchers have presented modeling of the shear thickening effect in
STFs [17–21]. Furthermore, STFs, like other materials, exhibit certain stability and lifetime.
The stability and shear thickening properties of STFs strongly limit the manufacturing of
products such as protective devices [22]. According to the literature, STFs seem to exhibit
excellent stability [13]. However, the conditions of storage and usage may influence the
lifetime of the material. For example, the presence of water in the environment where STFs
are stored decreases their viscosity [23]. Finally, there is a technological barrier to obtaining
STFs in large amounts for mass-scale adoption.

The application of STFs is strongly limited by their lifetime and the nature of their
usage and storage before usage. Apart from the aging of the STFs, the aging of fabrics in
the body armor can be observed [24]. Those two effects strongly limit the expiration date
of body armor. To the best of our knowledge, the aging of STFs has not been previously
reported in the literature. Nakonieczna et al. have reported excellent stability after 8 days of
STFs based on PPG and amorphous silica [13]. Furthermore, Żurawski et al. have compared
the rheological behaviors of STFs after different periods of time and discovered that STFs
demonstrated no changes in dilatant effect [25]. This work aims to analyze the influence of
UV radiation on the aging process of STFs. The STFs can be stored prior to usage in various
conditions, whereas they can be exposed to external factors, for example light. Additionally,
the high-performance fabric panels used in body armors have a warranty period and use-by
date (approximately 5–10 years depending on the producer), and after that they should not
be used. The method and intensity of bulletproof vest usage also affects the quality of the
panels based on high-performance fabrics. The aging with UV light gives an overview of
the stability of STFs and their shelf life, especially when the accelerated aging process is
used. For this work, STFs with high maximum viscosity were prepared. Next, the aging
process was performed on the obtained samples. Comprehensive analyses of STF aging
products were performed, including FT-IR, 1H NMR, and 13C NMR spectroscopies. For
the first time, we demonstrate the limitations of the wide usage of innovative and smart
materials like STFs.

2. Materials and Methods
2.1. Materials

For STF preparation, poly(propylene glycol) PPG425 and PPG2700 (CAS 25322-69-4,
Sigma-Aldrich, St. Louis, MO, USA) and spherical silica powder KE-P10 (Nippon Shokubai,
Tokyo, Japan), with a particle size within the range of 100–200 nm, specific surface area of
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132.2 m2 g−1, and density of 1.96 g cm−3 [26], were used. The properties of poly(propylene
glycol) types used in this work are summarized in Table 1.

Table 1. Properties of poly(propylene glycol) 1.

Abbreviation Mn (g mol−1) Density (g cm−3)

PPG425 ~425 1.01
PPG2700 ~2700 1.01

1 According to the Safety Data Sheet provided by the supplier.

2.2. STF Preparation

The STFs were produced by mixing poly(propylene glycol) with silica powder. The
Computer Aided Design, CAD, scheme of the mixer is displayed in Figure 1. The laboratory
stand was specially built for the STF preparation. The mixer is equipped with a glass
250 mL reactor and a mechanical stirrer (R50D, Ingenieurbüro CAT, Ballrechten-Gottingen,
Germany) equipped with a stainless-steel propeller-mixing geometry. The silica powder
was added stepwise. The applied mixing speed was within the range of 150–200 rpm. The
solid-phase concentration of the fluid was 50 vol. %. Table 2 displays the composition
of STFs.
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Figure 1. Scheme of the mixer used for the STF preparation.

Table 2. Properties of spherical silica powders.

Abbreviation Ceramic Powder Carrier Fluid

STF425
KE-P10

PPG425
STF2700 PPG2700

2.3. Rheology Measurements

The rheological behavior of STFs was studied using a rational KinexusPro rheometer
(Malvern Panalytical, Malvern, Worcestershire, UK) with parallel plate geometry (top plate
ϕ 20 mm; bottom plate ϕ 100 mm; spacing gap 0.7 mm) with applied shear stress in the
range of 10−2 up to 103 s−1. The measurements were repeated twice with fresh samples.

2.4. Artificial Aging

Artificial aging was carried out using a Suntest CPS+ (Atlas, Mount Prospect, IL,
USA). The device was equipped with an optical filter which is a UV external light filter
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that eliminates UV radiation with wavelengths shorter than 290 nm. The applied light
intensity was 580 W m−2. The Black Standard Thermometer (BST) was set at 35 ◦C. A
small amount (approximately 10 g) of each STF was placed in a glass Petri dish (ϕ 80 mm)
covered with a quartz lid. The samples subjected to artificial aging are displayed in Figure 2.
Blue Wool Scale samples (approximately 1 cm2) were exposed together with STF samples.
The contrast between exposed and unexposed Blue Wool Scales stripes was measured after
the aging cycle using greyscale, according to ISO 105-A02:1993 standard. The procedure is
described elsewhere [27]. The tests were performed for a total of 167 h, which corresponds
to approximately 15.5 weeks (108 days) of natural aging. Every 1 h spent under aging
conditions corresponds to a 1980 kJ m−2 dose absorbed by the samples.
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Figure 2. PPG and STF samples together with Blue Wool Scale prepared for aging.

2.5. Product Analyses

FT-IR, 1H NMR, and 13C NMR spectroscopies were used to characterize the emerging
products during aging. The analyses were performed both prior to and after aging.

The attenuated total reflectance ATR FT-IR spectra were recorded within the wave-
length range of 400–4000 cm−1, with a resolution of 4 cm−1 using a Nicolet iS5 (Thermo
Fisher Scientific, Waltham, MA, USA) spectrometer. The FT-IR spectra were analyzed with
OMNIC Specta™ software (series 9.12.968, Thermo Fisher Scientific, Waltham, MA, USA).

1H NMR and 13C NMR spectra were recorded using a Varian VXR 400 MHz spec-
trometer (Varian, Palo Alto, CA, USA) with tetramethylsilane as an internal standard
and deuterated solvents (CDCl3). The results were analyzed with MestReNova v.6.2.0
(Mestrelab Research S.L, Santiago de Compostela, Spain) software.

3. Results and Discussion
3.1. Flow Fluid Properties

Figure 3 demonstrates the viscosity curves of the STFs. The results confirm the typical
shear thickening behavior of the obtained STFs. The maximum viscosity of STF2700 is
five times higher than for STF425. The STF2700 exhibited a dilatant effect at 4.4 s−1 with a
maximum viscosity of 3313 Pa·s, and STF425 exhibited a dilatant effect at 12.7 s−1 with a
maximum viscosity of 580.7 Pa·s.

The dilatant effect observed for STF2700 is much higher than for those previously
reported in the literature. For example, Głuszek et al. reported the maximum viscosity for
STFs based on KE-P10 and poly(propylene glycol) (molar mass 1000 g mol−1) to be above
350 Pa·s [26]. In this work, the maximum viscosity reaches up to 1000 Pa·s [5,16,26,28]. The
maximum viscosities reported by Arora et al. and Bajya et al. exceeded 170 Pa·s [5,28].
However, Qin et al. reported STFs with higher solid contents than STFs obtained by us,
with maximum viscosities above 800 Pa·s [4]. Furthermore, modification of carrier liquid
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does not reflect much higher values of maximum viscosity. For example, Ghosh et al. have
reported a simple modification of polyglycols with citric acid, and maximum viscosity
increased 76 times with the peak viscosity up to 800 Pa·s [29].
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3.2. Influence of Artificial Aging

The total aging time together with an absorbed dosage of 1980 kJ m−2 h−1 corresponds
to about approximately 15.5 weeks under natural conditions. Additionally, the fading of
Blue Wool Scale #5 was observed, corresponding to approximately three months of exposure
to light under natural conditions [30].

The samples after aging are displayed in Figure 4. The total degradation of STFs was
observed, hence the product analyses (FT-IR, 1HNMR, and 13CNMR) were performed
without viscosity measurements. The condition of the STF samples after aging enables the
viscosity measurement. During the aging of STFs, the change from liquid- to solid-state was
observed. It is related to the degradation and breakdowns of the PPGs macromolecules,
which are liquid-phase forming a solvation layer on the surface of the silica granules.
Therefore, depending on the degree of PPG degradation during aging, liquid STFs changed
into solid-state. The product analyses with FT-IR, 1HNMR, and 13CNMR confirmed the
degradation of the PPGs during aging.
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The FT-IR spectra of STF2700 before and after aging are displayed in Figure 5. The
FT-IR spectra were measured with the ATR technique and transferred to KBr using Omnic
software. In the FT-IR spectra, characteristic changes within the range of 3000–3600 cm−1

and 1700–1800 cm−1 are observed after aging. Peak broadening within the range of
3000–3600 cm−1 is related to the presence of –OH groups, which appear with the degra-
dation of the carrier fluid into macromolecules with shorter chains. Finally, a new peak
appears at 1720 cm−1, related to the presence of carbonyl groups (–C=O).
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Figure 5. FT-IR spectra of STF2700 before (black line) and after (dark blue line) aging.

PPG2700 and PPG425 were analyzed after exposure to UV radiation, using 1H NMR
and 13C NMR spectroscopies to identify the degradation products.

In the 1H NMR spectrum of raw PPG2700 there are peaks between 3–4 ppm corre-
sponding to the chemical shift range of methine and methylene groups bound to the oxygen
atom, and a broadened peak at 1.1 ppm corresponding to methyl groups. The integrals
of both signals are equal. In the 13C NMR spectrum there are peaks between 71–77 ppm
corresponding to methine and methylene groups; peaks at 66.9, 65.3, and 65.0 ppm corre-
sponding to CHx–OH; and peaks between 17–18 ppm corresponding to methyl groups.
Additional signals appeared in the 1H and 13C NMR spectra of PPG2700 after UV exposure.
Analysis and interpretation of the spectra displayed that the new peaks are characteristic of
the formic ester and other esters, consistent with the results presented in previous reports
on the thermal degradation of PEG or PPG as a result of oxidation [31–35]. Peaks appeared
in the 13C NMR spectrum at 207.4, 200.0, 172.8, 170.4, 162.0, and 160.5 ppm, characteristic of
carbonyl atoms from ketones, aldehydes, and esters, including formic esters, respectively.
In the 1H NMR spectrum, signals appeared that are characteristic of aldehydes (9.6 ppm)
and formic esters (7.9 ppm). Additionally, signals between 3.5–5.0 ppm and 1.9–2.1 ppm
verify the formation of esters. The assignment of signals to their appropriate groups is
displayed in Table 3, and in Figures 6 and 7.

Table 3. Chemical structures and assignment of characteristic groups to signals in 1H and 13C
NMR spectra.

Chemical Structure Chemical Shift (1H NMR) Chemical Shift (13C NMR)
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Table 3. Cont.

Chemical Structure Chemical Shift (1H NMR) Chemical Shift (13C NMR)
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Figure 7. 1H NMR spectra (CDCl3, 400 MHz) of raw PPG2700 (blue) and PPG2700 exposed to UV
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4. Conclusions

For the first time, the influence of UV exposure time on the properties of STFs was
measured after artificial aging. The STFs obtained in this work exhibited a shear thickening
effect up to a maximum of 3313 Pa·s, exhibiting a much more significant shear thickening
effect than previously observed in the literature.

The aging time of STF samples corresponds to approximately three months of natural
aging indoors, and the aging causes visible changes in their appearance. FT-IR spectroscopy
and 1H NMR and 13C NMR spectroscopies confirm the degradation of the obtained STFs.
The spectrometric analyses confirm the appearance of carbonyl groups during aging.
Therefore, the degradation causes the shortening of the oligomer macromolecule chains,
related to the change of STFs during UV aging from a liquid into a solid, making it
impossible to perform repeated rheological tests.

Our results reveal the necessity of preparation and storage of fluids under reduced UV
radiation conditions to prevent the degradation of STFs and the significant deterioration of
their properties.

Our results can be summarized in a few points:

• We have obtained STFs with a very high dilatant effect (the shear thickening effect of
up to a maximum of 3313 Pa·s) not previously reported in the literature.

• The UV radiation causes the damage of the STFs and the change of the STFs from the
liquid to solid.

• The results indicate the need for appropriate storage of STFs in the UV-free environ-
ment prior to and during usage.
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original draft preparation, R.Ż. and M.T.; writing—review and editing, R.Ż., M.T., S.G., M.S. and
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Abstract: An amperometric sensor was developed by depositing a film coating of hydroxyapatite
(HA)/L-lysine (Lys) composite material on a glassy carbon electrode (GCE). It was applied for the
detection of Nile blue A (NBA). Hydroxyapatite was obtained from snail shells and its structural
properties before and after its combination with Lys were characterized using X-ray diffraction
(XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and
Brunauer–Emmett–Teller (BET) surface area analyses. The coupling of Lys to HA was attributed to
favorable interaction between negatively charged -COO− groups of Lys and divalent ions Ca2+ of
HA. Electrochemical investigations pointed out the improvement in sensitivity of the GCE/Lys/HA
sensor towards the detection of NBA in solution. The dependence of the peak current and potential
on the pH, scan rate, and NBA concentration was also investigated. Under optimal conditions, the
GCE/Lys/HA sensor showed a good reproducibility, selectivity, and a NBA low detection limit of
5.07 × 10−8 mol L−1. The developed HA/Lys-modified electrode was successfully applied for the
detection of NBA in various water samples.

Keywords: hydroxyapatite; lysine; inorganic–organic composite; glassy carbon electrode; electrode
coating; electrochemical analysis; Nile blue A

1. Introduction

Nile blue A (bis [5-Amino-9-(diethylamino)benzo[a]phenoxazin-7-ium] sulphate) is
an azo dye of the phenoxazine family [1]. It finds applications in histology and medicine
for the detection of micro-organisms [2], as well as in photodynamic therapy for the
treatment of malignant tumors [3,4]. It is also applied in dye-sensitized solar cells [5].
However, it is a mutagen [6] and carcinogen [7], and for these reasons, prohibited as a food
additive. The presence of this dye in water is harmful to microbial life [8]. Due to the risks
presented by this dye, its elimination in water and in various matrices is an active field of
research. For that purpose, various techniques have been used, including adsorption [9],
chemical degradation [10], and absorption [11,12]. Furthermore, the quantification of
NBA at trace level is relevant in analytical and environmental sciences. In these fields,
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solid electrodes chemically modified by convenient inorganic materials, likely to display
great affinity for a target species, are usually used. Some common examples of such
materials are silica [13,14], clay minerals [15,16], various carbon derivatives [17–20], and
metal oxides [21,22]. Furthermore, additional studies also have highlighted the use of
conjugated organic polymers (conductive polymers) as electrode modifiers in the fabrication
of modified electrodes for the electroanalysis of various analytes [23,24]. Conducting
polymers are organic compounds with considerable flexibility and an extended π-orbital
system, through which electrons can move from one end of the polymer to the other. They
are among the most relevant and widely used materials for sensor modification due to their
unique physical and chemical properties, such as tunable architecture and versatility, good
stability, and sensitivity [25–28]. The resort to these materials aims at improving either
the sensitivity or the selectivity of the bare solid electrode. In recent years, the scientific
community in analytical electrochemistry has shown great interest in the development
of hydroxyapatite-based sensors [29–31]. Hydroxyapatite is a low-cost material that can
be produced from high calcium phosphate biominerals present, for example, in seashells
and animal bones [32,33]. It is a phosphate mineral with the formula Ca5(PO4)3(OH),
usually written Ca10(PO4)6(OH)2 to underline the fact that a dimer is present in one unit
cell [34]. The acid-base properties, ion-exchange capability, and adsorption ability capacity
of hydroxyapatite (HA) have boosted the development of electrochemical sensors wherein
HA serves as adequate electrode material. Thus, El-Mhammedi et al. [35] used it to modify
a carbon paste electrode, which was then applied for the detection of para-nitrophenol.
Yin et al. [36] also detected 4-nitrophenol, using a glassy carbon electrode modified with
HA nanopowder. Kanchana and Sekar [37] reported the exploitation of the same material
as the GCE modifier for the determination of folic acid. Although these works have been
relevant, the poor electron transfer capacity associated with insufficient selectivity are
known as the drawbacks of sensors based on pure HA. This has further prompted the
search for additional compounds to be combined with HA to yield more efficient sensing
devices. Along these lines, Kanchana and Sekar [38] proposed an electrochemical sensor of
uric acid, based on EDTA/HA nanoparticles. The electroanalysis of both diquat and lead
ions was successfully achieved by Tchoffo and coworkers [31,39], using a glassy carbon
electrode modified with a hybrid material from HA and β-cyclodextrin.

The present work focused on the synthesis of HA powder from snail shells and
the further preparation of HA/L-lysine composite material useful as electrode coating
for the detection of Nile blue A (NBA) in solution by electrochemical analysis. L-lysine
bears amine groups, which are expected to display, upon protonation, strong affinity with
NBA. After its preparation, the Lys/HA composite material was characterized by several
physicochemistry techniques. Then, the HA/Lys composite was deposited as a thin film on
the active surface of a glassy carbon electrode (GCE) for the voltammetric analysis of NBA
by means of cyclic voltammetry (CV), followed by the detection of the same analyte by
differential pulse voltammetry (DPV). Key parameters affecting the amperometric response
of the sensor were investigated to obtain the best NBA analysis conditions, which were
successfully applied for the quantification of NBA in a spring water sample. Scheme 1
below highlights the chemical structure of hydroxyapatite (HA) and that of L-lysine (Lys),
as well as a simplified schematic representation of the structure of the Lys/HA complex,
including the different functional groups available for interactions with the target analyte
(Nile blue A).
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Scheme 1. Chemical structures of hydroxyapatite (HA) and L−lysine (Lys), as well as a simplified
schematic representation of the hydroxyapatite/L−lysine (HA/Lys) complex.

2. Materials and Methods
2.1. Reagents and Chemicals

All chemicals were used without further purification. Na2HPO4 (98%) and KH2PO4 (99%)
were obtained from BDH. NaOH, EDTA, Nile blue A (98%), L-lysine, and methyl or-
ange were purchased from International Fisher Scientific. Caffeine (99%), toluidine blue,
Ni(NO3)2.6H2O (98%), Cd(NO3)2.4H2O (98%), and ascorbic acid were obtained from Sigma-
Aldrich. Pb(NO3)2 (99%) was purchased from VWR Chemicals BDH and Cu(HCO2)2.2H2O
(99%) from Merck Chemicals GmbH. Citric acid monohydrate and HCl (36%) were pur-
chased from J.T. Baker and Pronalys AR, respectively. The phosphate buffer solutions
used in this work consisted of a mixture of monobasic dihydrogen phosphate and dibasic
monohydrogen phosphate. By varying the amount of each salt, we prepared a range of
phosphate buffers with pHs between 5.0 and 9.0. Analytical solutions of NBA at various
concentrations were obtained by dilution from a standard solution of a concentration of
0.01 M, using doubly distilled water.

Specimens of snail shells were collected from a local market in downtown Nkongsamba
(Cameroon). The raw snail shells were washed with water, rinsed with distilled water, and
dried at room temperature for two weeks. They were exploited to yield hydroxyapatite, as
described in the next section.

2.2. Preparation of Hydroxyapatite Powder

The preparation was performed according to a method published by Shavandi et al. [40],
with slight modifications. Thus, the calcination of the snail shells was achieved at 1000 ◦C
for 90 min, in an electrical furnace at a heating rate of 5 ◦C min−1. The calcinated product
was then crushed using a mortar, then sieved to obtain a white powder (with a particle
diameter less than 25 µm). To 2.8 g of calcinated shell, 50 mL of 0.1 M EDTA was added to
yield a solution of 0.1 M Ca-EDTA complex. To that solution and under stirring, 50 mL of
0.06 M Na2HPO4 was added (4 mL min−1). The obtained mixture was stirred for 120 min,
maintained at a pH around 13. Upon drying in an oven for 12 h, a milky white powder
was obtained.

2.3. Preparation of Hydroxyapatite/L-Lysine (HA/Lys) Modified Working Electrode

Before modification, the surface of the glassy carbon electrode (GCE) (3 mm in Ø) was
polished with alumina slurries of different sizes (1, then 0.5 µm) on billiard cloth and placed
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in a sonicator for 5 min to eliminate remaining alumina particles. The thin hydroxyapatite
(HA) film working electrode was prepared by the drop-coating of 5 µL of a dispersion
obtained by sonication for 30 min, and of 5 mg L-lysine with various amounts of HA (0, 1,
2, 3, and 4 mg), in 1 mL of double distilled water. The modified electrodes were dried in an
oven at 80 ◦C for 5 min. In this manuscript, they are denoted: GCE/HA, GCE/Lys, and
GCE/Lys/HA, for the GCEs modified with HA, Lys, and Lys/HA composite, respectively.

2.4. Material Characterization

The synthesized hydroxyapatite (HA), L-lysine (Lys), and the Lys/HA composite
materials were characterized by various physicochemical techniques.

2.4.1. X-ray Diffraction (XRD)

X-ray diffraction patterns were collected using a Stoe Stadi-P X-ray powder diffrac-
tometer, with Cu Kα1 radiation (λ = 1.54056 Å, gemonochromator, flat sample). The data
were collected in the 2θ angle ranging from 5◦ to 70◦, with a scanning speed of 1.5◦ min−1.

2.4.2. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra were registered on a genesis FTIRM spectrometer (ATI Mattson), equipped
with a DTGS (deuterated triglycine sulfate).

2.4.3. Brunauer–Emmett–Teller (BET) Analysis

Nitrogen adsorption–desorption isotherms were collected for selected samples us-
ing Thermo Electron Corporation, Sorptomatic Advanced Data Processing. Before N2
adsorption, the samples were degassed at 307.13 K under a vacuum.

2.4.4. Scanning Electron Microscopy (SEM)

The surface morphology of the L-lysine (Lys), hydroxyapatite (HA), and Lys/HA
materials was characterized with a scanning electron microscope (FEI Scios FIB-SEM) at
an accelerating voltage of 10 kV. For SEM measurements, the samples were deposited on
conductive carbon tabs and coated with gold under a vacuum, using a sputter coater.

2.5. Electrochemical Measurements

Electrochemical measurements were carried out at room temperature with µ-Autolab
potentiostat (Ecochimie, Holland), employing a conventional three-electrode cell compart-
ment containing the film-modified GCE as the working electrode, the Ag/AgCl (3 M KCl)
as the reference electrode (Metrohm), and a steel auxiliary electrode.

Cyclic voltammetry was carried out in a 0.1 M phosphate buffer solution (pH 5.5)
containing NBA, in the potential range of −0.9 V to +0.1 V. For stripping analysis of NBA,
differential pulse voltammetry in anodic mode was performed at closed circuit in the
potential scan range from −0.7 V to 0 V, using the following optimized parameters: pulse
amplitude: 95 mV; step potential: 7.5 mV; and equilibrium time: 5 s.

3. Results and Discussion
3.1. Characterization of Hydroxyapatite (HA) and L-Lysine/Hydroxyapatite (Lys/HA) Hybrid Materials

Figure 1a presents the X-ray diffraction (XRD) patterns of the synthesized HA, pure
L-lysine (Lys), and Lys/HA composite materials. On the curve of HA (curve 1), the main
diffraction peaks usually observed for pure hydroxyapatite ((101), (002), (300), (310), (222),
and (213)) were identified. This was proof that the prepared HA was well-synthesized and
constituted a single phase material. However, a broaden background indicates a relatively
low crystallinity of the HA. After the addition of lysine to HA, the diffractogram of the
Lys/HA hybrid material (curve 3) matched with that of HA, while the intensity of the
peaks related to L-lysine were negligible. This could be due to the low amount of the amino
acid on the inorganic–organic composite structure. The pattern of pure L-lysine was given
in curve 2, for comparison.
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Figure 1. (a) Powder X-ray diffraction patterns, and (b) FTIR spectra of (1) hydroxyapatite (HA),
(2) L-lysine (Lys), and (3) Lys/HA hybrid material.

This observation led us to estimate the crystallite size and lattice strain [41] of HA
before and after its hybridization with L-lysine. Thus, the Williamson–Hall (W-H) equation
given by Equation (1) was used [42,43];

β cos θ =
kλ

τ
+ 4ε sin θ (1)

where λ is the wavelength of the CuKα X-ray radiation (λ = 1.54178Å), θ is the Bragg angle,
ε is the value of the lattice strain, τ is the crystallite size, β the full width at half maximum
(FWHM) corresponding to (hkl) Bragg’s peak, and k is the Scherrer constant usually equal
to 0.9.

The W-H plots (βcosθ vs. 4sinθ) for Lys/HA and HA are given in Figure S1 (Supple-
mentary Materials). The crystallite size was determined through the y-intercept, while the
lattice strain was derived through the slope of the fitted straight line shown in Figure S1
(Supplementary Materials). The obtained results are given in Table 1.

Table 1. Crystallite size, lattice strain, and crystallinity index of HA and Lys/Ha from W-H method.

Sample Crystallite Size (nm) Lattice Strain (10−3) Crystallinity Index (%)

HA 21.68 3.2 42.4
Lys/HA 40.81 1.6 42.01

The observed decrease in lattice strain and increase in crystallite size from HA to
Lys/HA were due to an increase in the lattice side after the addition of L-lysine. The degree
of crystallization (crystallinity index) was determined based on Equation (2), where C is
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the area of the peaks in the diffraction pattern (crystalline area), and A is the area between
the peaks and the background (amorphous area).

Crystallinity index =
C

C + A
× 100 (2)

The values of C and A were calculated using Powder X software (version 2017,
Germany). From Table 1, crystallinity index values were less than 50%, showing that
HA crystallites were practically not affected by the addition of Lys.

Although XRD data did not show the presence of L-lysine on HA, FTIR spectroscopy
characterizations were performed to check whether the absorption of amino acid on the sur-
face of HA was effective. The FTIR results are shown in Figure 1b. On the infrared spectrum
of synthesized HA (curve 1, Figure 1b), fundamental vibrational modes of the phosphate
group were observed: the band at 1047 cm−1 was attributed to the phosphate stretching,
and the bands at 608, 561, and 476 cm−1 were due to the phosphate bending [44,45]. The
bands at 3434 and 567 cm−1 were attributed to the stretching vibration of OH−. The peaks
at 1625 and 3334 cm−1 were due to absorbed water. The peaks at 1404 and 874 cm−1 were
attributed to the deformation vibration of CO3

2− incorporated in the PO4
3− site and OH−

site, respectively; the presence of the peak at 874 cm−1 could also have been due to the in-
corporation of HPO4

2−, characteristic of non-stoichiometric HA [35,36]. These observations
confirmed that the synthesized material was pure hydroxyapatite, as revealed by the XRD
results. Upon addition of lysine to HA, a comparison between the spectra of pure lysine
(curve 2, Figure 1b) and Lys/HA composite (curve 3, Figure 1b) showed bands attributed
to the stretching of phosphate (1047 cm−1) and the deformation vibration of carbonate
ions (1404 and 874 cm−1), as well as bands at 1550 cm−1 and 1430 cm−1 attributed to the
symmetric stretching of NH2–H+ and COO−, respectively [46,47]. Furthermore, the band
attributed to the stretching of methylene (-CH2

−) was observed (2927 cm−1) [37,38]. All
these observations suggested the adsorption of lysine on the surface of synthesized HA.

The specific surface area and pore volume of pristine HA, L-lysine, and Lys/HA mate-
rials were calculated from the nitrogen adsorption–desorption isotherms, via the Brunauer–
Emmett–Teller (BET) and the Barrett–Joyner–Halenda (BJH) methods. The measured
specific surface and the pore volume of pristine HA were 46.69 m2 g−1 and 0.1266 cm3 g−1,
respectively (Table 2). These data decreased to 9.63 m2 g−1 and 0.0258 cm3 g−1 when
L-lysine was bounded to the surface of the inorganic backbone, meaning that the coupling
of L-lysine resulted in the reduction of the porosity of HA. Similar results were already
reported by previous works from the literature [48,49], which support the successful ad-
sorption of L-lysine on the surface of HA.

Table 2. Specific surfaces and pore volume of studied materials.

Sample Surface Area (m2·g−1) Pore Volume (cm3·g−1)

HA 46.69 0.1266
L-Lysine 0.23 -
Lys/HA 9.63 0.0258

The surface morphologies of the coating materials L-lysine (Lys), hydroxyapatite (HA),
and HA/Lys composite, as investigated by scanning electron microscopy (SEM), are shown
in Figure 2. The SEM image of the L-lysine material (Figure 2a) showed a smooth surface
of low porosity, typical for protein-based materials, with some platelet-like agglomerates.
In contrast, the hydroxyapatite surface (Figure 2b) showed micro-sized particles clumped
together with interconnected pores. The surface grains were homogeneously small, and
the porous sizes were uniform. The addition of lysine to the hydroxyapatite to form the
Lys/HA composite (Figure 2c) changed the material morphology compared to that of pure
lysine. The surface of the Lys/HA composite (Figure 2c) showed a structure more or less
similar to that of the naked hydroxyapatite (as expected for a low lysine content) with a
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rough surface morphology, a slightly reduced porosity compared to that of HA alone, and
foam-like grains with some agglomerated nanocrystals. As for these SEM observations
and the above discussed X-ray diffractograms, the HA/Lys might have a relatively low
content of organic material, this is, low lysine content. Nevertheless, the addition of lysine
slightly decreased the specific surface area and the diameter of the pores (Figure 2), as
previously revealed by the absorption and desorption experiments of N2 (BET and BJH
measurements). Besides, this addition provided new chemical functions and additional
active sites, as observed in the FTIR analyses, capable to interact with the target analyte
(Nile blue A) in the electrochemical and sorption processes.
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Figure 2. Scanning electron micrographs (SEM) of coating materials: (a) L-lysine (Lys); (b) hy-
droxyapatite (HA); and (c) hydroxyapatite/L-lysine (HA/Lys) composite. Scale bars: (a) 10 µm;
(b,c) 5 µm.

3.2. Electroanalytical Applications of Lys/HA Composite for Nile Blue A Sensing
3.2.1. Preliminary Study on the Effect of the Working Electrode Modification

Preliminary experiments were performed to establish the possibility of using Lys/HA
composite as an electrode modifier for the electroanalysis of NBA. Thus, the performance of
the GCE/HA, GCE/Lys, and GCE/Lys/HA towards the detection of NBA was compared.
The results obtained are shown in Figure 3. Each electrode gave rise to a well-defined
peak in the potential range from −0.6 to −0.1 V. On the bare GCE, a peak current of 6.4 µA
was recorded, proving that NBA was electroactive on the GCE. Then, the presence of
each modifier improved the performance of the GCE, according to the following ability
order: GCE/HA < GCE/Lys < GCE/Lys/HA, with peak currents of 8.8; 12.2, and 13.2 µA,
respectively. The presence of HA, on one hand, and Lys, on another hand, on the GCE sig-
nificantly increased the electrochemical signal of the electrode due to the pre-concentration
of NBA dye. By combining HA and Lys on the GCE, the highest current was obtained,
meaning that the composite material was more efficient towards the fixation of NBA at
the working electrode. To explain these observations, one could reasonably evoke the
adsorption of NBA cations on the HA surface and the uptake by lysine through electrostatic
attraction between the negative carboxylate ions and protonated NH2 groups of NBA. The
–NH3

+ groups of lysine can also interact with NH or the aromatic ring of NBA. Explicitly,
the Ca2+ site of HA can easily bind to negatively charged anionic groups, such as the
COO− carboxyl groups carried by lysine. This thus offers the possibility of incorporating
biological molecules such as amino acids on the surface of HA. Ozhukil Kollath et al. [50]
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provided qualitative and quantitative analyses of the L-lysine molecules incorporated on
the HA surface and the mechanism of interaction, which demonstrated that the carboxyl
group of lysine lends itself well to Coulomb interactions with the Ca2+ of hydroxyapatite,
which leaves the amino group of lysine available for other reactions, such as interactions
with the chemical functions of NBA (for the case of the present work).
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Figure 3. Differential pulse voltammetry (DPV) curves recorded in 0.1 M PBS (pH 5.5) containing
1 µM of NBA on (2) bare GCE, (3) GCE/HA, (4) GCE/Lys, and (5) GCE/Lys/HA. (1) represents the
curve recorded in blank electrolyte using GCE/Lys/HA.

In addition, other studies [35,37,51–53] also demonstrated that there is a special affinity
between HA and amino acids and proteins. This can be explained by the electrostatic
attraction forces existing between the carboxylate groups of the amino acids and the Ca2+

cations on the surface of HA. Such interactions have also been highlighted in various
published works [47,54–58]. Besides, the intermolecular H bonds existing between the
N-containing group and the phosphate on the HA surface, as well as the cooperation of
several protein functions, Ca2+ cations, and phosphate groups on the surface of HA, could
explain this affinity. Therefore, amino acids are adsorbed on HA surfaces and maintain their
activity due to the good biocompatibility of HA. The good stability and the biocompatibility
of HA allow, without ambiguity, to easily incorporate additional chemical functions and
physicochemical properties in their structure (in our case, through the incorporation of
lysine in the structure of HA), allowing its use as an electrode material for the improvement
of the sensitivity and selectivity of resulting electrodes in the electroanalysis of analytes
in solution. Moreover, HA is an inexpensive material with high stability, low toxicity,
and high abundance. Thanks to these advantages, we fabricated a Lys/HA electrode
for the detection of NBA in solution, which improved the electrochemical parameters,
such as sensitivity, stability, and selectivity, of the fabricated electrode with respect to the
detection electrochemistry of the target analyte (NBA). It is also important to point out
the electrocatalytic effect of the modifier, observed through the shift in potential towards
negative values compared to the bare GCE electrode. The observations evolved from this
section’s conclusion revealed that the GCE modified by a combination of Lys and HA is a
prominent tool that can be exploited for the electrochemical analysis and detection of NBA
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in an aqueous solution. However, it seemed useful to analyze some kinetics aspects taking
place at the GCE/Lys/HA, in order to gain insight into the phenomenon occurring in the
bulk of this electrode.

3.2.2. Kinetics Studies of GCE/Lys/HA Sensor by Cyclic Voltammetry

To determine the heterogeneous electron transfer rate constant and the number of
electrons transferred during the oxidation–reduction reaction of NBA at the surface of the
GCE/Lys/HA, the effect of scan rate (v) on both the oxidation and reduction peak current
of NBA was investigated for v, varied between 15 and 150 mV·s−1. The voltammograms
obtained in 0.1 M PBS (pH 5.5) containing 1 mM of NBA are shown in Figure 4a.
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Figure 4. (a) Cyclic voltammograms recorded in 0.1 M PBS (at pH 5.5) +1 mM NBA at various scan
rates: (1) 15, (2) 25, (3) 35, (4) 50, (5) 75, (6) 100, (7) 125, and (8) 150 mV·s−1. The cyclic voltammograms
recorded from lowest to highest intensity are those obtained at increasing scan rates between 15 and
150 mV.s-1 respectively. (b) Plot scan rate potential as a function of the logarithm of scan rate, from
the cyclic voltammograms in (a).

The electrode exhibited a quasi-reversible system, with peak currents increasing with
scan rate. The plot of the peak intensity as a function of scan rate (see Supplementary
Materials, Figure S2) was linear, and the regression equations of the straight line obtained
in oxidation and reduction directions were, respectively:

Iox(A) = 1.354 × 10−6 v(V/s) + 5.163 × 10−5 (R2 = 0.991) (3)

Ired(A) = −5.969 × 10−7 v(V/s) - 1.819 × 10−5 (R2 = 0.985) (4)

The values of R2 close to one showed that both the oxidation and reduction of NBA
at the GCE/Lys/HA are adsorption-controlled processes. Such behavior was obtained by
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Dilek et al. during the electrosynthesis of poly (Nile blue) films on the surface of a glassy
carbon disc electrode [59].

The number of electron(s) exchanged and the heterogeneous electron transfer rate
constant were determined based on the graph Ep(V) vs. Logv (Figure 4b), and on Laviron
Equations (5) and (6) for the quasi-reversible system [60].

Epa = E◦ +
(

2.303RT
(1 − α)nF

)
logv +

(
2.303RT

(1 − α)nF

)
log
(

nF(1 − α)

RTKs

)
(5)

Epc = E◦ +
(

2.303RT
αnF

)
logv +

(
2.303RT
αnF

)
log
(

nFα
RTKs

)
(6)

where R = 8.314 J.mol−1.k−1, T = 298 K, and F = 96,487 C.mol−1.
The value of the transfer coefficient α was obtained from Equation (7), which represents

the ratio of the slope of Equations (5) and (6).

α

1−α
=

0.0271
0.03656

= 0.741 (7)

The obtained value of α was 0.426. By reporting this in the slope of either Equation (5)
or Equation (6), the number of electrons transferred was found to be n = 1.65, smaller than 2
as in the literature [45]. The heterogeneous electron transfer rate constant Ks was calculated
at a scan rate of 50 mV s−1 from Equation (8):

logKs = α log(1 − α) + (1 − α) logα− log
(

RT
nFv

)
− α(1 − α)nF∆E

2.303RT
(8)

A value of Ks = 0.511 s−1 was obtained, indicating that the electron-transfer kinetics
are quite fast, despite the process at the electrode being quasi-reversible.

3.2.3. Effect of the Amount of Hydroxyapatite (HA) in the L-Lysine/HA Composite on the
Detection of Nile Blue A (NBA)

The amount of hydroxyapatite in the modifier film was expected to affect the response
of the electrode. Thus, the variation of the mass of HA in the Lys/HA composite was
evaluated and the results are presented in Figure S3 (Supplementary Materials). It was
observed that the peak current of NBA increased when the mass of HA in the film was
increased between 1 and 3 mg; then it decreased. The observed increase in the peak current
with an HA mass between 1 and 3 mg was associated with the presence of more absorption
sites in the bulk of the working electrode, arising with the increase in HA. Above 3 mg, the
presence of the huge amount of HA in the film reduced the conductivity of the electrode,
as the inorganic material behaves like a physical barrier. The mass of 3 mg was therefore
adopted for further experiments.

3.2.4. Effect of pH on the Peak Current and Potential

To elucidate the oxidation mechanism of NBA at the GCE/Lys/HA, the variation
of peak potential with the pH was studied. For this purpose, DPV experiments at dif-
ferent pH values were carried out in the PBS, and the graphs of the peak current and
peak potential vs. pH were plotted (Figure 5). As noticed, the peak current decreased
slightly when the pH was raised from 5 to 6.5. Then, it significantly increased to reach a
maximum value at pH 8; it then decreased for pH values set between 8 and 9. Regarding the
plot of the peak potential vs. pH, a linear decreasing dependent relation was obtained, ac-
cording to the equation Ep(V) = −0.074 − 0.053 pH (R2 = 0.995). The slope of −0.053 V/pH,
obtained close to the theoretical value of −0.059 V/pH, showed that an equal number of
protons and electrons were exchanged during this process [61–63].
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According to the structure of NBA and to the number of electrons and protons trans-
ferred, the following redox mechanism was proposed [59]. The chemical equation repre-
senting the electro-oxidation mechanism of NBA is highlighted in Scheme 2.
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3.2.5. Validation and Analytical Application of Lys/HA-Coated GCE Electrode
Sensor—Calibration Curve and Interference Studies

DPV analysis of NBA at various concentrations between 0.1 and 1 µM was per-
formed using the GCE/Lys/HA under optimized conditions. The result is presented in
Figure 6. As expected, the DPV peak current Ipa increased with NBA concentration (inset
in Figure 6). The calibration equation and its correlation coefficient were Ipa(A) = 12.18022
[NBA] (mol L−1) + 5.3736 × 10−8 and R2 = 0.992, respectively. A limit of detection of
5.07 × 10−8 mol L−1 was determined, calculated as three times the standard deviation of
the intercept divided by the slope of the calibration curve [64].

Table 3 gives a comparison with the values obtained in other articles for the detection
of similar analytes, in particular methylene blue (MB), since to our knowledge, the elec-
troanalysis of Nile blue A had not yet been carried out. The results displayed in this table
highlight the fact that the developed sensor in this work highlighted a detection limit value
comparable to those recorded in previous publications using modified electrodes for the
detection of analytes similar to Nile blue A, in particular dyes.
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Table 3. Comparison of the performances of the developed sensor GCE/Lys/HA with respect to the
electroanalysis of Nile blue A, with those of other modified electrodes applied to the electroanalysis
of similar analytes.

Electrode Modifier DLR (µM) LOD (µM) Method Analyte Reference

CPE (a) Thiol-functionalized clay 1–14 0.4000 CV (b) MB (c) [65]
CPE Ibuprofen-coated gold 0.01–1 0.0039 DPV (d) MB [66]
CPE Coffee husks 1–125 3.0000 SWV (e) MB [67]
GCE CMTN (f) 0.01–10 0.0030 DPV MB [68]

GCE (g) Lys/HA 0.1–1 0.0507 DPV NBA This work
(a) Carbon paste electrode, CPE; (b) cyclic voltammetry, CV; (c) methylene blue, MB; (d) differential pulse voltam-
metry, DPV; (e) square wave voltammetry, SWV; (f) carbon-modified titanium dioxide nanostructured, CMTN;
(g) glassy carbon electrode, GCE.

The detection limit recorded was lower than those obtained by other authors for
similar analytes. This showed that the Lys/HA composite made from less expensive,
locally available and abundant materials is part of the efficient and stable electrode matrices
allowing the simple and rapid modification of the electrode surface in order to improve its
sensitivity and selectivity with respect to the electrochemical detection of dyes.

The selectivity of the GCE/Lys/HA was evaluated in the presence of some interfering
molecules, such as toluidine blue (TB), methyl orange (MO), caffeine (CAF), citric acid (CA),
and ascorbic acid (AA), as well as some metal cations (Ni2+, Pb2+, Cu2+, and Cd2+). Among
its multiple applications, Nile blue A is a stain generally used in biology and histology. As
examples, Nile blue A is mainly used with living cells, which fix it and give a blue color
to cell nuclei [1]. It has also been applied to textiles and other products, such as leather,
cosmetics, pulp and paper, pharmaceuticals, plastics, and foods [2–5]. In view of what
was said previously, Nile blue A is very often used for various purposes and is therefore
likely to be found in addition to other classes of chemical compounds in various types of
liquid effluents, for example, biological, pharmaceutical, agro-food, and textile effluents.
Concerning the study of the effect of interferents on the response of the Lys/HA fabricated
electrode to the detection of Nile blue A, we attempted to reconstitute a physiobiological or
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industrial effluent by including a wide range of chemicals likely to be found in the effluents
with Nile blue A at the same time. For this, we used as interference species other dyes
(such as toluidine blue and methyl orange), compounds of pharmaceutical interest and
also present in some foods consumed daily (caffeine, citric acid, and ascorbic acid), as well
as metal ions (nickel, cadmium, copper, and lead ions). Thus, in the electrochemical cell
containing a 10−6 M NBA solution, the previously mentioned species were added in a
concentration equivalent to 0.5, 1, 5, and 10-fold that of NBA. The peak current of NBA was
then recorded in optimized conditions, and its variation was noticed as shown in Table 4.

Table 4. Effect of some potential interference species on the response of the GCE/Lys/HA to
10−6 mol·L−1 NBA in 0.1 M PBS (at pH 8).

Interference Species Added Amount over NBA
Concentration

Percentual Variation in the Anodic Peak
Current (Ipa) for NBA

Toludine blue

0.5 −3.45
1 −24.48
5 −44.15
10 −68.49

Methyl orange

0.5 −1.68
1 0
5 −7.95
10 −3.9

Caffeine

0.5 0.72
1 −4.08
5 −7.59
10 −55.75

Citric acid

0.5 −6.34
1 −2.21
5 0
10 18.03

Ascorbic acid

0.5 −1.45
1 8.13
5 13.44
10 18.78

Pb2+

0.5 1.69
1 1.37
5 −2.23
10 −8.8

Cu2+

0.5 1.12
1 2.34
5 −4.3
10 −6.48

Ni2+

0.5 0.32
1 1.31
5 4.09
10 5.16

Cd2+

0.5 −0.28
1 −2.86
5 −3.67
10 −7.5

Globally, when added in a concentration 0.5-fold of NBA, all species did not interfere
on the signal of the NBA analyte. At a concentration equivalent to that of NBA, the TB and
AA significantly affected the response of NBA, as a variation in the target analyte signal for
more than ±5% was recorded. Finally, when the concentration of the investigated species
was more than five-fold that of NBA, then CAF, TB, and AA induced more deviation (≥7%)
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in the response of NBA, somewhat limiting the selectivity of the proposed sensor. For
all the cationic species studied, the presence of these species more or less influenced the
electrochemical signal of Nile blue A, when their concentration was 10 times higher than
that of NBA in the reaction medium, with a recorded variation of more or less 5 % of the
NBA target analyte signal. The obtained results suggest that a GCE/Lys/HA sensor could
be efficiently applied for media less concentrated in NBA dye.

The practical application of the proposed sensor was evaluated through the analysis
of NBA in a spring water sample collected in Dschang (Cameroon). The water was filtered
using a filter paper, and then 50 mL was added in the electrochemical cell. The corre-
sponding amounts of Na2HPO4 and KH2PO4 salts were added to reach a concentration
of 0.1 M. A preliminary electrochemical experiment was performed to check the presence
of NBA in spring water by using the procedure applied for calibration curve experiments.
Under established optimized conditions, no NBA peak was found. By spiking the sample
with 1 µM of NBA, recovery rates above 95% were achieved for experiments conducted in
triplicate. This implies that the methodology herein proposed can be successfully used in
the electroanalytical determination of NBA in water and other aqueous media expected to
contain such a compound.

4. Conclusions

In this work, a composite material consisting of hydroxyapatite and L-lysine (Lys/HA)
was prepared and tested as electrode material for the electroanalysis of Nile blue A (NBA).
Before proposing the use of this composite for sensing purposes, its physicochemical
properties were determined. The deposition of a thin coating of Lys/HA material on a
glassy carbon electrode led to a sensitive and selective method for the detection of NBA
based on differential pulse voltammetry (DPV). The proposed sensor electrode showed
practical application in the detection of NBA in spring water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15124262/s1, Figure S1: Williamson–Hall plots for (a) Lys/HA
and (b) HA, Figure S2: Plots of the anodic and cathodic peak currents as a function of the scan rate,
recorded on GCE/Lys/HA in 0.1 M PBS (pH = 5.5) containing 1 mM of NBA. The scan rate was
varied between 15 and 150 mV.s−1. Figure S3: Effect of HA mass in the Lys/HA film on the DPV
peak current of 1µM of NBA in 0.1 M PBS (pH 5.5).
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Abstract: In this study, a novel epoxidized vegetable oil (EVO) from chia seed oil (CSO) has been
obtained, with the aim to be employed in a great variety of green products related to the polymeric
industry, as plasticizers and compatibilizers. Previous to the epoxidation process characterization,
the fatty acid (FA) composition of CSO was analyzed using gas chromatography (GC). Epoxidation of
CSO has been performed using peracetic acid formed in situ with hydrogen peroxide and acetic acid,
applying sulfuric acid as catalyst. The effects of key parameters as temperature (60, 70, and 75 ◦C),
the molar ratio of hydrogen peroxide:double bond (H2O2:DB) (0.75:1.0 and 1.50:1.0), and reaction
time (0–8 h) were evaluated to obtain the highest relative oxirane oxygen yield (Yoo). The evaluation
of the epoxidation process was carried out through iodine value (IV), oxirane oxygen content (Oo),
epoxy equivalent weight (EEW), and selectivity (S). The main functional groups were identified by
means of FTIR and 1H NMR spectroscopy. Physical properties were compared in the different assays.
The study of different parameters showed that the best epoxidation conditions were carried out at
75 ◦C and H2O2:DB (1.50:1), obtaining an Oo value of 8.26% and an EEW of 193 (g·eq−1). These high
values, even higher than those obtained for commercial epoxidized oils such as soybean or linseed
oil, show the potential of the chemical modification of chia seed oil to be used in the development of
biopolymers.

Keywords: chia seed oil; fatty acids composition; epoxidized vegetable oil; epoxy equivalent weight

1. Introduction

Nowadays, fossil-based materials use is increasing greenhouse gas emissions, wastes
in landfills, and the exhaustion of non-renewable resources [1]. This situation leads to
the need to find new alternatives in order to decrease the elevated production of fossil-
based materials. One of the most promising renewables resources is vegetable oils (VO)
because of their availability, relatively low cost, and non-toxicity [2]. According to the
latest data of European Bioplastics Association, the land used to produce the renewable
feedstock is approximately 0.0013% in 2021 and is estimated to increase up to 0.058% in
2026 [3]. This increase continues to be a very low value compared with food and feed
land used (25% in 2021), indicating that there is not competition between the renewable
feedstock for feed, food, and the production of bioplastics. In case of VO production,
it increases each year where approximately 20% is used for industrial applications due
to the concern of environmental problems [4]. VO is mainly formed by triglycerides,
which are composed of three fatty acids (FAs) connected to glycerol molecules. In their
structure, carbon-carbon double bonds enable VO to be easily transformed, increasing
their reactivity. One of the several ways to take advantage of these double bonds in VO is
through the epoxidation reaction, which introduces oxirane oxygen in double bonds [5].
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Epoxidized vegetable oils (EVOs) are used as reagents and intermediates in the manufacture
of polymers and are commonly used as plasticizers, compatibilizers, stabilizers, reactive
diluents, or epoxy matrices for composites [6–9]. Several EVOs have been reported in the
literature, highlighting studies of linseed [10], cottonseed [11], soybean [12], karanja [13] or
castor oil [14], among others [15–18].

Notwithstanding, one of the VO with the most significant potential, due to its high
amount of double bonds present in the FA chains, is the chia seed oil (CSO) (Salvia hispanica, L.).
As it is possible to observe in Table 1, the iodine value (IV) of CSO, which is a parameter used
to determine the number of unsaturation in fats, oils, and waxes, is above 190 g I2/100 g.
For this reason, CSO is one of the VO with the greatest potential for use in different sectors.
Nowadays, CSO presents a market share of 20% of chia market with an expected increase of
23.4% from 2019 to 2025 in order to use it for food and non-food applications [19]. Regarding
food applications, although is not widely used as others edible VOs, it is employed as
food complements and cooking oil [20]. Some authors have also suggested the addition
of CSO in food applications due to its high benefits [21,22]. On the other hand, as non-
food applications, CSO has been epoxidized and employed as environmentally friendly
plasticizer in one of the most promising industrial applications [23]. However, this study
showed a lack of assessed parameters such as temperature and reagents concentration
that can enhanced the epoxidation yield and no physico-chemical characterizations were
carried out. Therefore, CSO could be one of the best VO candidates to be epoxidized,
due to its high availability of double bonds, which can lead to obtain one of the highest
theoretical oxirane oxygen content (Oo) even higher than EVOs of greater industrial use
(linseed and soybean). CSO has the potential to obtain more Oo using fewer amounts
of reagents (sulphuric and acetic acid or hydrogen peroxide e.g.), resulting in a low-cost
process and a more environmentally friendly EVO [24–26].

Table 1. Iodine value and theoretical oxirane oxygen content of different vegetable oils.

Vegetable Oil Initial Iodine Value
(IV0, g I2/100 g)

Theoretical Oxirane
Oxygen Content (Oo, %) References

Castor 84 5.03 [14]
Soybean 126 7.36 [27]
Rubber 156 8.95 [28]

Cottonseed 107 6.32 [11]
Linseed 188 10.6 [29]
Canola 112 6.60 [5]

Sunflower 130 7.57 [30]
Palm 62 3.76 [12]
Olive 127 7.41 [31]
Corn 115 6.76 [32]

Chia seed 197 11.05 Present study

Regarding the epoxidation process, selectivity (S) and Oo vary depending on the
catalyst used to obtain epoxides. Different methods have been studied, each with its
advantages and disadvantages. For example, Guenter et al. employed molecular oxygen
to carry out the epoxidation process [33]. This method could be low-cost and ecological
using silver as the catalyst, but it is restricted to precursors like ethylene or butadiene
and is not very efficient. The same authors studied the possibility of using halohydrins
through hypohalous acids and their respective salts, but this route was not environmentally
friendly [33]. The most employed route to synthesize EVOs is the use of hydrogen peroxide
with in situ formed peroxyacid, as can be observed in Figure 1. This route presents some
benefits compared to preformed peroxyacids, such as safer processing and handling, as
well as requiring a minimum quantity of reagents to produce EVOs [34]. However, this
route can lead to thermal runaway due to the exothermic reaction [35]. In order to reduce
this risk, several actions can be considered such as comprehensive temperature control with
adequate cooling capacity or dosing rate [36]. In this regard, this issue is taking into account
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industrially due to this route is the most employed [37]. Moreover, it is commonly known
that, in many epoxidation processes, the excess of molar ratio reagents and/or higher
temperatures can lead to side-reactions, being the most common the oxirane ring cleavage.
The ring-opening has been studied for the purpose of comprehending the influence of
factors in these side-reactions. For instance, Cai et al. [38] have studied the ring-opening for
the epoxidation of cottonseed oil, where evaluated the effect of reagents taking into account
the kinetic model. Furthermore, in the recent literature, the use of different epoxidation
methods such as chemoenzymatic, polyoxometalates or heterogeneous catalytic systems in
the presence of titanium silicate or ion exchange resin has been reported to overcome this
drawback [4]. However, homogeneous catalysts have been proved to be more effective for
industrial-scale plants to produce EVOs in batch reaction over 8 h [39,40]. In this regard,
the use of strong mineral acid with acetic acid leads to a higher reaction rate [41].
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Figure 1. Schematic representation of epoxidation by means of in situ formed peroxyacids.

The main purpose of this study was to develop a new EVO from chia seed oil (ECSO)
as a raw material due to its great potential, determined by the high IV. This new EVO
was carried out by in situ epoxidation process with acetic acid and hydrogen peroxide.
In this way, a new reagent for use in the polymeric industry can be obtained through a
naturally renewable resource as an alternative to the current petrochemical compounds
or commercially available EVOs. After the analysis by GC of the composition of the fatty
acids of chia oil obtained by cold mechanical extrusion, the epoxidation process was carried
out, optimizing key parameters such as temperature, the molar ratio of H2O2:DB, and
reaction time. The oxirane oxygen content (Oo) was analyzed by titration method and the
functional groups were confirmed using FTIR as well as 1H NMR spectroscopy. Further
characterization was performed to evaluate the changes in physical-chemical parameters
such as specific gravity, dynamic viscosity, and colorimetric coordinates.

2. Materials and Methods
2.1. Materials

Chia seed (Salvia hispanica, L.) was supplied by Frutoseco (Bigastro, Alicante, Spain)
and CSO was obtained by cold extraction using a CZR-309 press machine (Changyouxin
Trading Co., Zhucheng, China). Aqueous hydrogen peroxide (30 wt.%), glacial acetic acid
(99.7 wt.%), and sulphuric acid (96 wt.%) were purchased from Sigma Aldrich (Sigma
Aldrich, Madrid, Spain). Reagents required for IV characterization such as Wijs solu-
tion (ICl), 0.1 N sodium thiosulphate solution (Na2S2O3), potassium iodide (KI), and
cyclohexane (C6H12), were supplied from Sigma Aldrich (Sigma Aldrich, Madrid, Spain).
To determine oxirane oxygen content, chlorobenzene (C6H5Cl), crystal violet indicator,
potassium acid phthalate (KHC8H4O4), and 0.1 N HBr solution in glacial acetic acid were
supplied from Panreac Química S.L.U. (Castellar del Vallés, Barcelona, Spain).
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2.2. Epoxidation Process

Epoxidation reaction was performed in a three-necked round-bottom flask (1000 mL
capacity). The flask, equipped with a two-bladed stirrer, was immersed in a thermostatic
water bath where the temperature could be controlled to ± 0.1 ◦C of the desired temperature.
A propeller mechanical stirrer was connected to the central neck, a drop-wise device was
introduced in one of the side necks, and a thermometer was connected to the third neck.

Epoxidation of CSO was carried out using a peroxyacid generated in situ from an
organic acid. The most widely used in this process are formic (HCOOH) and acetic
(CH3COOH) acids due to their high reactivity. The efficiency of these oxidants depends on
the operating temperature, taking into account that according to literature, acetic acid is the
most effective above 60 ◦C [42]. Furthermore, acting as the catalyst, sulphuric (H2SO4) and
nitric acid (HNO3) are the most employed. In this regard, sulphuric acid with an optimal
value of 3 wt.% with respect to the sum of the masses of hydrogen peroxide and acetic
acid, was the most effective inorganic acid in order to obtain the highest conversion to
oxirane oxygen, as was reported [43]. Therefore, the procedure is summarized as follows:
firstly, 232 g of CSO (0.776 mol double bond for each 100 g of oil) and 25.3 g of glacial acetic
acid were maintained at a constant temperature (60 ◦C) and stirring rate (220 rpm), which
allowed a sufficient agitation to ensure proper mass transfer. After 10 min, sulphuric acid
and hydrogen peroxide were mixed and added dropwise. The addition was completed
within half an hour, at a constant rate following the method reported by Dinda et al. [44].
Two different H2O2:DB molar ratios (MR) mentioned previously (MR 0.75 and MR 1.50) at
60 ◦C were studied. MR 1.50 has been selected as the optimal amount of peroxide, which
means 1.50 moles of H2O2 for one mole of double blonds [45]. It should be noted that
CSO contains a higher iodine value compared to other VOs and, thus, a higher Oo can be
obtained. Therefore, MR 0.75 (half of the MR 1.50) has also been tested in this epoxidation
process in order to study the effect of hydrogen peroxide and the possibility to achieve
a reduction of the chemical compounds used. With respect to the temperature, different
tests have been carried out at 60, 70, and 75 ◦C ± 1 ◦C, studying the reaction from 0 to 8 h
considering the ranges reported in previous literature [46]. Samples were extracted at 0.5,
1.0, 1.5, 2.0, 4.0, 6.0 and 8.0 h, after adding the peroxide and sulphuric acid to monitor the
reaction process. The collected samples were cooled at room temperature and then washed
with water until they were acid-free up to pH neutral. To purify and remove the excess of
water, samples were centrifuged 10 min at 7000 rpm.

2.3. Characterization
2.3.1. Fatty Acid Composition

Prior to quantitative determination, FAs of oils have been transformed into methyl
esters (FAMEs) following the standard method ISO 12966. The FAs profile was determined
using HP/Agilent 6890 N gas chromatograph (Palo Alto, CA, USA) with Agilent 5973 N
mass spectrometer detector (GC-MS). Equipment is provided with a splitless injector, ion-
ization detector mode (70 eV), and integrator. The GC-MS method applied was according to
ISO 12966. A DB-5MS capillary column (30 m length, 0.25 mm inner diameter, and 0.25 mm
film thickness) from Teknokroma (Barcelona, Spain) was used using a temperature pro-
gram from 140 to 300 ◦C at 20 ◦C/min. The injector and detector temperatures used were
280 and 300 ◦C, respectively. The sample injection volume was 1 µL using a splitless injector.
Helium was used as carrier gas at a flow rate of 1 µL/min. Each FA was identified through
the retention time comparison between pure commercial standard and the studied sample.
FA results were expressed as percentages of the total regarding FAMEs.

2.3.2. Iodine Value (IV)

The iodine value is referred to the mass of Iodine (I2 in grams) absorbed by 100 g of oil.
It is an index used to determine the amount of unsaturation (double bonds) in FAs. This
value was determined using Wijs solution (ICl) that reacted with double bonds and it was
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possible to detect the evolution by using sodium thiosulfate solution. IV was determined
according to ISO 3961 using Equation (1):

IV =
12.69 × c × (V1 − V2)

m
(1)

where IV refers to the mass of Iodine per 100 g of oil (g I2/100 g oil), c to the normality
of sodium thiosulfate solution 0.1 N (Na2S2O3), V1 to the volume of Na2S2O3 needed for
titration of the blank (mL), V2 to the volume of Na2S2O3 needed for titration of the sample
(CSO) (mL), and m refers to the amount of sample used (g). Moreover, it is possible to
determine the conversion of double bond (XIV) using Equation (2) [10]:

XIV(%) =

( IV0 − IVf

IV0

)
× 100 (2)

where IV0 is the initial iodine value of the VO sample and IVf is the final iodine value of
the EVO after the epoxidation process. At least five measurements were made for each
sample and the average values were reported.

2.3.3. Oxirane Oxygen Content (Oo)

The number of epoxy groups was determined using the direct method of titration with
hydrobromic acid (HBr) solution in glacial acetic acid, using ASTM D1652. The sample was
dissolved in chlorobenzene, followed by the addition of drops of crystal violet and titration
using 0.1 N HBr in glacial acetic acid. The oxirane oxygen content (Oo) was calculated with
Equation (3):

Oo(wt. %) = 1.6 × Ni ×
(V − B)

W
(3)

where Ni refers to the normality of HBr in glacial acetic acid, V to the volume of HBr
solution for titration of the sample (mL), B to the volume of HBr solution for titration of the
blank (mL), and W refers to the amount of sample used (g). At least five measurements
were made for each sample and the average values were reported.

To determine the percentage conversion to oxirane (YOO) Equation (4) has been employed:

YOO(%) =

(
Oo

Othe

)
× 100 (4)

where, Oo is the oxirane oxygen content experimentally obtained and Othe is the theoretical
maximum oxirane oxygen content that was calculated using Equation (5) [43]:

Othe(wt. %) =




IVo
2AMi⌈

100 +
(

IVo
2AMi

)
× AMo

⌉


× AMo × 100 (5)

Regarding Equation (5), IVo is the initial iodine value of the sample, AMi is the atomic
mass of Iodine (126.9 g/mol), and AMo is the atomic mass of oxygen (16 g/mol). Moreover,
the selectivity for oxirane oxygen (S) can be determined using Equation (6) [47].

S =

(
O

Othe

)
×
(

IVo

IVo − IVf

)
(6)

2.3.4. Epoxy Equivalent Weight (EEW)

The epoxy equivalent weight (EEW) is defined as the mass, expressed in grams, of the
epoxy resin which contains one equivalent of the epoxy group (g·eq−1). It is one of the most
important features of epoxy resins, which is related to the crosslinking density and allows
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the calculation of the required amount of crosslinking agent for the curing process [48]. The
EEW of ECSO was obtained following ASTM D1652 via titration using Equation (7):

EEW
(

g·eq−1
)
=

(
1000 × W

(V − B)× Ni

)
(7)

2.3.5. Fourier Transform InfraRed (FTIR) Spectroscopy

The substitution of double bonds and changes in functional groups was identified by
Fourier Transform Infrared (FTIR) spectroscopy equipped with a horizontal attenuated total
reflection modulus (ATR). Both CSO and ECSO were analyzed using a Bruker Vector 22
(Bruker Española, S. A, Madrid, España), averaging 20 scans at 4000–400 cm−1 and 4 cm−1

of resolution. It must be remarked that this method is immediate and straightforward
to evaluate the possible change of the main functional groups, allowing to correlate the
progress of epoxidations from infrared studies. However, the titration method obtains a
better accuracy than the FTIR spectroscopy method, as has been reported by [15,49]. Thus,
the FTIR method was used to verify the evolution of the main functional groups.

2.3.6. Nuclear Magnetic Resonance (NMR) Spectroscopy
1H NMR spectroscopy was employed to compare and confirm the chemical structure

of CSO and ECSO. Samples were analyzed using a Bruker AMX 500 unit (Bruker BioSpin
GmbH, Rheinstetten, Germany) at 25 ◦C. Samples of 40 mg were dissolved in 0.6 mL of
deuterated chloroform (CDCl3), mixed for 10 s and transferred to 5 mm NMR tubes for
data acquisition.

2.3.7. Physico-Chemical Properties

The method used to determine changes in specific gravity was a pycnometer, according
to ASTM D1963. This method uses a 25 mL pycnometer maintaining a constant temperature
of 25 ◦C. All densities of liquids were obtained against water. The specific gravities of
untreated CSO and epoxidized were measured using Equation (8):

ρr =
Ws − We

Ww − We
(8)

where Ws is the weight (g) of the sample in the pycnometer, We is the weight (g) of the
empty pycnometer, and Ww is the weight (g) of water in the pycnometer. At least five
measurements were obtained with a maximum deviation of 3 × 10−3.

Dynamic viscosities were obtained using two Cannon-Fenske viscosimeters of
300 and 450 mm with flow ranges from 5 × 10−5 to 2.5 × 10−4 m2·s−1 and from 5 × 10−4

to 2.5 × 10−2 m2·s−1, respectively, at 20 ◦C. The assay has been carried out following the
guidelines of the ASTM D-445. Viscosimeter was introduced in a water bath monitoring the
temperature with a precision of ± 0.1 ◦C. At least five measurements were measured with a
maximum dynamic viscosity deviation of 1.02 mPa·s.

The colorimetric coordinates of CSO and ECSO were measured using a Hunter Lab
Colorimeter (Colour Flex, Hunter Associates Inc., Reston, VA, USA). The instrument
(45◦/0◦ geometry, D45 optical sensor, 10◦ observer) was calibrated before the experiments
with Black and White reference tiles, and Green tiles were used to verify the correct
operation. The values of luminance (L*) (0–100) represent lightness, parameters a* and b*
indicate the approach from green (negative) to red (positive), and from blue (negative) to
yellow (positive), respectively. At least five measurements were made for each sample and
the average values were reported. Color variation was evaluated by using Equation (9):

∆E =
√

∆L2 + ∆a2 + ∆b2 (9)
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3. Results
3.1. CSO Extraction and Fatty Acid Composition

CSO was extracted by double cold extraction in a press machine to avoid chemical
changes in the FA composition caused by high temperatures and the use of chemical
solvents. Firstly, whole seeds were pressed to obtain oil and cake. Then, the residual cake
was pressed again in order to obtain a higher yield of oil extraction. At the end of the
pressing process, oil was filtered and centrifuged at 4000 rpm to be cleaned, and then it
was stored in a cold dark room. The yield of extracted CSO was increased from 20.4% for
the first process to 24.5% adding up the oil obtained from the second press of the chia cake.
This slow increase of extraction yield with the second press shows that no longer than two
presses are considered economically feasible, as reported by Kasote et al. [50]. This total
yield is in the same range that was reported by Ixtaina et al. [51], in which the production
yield of CSO was 24.8%.

The FA composition obtained by GC and the comparison with results published by
other authors are shown in Table 2. As it can be observed, CSO presents a low proportion of
saturated fatty acids (SFAs), with a value of 10.7%, integrated by myristic (0.06%), palmitic
(7.2%), stearic (2.88%), and arachidic (0.55%) acids. With respect to monounsaturated fatty
acids (MUFAs), it is observed even a lower proportion (4.41%), with palmitoleic (0.09%)
and oleic (4.32%) acids. The higher content is found in polyunsaturated fatty acids (PUFAs)
with 84.9%, which provides the most CSO double bonds: Linoleic (15.8%), γ-Linolenic
(0.41%), and α-Linolenic (68.6%). The main difference between γ-Linolenic and α- Linolenic
is the position of the double bond, where α-Linolenic contains the double bond in the 3rd,
6th, and 9th carbon position with respect to methyl terminus, whereas γ-Linolenic in 6th,
9th and 12th position. The high amount of α-Linolenic acid in the FAs profile provides
better reactivity due to the position of double bonds in the carbon chain. The double bonds
closer to the methyl terminus in the 3rd position present more reactivity than the 6th and
9th as has been reported by Scala and Wool [52], where the kinetics of the epoxidation
process of vegetable oil was studied. Furthermore, CSO is the seed oil with the highest
α-Linolenic content known compared to other studies of vegetable oils [53]. The results of
the FAs of CSO are in concordance with the results reported by other authors, as is gathered
in Table 2. The slight difference is probably due to the seed origin that has influenced FA
composition. Some authors have reported that the FA profile and its quantity depend on
several environmental factors such as temperature, light, or soil type [54].

Table 2. Content of fatty acids presents in chia seeds (expressed as g of fatty acid/100 g of oil) and
comparison with other studies.

Fatty Acids (FAs) In This
STUDY Demin et al. [53] Kulczyński et al. [55]

SFAs

Myristic (C14:0) 0.06 0.04 0.06
Palmitic (C16:0) 7.20 6.84 7.04
Stearic (C18:0) 2.88 2.71 2.84

Arachidic (C20:0) 0.55 0.28 0.02
Total SFAs 10.7 9.87 9.96

MUFAs
Palmitoleic (C16:1) 0.09 0.24 0.03

Oleic (C18:1) 4.32 6.17 7.3
Total MUFAs 4.41 6.41 7.33

PUFAs

Linoleic (C18:2) 15.8 18.6 18.9
γ-Linolenic (C18:3) 0.41 n.m 1 n.m 1

α-Linolenic (C18:3) 68.6 64.4 63.8
Total PUFAs 84.9 83 82.7

1 Where n.m means not mentioned.
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3.2. Effect of Molar Ratio H2O2:Double Bond in the Epoxidation Process

To investigate the effect of molar ratio H2O2:DB, two experiments were made at
MR 0.75 and 1.50 applying a constant temperature of 60 ◦C. In these conditions, both IV
and Oo analyses were obtained to monitor the epoxidation reaction. As it is possible to
observe in Figure 2, IV0 was 197 g I2/100 g of oil for CSO, which is in accordance with
Imran et al. [56] and Timilsena et al. [57], where both obtained values of 193 and 204 g
I2/100 g of oil, respectively. The plot representation shows that once the epoxidation
process takes place, the IV decreases due to the reaction of double bonds, as reported by
Campanella et al. [58] with soybean oil. In the assay carried out at MR 1.50, the IV decreases
more sharply, showing a greater rate yield in the process of double bonds substitution.
However, although the results using MR 1.5 have been better than those with MR 0.75, the
authors do not consider it appropriate to increase the MR above 1.5, due to an excess of
reagents can cause side-reactions as the oxirane ring cleavage. In addition, the slope of the
IV curve changes at the first 4 h, being less pronounced with MR 0.75 due to less initial
oxygen active donor in the reaction for the lower hydrogen peroxide ratio, which is strongly
related to the reduction of IV. Therefore, using MR 1.50 at 60 ◦C, IV is reduced up to 80.1 g
I2/100 g of oil after 8 h of reaction, reaching almost a value of 60% for XIV. However, lower
values were obtained using MR 0.75, with 42.2% for XIV and 114 g I2/100 g of oil for IV.
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Figure 2. Effect on Iodine value (IV) of the MR 0.75 and 1.50 during the epoxidation process.

Figure 3 shows the plot evolution of Oo and EEW. Inversely proportional to IV, when
MR increases, the presence of Oo increases as well. As reaction time proceeds, significant
differences were observed comparing both MR. It is known that hydrogen peroxide is an
active oxygen donor in the reaction [27]. Thus, when MR is increased from 0.75 to 1.50, an
increase of Oo can be noticed. The reason for this result is the increase in peracetic acid
formation due to a higher amount of hydrogen peroxide [10]. Peracetic acid acts as a vector
of oxygen, causing a conversion improvement. Then, doubling the amount of hydrogen
peroxide, an increase of 36.8% in Oo from 4.48 wt.% to 6.13 wt.% was obtained at the end
of the reaction. Taking Equation (5) into account, a theoretical maximum oxirane oxygen
content (Othe) of 11.05% was obtained, thus achieving a Yoo value of 55.6% for MR 1.50.
This epoxidation yield value can be ascribed to the lower efficiency of acetic acid at 60 ◦C,
when the most effective temperature is observed above 60 ◦C [42]. Results are gathered
in Table 3.
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Figure 3. Effect on oxirane oxygen (Oo) of the MR 0.75 and 1.50 at 60◦C during the epoxidation process.

Table 3. Main parameters used to characterize the epoxidation process of the chia seed oil (CSO) at
different molar ratios and temperatures.

Epoxidation Temperature
(◦C) MR 1 IVf

2 XIV
3 Oo

4 EEW 5

(g·eq−1) YOO
6 S 7

1 60 0.75 114 ± 0.94 42.2 ± 0.48 4.48 ± 0.11 357 ± 8.9 39.9 ± 1.02 0.946 ± 1.88
2 60 1.50 80.1 ± 0.87 59.4 ± 0.41 6.13 ± 0.12 260 ± 4.94 55.6 ± 1.07 0.935 ± 1.92
3 70 1.50 37.9 ± 0.62 80.8 ± 0.32 7.61 ± 0.10 210 ± 3.10 68.9 ± 0.98 0.853 ± 1.70
4 75 1.50 13.1 ± 1.52 93.4 ± 0.75 8.26 ± 0.11 193 ± 2.39 74.8 ± 0.78 0.801 ± 1.79

1 Hydrogen peroxide to double bond (H2O2:DB); 2 Final iodine value (g I2/100 g oil); 3 Conversion iodine value;
4 Oxirane oxygen content; 5 Epoxy equivalent weight; 6 Conversion to oxirane; 7 Selectivity.

Related to selectivity (S) (values also summarized in Table 3), it is possible to ap-
preciate that this value slightly decreases at MR 1.50 compared to MR 0.75. These results
demonstrate that there are double bonds that were not replaced by epoxy groups. Although
XIV and Yoo for MR 1.50 are higher than for MR 0.75, the opposite occurs with S. It is known
that higher MR leads to an increment of Yoo and the presence of hydrolysis reactions,
i.e., epoxy ring cleavage [28]. For that reason, S for MR 1.50 is slightly lesser than for
MR 0.75 due to more presence of side-reactions caused by a higher amount of hydrogen
peroxide. This is another reason why the use of higher reagent ratios is not technically
feasible, as the high reactivity of the fatty acids present in chia oil causes unwanted side
reactions. Therefore, the highest Oo and lowest EEW values were obtained for MR 1.50
with values of 6.13 wt.% and 260 g·eq−1, respectively.

3.3. Effect of the Temperature in the Epoxidation Process

The influence of temperature on the epoxidation process was studied at 60 ◦C, 70 ◦C,
and 75 ◦C with the best MR (1.50) previously detailed. In Figure 4, it is possible to observe
an increase in IV conversion at higher temperatures. As happened previously, the slope of
IV showed a sharper change at the first 4 h. This behavior can be ascribed to the higher
reactivity of double bonds present in the 3rd position of methyl terminus of fatty acid in
α-Linolenic acid [52], which react faster at the initial time of the experiments. In contrast,
the less reactive double bonds (6th and 9th) present in α-Linolenic acid, Linoleic, and Oleic
acid take a longer time to react. Then, increasing the temperature from 60 ◦C to 75 ◦C,
an IV of 13.1 g I2/100 g of oil was obtained with regard to 80.1 g I2/100 g of oil at 60 ◦C.
Therefore, the temperature is shown as the key factor to increase the conversion of IV.
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Figure 4. Effect on Iodine value (IV) of the temperature (60 ◦C, 70 ◦C, and 75 ◦C) with MR 1.50 during
the epoxidation process.

Regarding the formation of epoxy groups plotted in Figure 5, it increases as tem-
perature increases, accelerating the kinetic of epoxidation to form oxirane oxygen [46].
In the same way as with IV, the Oo slope is higher at the first 4 h of reaction whereas,
after that time, this trend decreases. This reduction in reaction rate can be related to the
decomposition of peracetic acid, acetic acid, and hydrogen peroxide along the time [59].
With the higher temperature (75 ◦C) studied, it is possible to obtain the highest value of
Oo, 8.26 wt.%, or lowest EEW, 193 g·eq−1, obtaining a Yoo of 74.8%. An increase of 15◦C
from 60 ◦C to 75 ◦C contributes to an improvement of 25.7% for Oo. It should be noted that
higher temperatures and extended time, increase the Oo but can also cause a greater oxirane
cleavage rate [44]. As Campanella et al. [60] and Gan et al. [61] studied for temperatures
higher than 75 ◦C in soybean and palm oil, respectively, the oxirane ring was destabilized,
which slowed the growth of the conversion to epoxy groups, even reducing the oxirane
oxygen formed. In this sense, all temperatures studied showed almost no conversion to
epoxy groups from 6 h onwards, being more pronounced with the temperature of 75 ◦C.
For this reason, the authors did not consider it appropriate to carry out the epoxidation
process at higher temperatures.
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Regarding the selectivity, S, gathered in Table 3, it is possible to compare that it
decreases substantially as temperature increases. At 70 ◦C and 75 ◦C the best Oo have been
obtained, as well as the lowest S. Thus, S decreases as higher is the temperature, which
indicates an increase in oxirane cleavage. Although Yoo was 74.8% with these conditions, an
interesting wt.% of Oo or EEW have obtained if they are compared to other reports. Dinda
et al. [44] used the same epoxidation method with cottonseed oil, reaching 4.96 wt.% for
Oo with 80% for Yoo. Furthermore, Mungroo et al. [5] studied the epoxidation of Canola
oil using ion exchange resin as the catalyst, where 6.13 wt.% for Oo and 90% for Yoo could
be obtained. With the current values obtained with ECSO (8.26 wt.% for Oo or EEW
193 g·eq−1), it is possible to forecast that it could be an excellent EVO as an alternative
to the commercially available VO. A comparative example is found in the study carried
out by Samper et al. [62], where epoxidized soybean oil with EWW of 238 g·eq−1, is used
to manufacture a composite laminate with engineering applications. In addition, another
example is reported by Fombuena et al. [63], where green composites are manufactured
using commercial epoxidized linseed oil with 8 wt.% as epoxy matrix. Therefore, the
present ECSO contains equal or even higher wt.% of Oo or lower EEW than the most
commercially available EVOs.

3.4. FTIR Analysis

As an alternative to evaluating the characterization of the epoxidation reaction through
titration, FTIR spectroscopy is shown as an efficient tool for determining the representative
peaks. Figure 6 shows the spectrum of untreated CSO, taken as reference. The character-
istic peaks of double bonds are associated with 3010 cm−1 (=CH(v)) due to stretching of
cis-olefinic bonds, 1652 cm−1 (C=C(v)) caused by stretching of disubstituted cis-olefins, and
723 cm−1 (C=C(cis-δ)) due to the combination of out-of-plane deformation and rocking vibra-
tion in cis-disubstituted olefins. Other characteristics peaks associated to methyl and methy-
lene groups are obtained from 2961 to 2851 cm−1 (-CH3(asym-v) and -CH2(sym and asym-ν))
and from 1462 to 1375 cm−1 (-CH2(asym-δ) and –CH3(sym-δ)). Finally, the peak at 1743 cm−1

represents a carbonyl stretching (C=O(v)) of ester groups, and also the peak obtained at
821 cm−1 (C-O-C(v)) should be noted, barely visible in the untreated CSO but indicative of
oxirane oxygen. Compared to the characteristic peaks of untreated CSO described in the
literature, such as Timilsena et al. [64], a slight difference is shown due to the origin of seed
and climate conditions, which can influence the fatty acid composition.
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The monitoring of the epoxidation reaction by FTIR spectroscopy at different MR
and temperatures has been focused on the characteristic peaks corresponding to double
bonds (Figure 7) and the plot evolution of the oxirane oxygen content (Oo) (Figure 8).
All spectra are obtained after 8 h of epoxidation reaction time. Figure 7a represents the
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plot evolution of the peak at 3010 cm−1 (=CH(v)). It is possible to observe that the peak
decreases drastically using MR 1.50 at 75 ◦C, which is in concordance with the analysis
done by titration. This indicates the low quantity of available doubles bonds after the
epoxidation reaction. Figure 7b,c show the graphical evolution of the peaks at 1652 (C=C(v))
and 723 cm−1 (C=C(cis-δ)), respectively, with the same trend mentioned previously. In
general, the characteristic peaks of double bonds decrease when MR increase from 0.75 to
1.50 and the temperature reaches 75 ◦C, obtaining fewer available double bonds.
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Figure 7. FTIR spectra of ECSO obtained with different epoxidation conditions by the analysis
of characteristic peaks of the double bonds (a) 3010 cm−1 (=CH(v)), (b) 1652 cm−1 (C=C(v)) and
(c) 723 cm−1 (C=C(cis-δ)).

Materials 2022, 15, x FOR PEER REVIEW 13 of 19 
 

 

On the other hand, the increase of MR from 0.75 to 1.50, leads to a higher intensity of 

the oxirane oxygen group peak, (C-O-C(v)), located at 821 cm−1, following the same trend 

as the titration method as it is observed in Figure 8a. This new molecular group, not de-

tectable in CSO, increases due to the insertion of oxygen into the double bonds through 

peracetic acid formed by the epoxidation reaction process. In parallel form, in Figure 8b, 

the same trend for the hydroxyl group (-OH(v)) can be observed at 3470 cm−1. In this case, 

greater MR accelerates the presence of hydroxyl groups by oxirane ring decomposition in 

the ECSO structure, as has been reported by Goud et al. [65]. The main reason is that the 

great amount of hydrogen peroxide employed contributes to the epoxy group formation, 

whereas another quantity is led to opening the oxirane ring obtaining hydroxyl groups 

[45]. 

With regard to the temperature effect, the temperature at 75 °C increases the intensity 

of the peaks corresponding to the hydroxyl group, compared with the MR effect. It indi-

cates that the opening of the oxirane ring is more pronounced at higher temperatures than 

the MR ranges studied. This behavior has also been reported by Dinda et al. [44] during 

cottonseed epoxidation, where the highest content of hydroxyl groups was obtained at 75 

°C. In addition, this effect is increased with VOs with higher initial IV, which contributes 

to obtaining a greater epoxy conversion as well as hydroxyl groups formation in a simul-

taneous process [66]. 

 

Figure 8. FTIR spectra of ECSO obtained with different epoxidation conditions by the analysis of 

characteristics peaks of (a) oxirane oxygen, and (b) hydroxyl groups. 

3.5. 1H NMR Analysis 

1H NMR spectra were obtained to confirm the change of functional groups in ECSO 

synthesized with the best conditions in the epoxidation process, i.e., MR 1.50 at 75 °C. In 

Figure 9 the 1H NMR spectra of CSO and ECSO are plotted, showing a signal intensity (A) 

at 5.3–5.5 ppm for CSO. This characteristic peak corresponds to vinyl hydrogens from 

double bonds, which almost disappeared for the ECSO sample due to the conversion of 

IV. This peak was split into two signals: on the one hand, a small signal of vinyl hydrogen 

from double bonds located at 5.6 ppm, indicating that few double bonds remain after 

epoxidation reaction as was corroborated by IV and FTIR; on the other hand, a signal at 

5.3 ppm for the central hydrogen of the glyceride moiety [67]. In addition, two more sig-

nals were observed at 2.02 ppm (C), associated with hydrogen adjacent to double bonds, 

and at 2.8 ppm (B), corresponding to allyl hydrogen between double bonds. After the 

epoxidation process, the peak at 2.8 ppm disappeared completely to show a displacement 

to 1.5 ppm (F) assigned to methylene hydrogens adjacent to oxirane groups in ECSO. The 

newly formed group was also registered in two new peaks between 2.85–3.00 (E) and 3.00–

3.25 ppm (D) in ECSO. The first one corresponds to methylene hydrogens between two 

Figure 8. FTIR spectra of ECSO obtained with different epoxidation conditions by the analysis of
characteristics peaks of (a) oxirane oxygen, and (b) hydroxyl groups.

On the other hand, the increase of MR from 0.75 to 1.50, leads to a higher intensity
of the oxirane oxygen group peak, (C-O-C(v)), located at 821 cm−1, following the same
trend as the titration method as it is observed in Figure 8a. This new molecular group, not
detectable in CSO, increases due to the insertion of oxygen into the double bonds through
peracetic acid formed by the epoxidation reaction process. In parallel form, in Figure 8b,
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the same trend for the hydroxyl group (-OH(v)) can be observed at 3470 cm−1. In this case,
greater MR accelerates the presence of hydroxyl groups by oxirane ring decomposition in
the ECSO structure, as has been reported by Goud et al. [65]. The main reason is that the
great amount of hydrogen peroxide employed contributes to the epoxy group formation,
whereas another quantity is led to opening the oxirane ring obtaining hydroxyl groups [45].

With regard to the temperature effect, the temperature at 75 ◦C increases the inten-
sity of the peaks corresponding to the hydroxyl group, compared with the MR effect. It
indicates that the opening of the oxirane ring is more pronounced at higher temperatures
than the MR ranges studied. This behavior has also been reported by Dinda et al. [44]
during cottonseed epoxidation, where the highest content of hydroxyl groups was obtained
at 75 ◦C. In addition, this effect is increased with VOs with higher initial IV, which con-
tributes to obtaining a greater epoxy conversion as well as hydroxyl groups formation in a
simultaneous process [66].

3.5. 1H NMR Analysis
1H NMR spectra were obtained to confirm the change of functional groups in ECSO

synthesized with the best conditions in the epoxidation process, i.e., MR 1.50 at 75 ◦C. In
Figure 9 the 1H NMR spectra of CSO and ECSO are plotted, showing a signal intensity
(A) at 5.3–5.5 ppm for CSO. This characteristic peak corresponds to vinyl hydrogens from
double bonds, which almost disappeared for the ECSO sample due to the conversion of IV.
This peak was split into two signals: on the one hand, a small signal of vinyl hydrogen from
double bonds located at 5.6 ppm, indicating that few double bonds remain after epoxidation
reaction as was corroborated by IV and FTIR; on the other hand, a signal at 5.3 ppm for the
central hydrogen of the glyceride moiety [67]. In addition, two more signals were observed
at 2.02 ppm (C), associated with hydrogen adjacent to double bonds, and at 2.8 ppm (B),
corresponding to allyl hydrogen between double bonds. After the epoxidation process, the
peak at 2.8 ppm disappeared completely to show a displacement to 1.5 ppm (F) assigned to
methylene hydrogens adjacent to oxirane groups in ECSO. The newly formed group was
also registered in two new peaks between 2.85–3.00 (E) and 3.00–3.25 ppm (D) in ECSO.
The first one corresponds to methylene hydrogens between two oxirane oxygen groups,
whereas the second is related to hydrogens of the carbons of the new oxirane oxygen
group. The evidence of hydroxyl groups formed by the opening of the oxirane ring was
observed in the 4–3.4 ppm region as was described by M. Farias et al. [68], who evaluated
the epoxidation of soybean oil using a homogeneous catalyst such as molybdenum (IV)
complex. In that study a lower conversion to oxirane oxygen and selectivity at 80 ◦C was
reported compared to this paper. The 1H NMR spectra obtained were consistent with the
previous analysis, confirming the formation of oxirane oxygen in double bonds of the ECSO
sample as well as hydroxyl groups as a result of side-reactions.

3.6. Physico-Chemical Properties

Physico-chemical properties such as specific gravity, dynamic viscosity, and colorimet-
ric coordinates have been measured before and after the epoxidation reaction process of the
CSO at different MR and temperatures. These parameters can be taken as a quick and easy
methodology to monitor the epoxidation process. Results obtained after 8 h of reaction
time are gathered in Table 4. With respect to specific gravity, low values in VO could be
associated with the presence of cis double bonds present in FA structure, which difficult the
packaging of the molecular chains [69]. The specific gravity value obtained in CSO, 0.9285,
is in concordance with previous studies performed by Uzunova et al. [70] with values
reported of 0.9288. As the epoxidation reaction advances and greater MR and temperatures
are employed to improve the reaction yield, the insertion of oxirane oxygen in the FA
structural chain increases the specific gravity of ECSO. Values reach up to 1.026, which
is 10.5% higher than untreated CSO. The epoxy groups contribute to increase molecular
mass without significant change in its volume due to the variation from sp2 hybridization
of double bond (C=C) to sp3 hybridization of a single bond. This change improved chain
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packing, even though the stress on the chains was increased by the insertion of epoxy
groups [69].
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Table 4. Comparative of physico-chemical properties of chia seed oil (CSO) and epoxidized chia seed
oil (ECSO).

Sample Specific
Gravity (ρr)

Dynamic
Viscosity (mPa·s)

Colourimetric Coordinates Colour
Variation (∆E)L* a* b*

CSO 0.9285 ± 2.2·10−3 32 ± 0.45 75.4 ± 0.21 −6.27 ± 0.30 31.5 ± 0.35 0
ECSO MR 0.75 60 ◦C 0.9745 ± 1.2·10−3 109 ± 0.78 77.1 ± 0.28 6.73 ± 0.21 18.6 ± 0.21 18.4 ± 0.25
ECSO MR 1.50 60 ◦C 0.9901 ± 2.3·10−3 163 ± 0.73 76.5 ± 0.23 2.91 ± 0.17 13.8 ± 0.49 19.9 ± 0.19
ECSO MR 1.50 70 ◦C 1.0175 ± 1.7·10−3 420 ± 0.87 76.4 ± 0.28 −3.69 ± 0.35 4.47 ± 0.16 27.1 ± 0.44
ECSO MR 1.50 75 ◦C 1.0260 ± 2.9·10−3 558 ± 1.02 79.6 ± 0.42 −2.85 ± 0.36 4.50 ± 0.21 27.5 ± 0.42

Regarding the dynamic viscosity of untreated CSO, it depends on the presence of
unsaturations in the FA molecular chains. The presence of carbon-carbon double bonds
kinks the fatty acid chains, increasing the average distance between them [71]. Therefore,
an oil such as untreated CSO with high proportions of linolenic acid, i.e., a high amount of
double bonds, results in lower dynamic viscosity compared to more saturated vegetable
oils with an average value of 32 mPa·s. In epoxidized samples, dynamic viscosity is
substantially higher as the performance of the epoxidation reaction progresses, reaching
values of 558 mPa·s. These higher dynamic viscosities are ascribed to the increase of
molecular weight and polarity in the structure compared to CSO, thus becoming stronger
the interaction between molecules [72]. In addition, this property could also be increased,
especially at high temperatures, due to the opening of the oxirane ring to form hydroxyl,
ketone, and carboxylic groups that increase the intermolecular bonding and, consequently,
increase the viscosity [73].

Finally, the variation of the color as a consequence of the epoxidation process can be
observed in Figure 10. The untreated CSO is characterized by a yellow color, attributed
to the high value of b* and L* (31.5 and 75.4 respectively), which are in concordance
with values reported by Timilsena et al. [57]. As the yield of the reaction progresses by
increasing the MR and the temperature, the greater presence of epoxy groups and lower IV
in ECSO leads to decrease the yellow color, as it is possible to quantify by analyzing the b*
parameter (decrease from 31.5 in CSO to 4.50 in ECSO). Regarding a*, a slightly reddish color
(a* > 0) was observed in epoxidized samples with lesser epoxy groups (<6.3 wt.%) and
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higher IV (>80 g I2/100 g of oil) such as MR 0.75 and 1.50 at 60 ◦C. As the epoxidation
yield increases, a* decreases from 6.73 for ECSO MR 0.75 at 60 ◦C up to negative values
such as −3.69 and −2.85 for MR 1.50 at 70 ◦C and 75 ◦C, respectively, characterized by a
lightly green color. Alarcon et al. [74] reported pale-yellow color in both epoxidized Baru
and Macaw vegetable oils with epoxy content of 5.98 wt.% and 5.39 wt.%, respectively,
but with low IV content (<15 g I2/100 g of oil) regardless the initial color of virgin oil.
Therefore, the change of color observed from yellow (CSO) to reddish or to pale-yellow
of different epoxidized samples can be attributed to the final IV change, regardless of the
epoxy content of the epoxidized sample. Besides, the brightness (L*) of ECSO slightly
increases after each epoxidation process, where the highest value was obtained for MR
1.50 at 75 ◦C. The noticeable color change can be quantified by analysing the color change
(∆E). Aguero et al. [75] reported that a value greater than 5 implies a change visible to
the naked eye. In this case, an increase of noticeable color change has been observed for
all epoxidation conditions (∆E > 5) compared to CSO, where no significant changes were
observed between 70 ◦C and 75 ◦C.
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Figure 10. Influence of the MR and temperature on the color during the epoxidation process of the
chia seed oil (CSO). (a) Untreated chia seed oil (CSO), (b) ECSO MR 0.75 at 60 ◦C, (c) ECSO MR 1.50
at 60 ◦C, (d) ECSO MR 1.50:1 at 70 ◦C and (e) ECSO MR 1.50 at 75 ◦C.

4. Conclusions

This research work assesses the development of a novel EVO obtained from chia seed
oil (CSO). Previously to the epoxidation process, the fatty acid profile of CSO analyzed by
GC showed polyunsaturated fatty acids (PUFAs) up to 84.9%, highlighting a proportion
of α-Linolenic acid higher than 68.6%. These results make CSO an excellent candidate to
be an alternative to the current commercial epoxidized oils. Variables such as MR and
temperature have been studied in the epoxidation process. Results obtained with a MR 1.50
provide more Oo caused by more peracetic acid formed that contributes to epoxy group
formation. In a second step, the effect of the temperature was evaluated at 60, 70, and
75 ◦C. Epoxidation reaction at 75 ◦C provided the highest Oo (8.26 wt.%) and lowest EEW
(193 g·eq−1) with conversion to oxirane of 74.8%, and the reduction of the iodine value
from 197 g I2/100 g oil up to 13.1 g I2/100 g oil, with a conversion for double bonds of
93.4%. Although the conversion to oxirane is less than 90%, Oo obtained is similar to or
even higher than available commercial epoxidized vegetable oils. The use of higher ratios
of reactants and temperatures has not been carried out due to the problems provided by
side-reactions as the oxirane ring cleavage, which reduces the efficiency of the process.
The main functional groups formed by the epoxidation process have been confirmed
by FTIR and 1H NMR spectroscopy, where both were in concordance with tendencies
observed in the titration method. The influence of the epoxidation process in physico-
chemical parameters such as specific gravity, dynamic viscosity, and color measurement
has been reported, demonstrating that these parameters, as well as FTIR studies, can be
used for rapid monitoring of the reaction. Results indicate that the epoxidation process
implied a substantial increase in specific gravity and dynamic viscosity. All epoxidized
samples showed an evident color variation (∆E > 5) from yellow (CSO) to light reddish for
samples with higher IV (>80 g I2/100 g of oil) or to pale-yellow for samples with lower IV
(<35 g I2/100 g of oil), that can be ascribed to the final IV change of epoxidized samples.
Therefore, it is possible to conclude that ECSO is a highly potential EVO considered an
alternative to the current epoxidized oils on the market, from an environmental point of
view, and with high interest to be used in the manufacture of polymers and biopolymers.
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Nomenclature

FTIR Fourier Transform InfraRed spectroscopy PUFA polyunsaturated fatty acid
AMi atomic mass iodine (126.9 g/mol) S selectivity
AMo atomic mass oxygen (16 g/mol) SFA saturated fatty acid
B volume HBr for titration of blank (mL) T temperature (K)
c normality thiosulfate (N) V volume HBr for titration of sample (mL)

CSO chia seed oil V1
volume thiosulfate for titration blank
(mL)

EEW epoxy equivalent weight (g·eq−1) V2
volume thiosulfate for titration of sample
(mL)

EVO epoxidized vegetable oil VO vegetable oil
ECSO epoxidized chia seed oil W amount of sample for epoxy content (g)
FA fatty acids We weight of empty pycnometer (g)
FAME fatty acids methyl esters Ws weight of the sample in pycnometer (g)
GC gas chromatography Ww weight of water in pycnometer (g)
IV iodine value XIV conversion of iodine value (%)
IV0 initial iodine value (g I2/100 g oil) YOO oxirane oxygen yield (%)
IVf final iodine value (g I2/100 g oil)
m amount of sample in iodine value (g) Greek letters
MR molar ratio H2O2 to double bond ∆a difference of green to red (a*)
MUFA monounsaturated fatty acid ∆b difference of blue to yellow (b*)
Ni normality of HBr (N) ∆E color variation
Oo oxirane oxygen content (wt.%) ∆L difference of luminance (L*)
Othe theorical maximum oxirane oxygen (%) ρr specific gravity
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Abstract: The aim of this in vitro study was to evaluate the effect of hydrochloric acid associated
with the abrasive effect of toothbrushing on the surface condition of three flowable composite
resins used for direct restoration. Seventy samples of each composite resin: Grandio Flow (VOCO,
Germany)—group A, Filtek Ultimate Flow (3M-ESPE, MN, USA)—group B, G-aenial Flo X (GC
Europe)—group C were prepared, submersed in hydrochloric acid 30% for 60 min and then submitted
to simulated toothbrushing procedure using 5000 cycles with toothbrushes with medium and hard
bristles, immediately after the chemical attack, after 30 min or without any chemical attack. The
sample’s surface roughness was analyzed using a noncontact profilometer (Dektak XT, Bruker, USA).
ANOVA and post hoc Bonferroni tests, with a p < 0.05, were used to analyze the values. Hydrochloric
acid action for 60 min and six months of toothbrushing using toothbrushes having medium hardness
or firm bristles affects the surface roughness of tested flowable composite resins. Toothbrushing with
firm bristles immediately after acidic challenge determines increased surface roughness for two of
the three flowable composite resins (Grandio Flow and Filtek Ultimate Flow). Toothbrushing with
medium or firm bristles thirty minutes after the acidic aggression determine no effect on surface
condition of flowable composite resins.

Keywords: flowable composite resin; hydrochloric acid; surface roughness; toothbrush

1. Introduction

Direct dental restorations should meet two goals: aesthetics and functionality [1].
Therefore, resin-based materials have become the most preferred materials for direct
anterior and posterior restorations. Since their introduction on the market until now,
these materials have undergone many changes regarding the organic matrix or the type of
polymerization, but the changes have mainly focused on their filling technology [2]. The
reduction in the volume of inorganic phase of composite resins has led to the appearance
of low viscosity or flowable composite resins. Although originally intended as restorative
materials for V Black Class cavities, flowable composite resins have been accepted for a
variety of applications due to their simple maneuverability and their fluidity, which allow
the material to reach difficult cavity areas regarding the access or low modulus of elasticity
for a uniform distribution and attenuation of occlusal forces [2,3].

The durability of composite resin restorations in oral cavity depends on different
factors such as marginal adaptation or surface wear, which can be influenced by the condi-
tions provided by the oral environment such as the erosion process, for instance [1]. Oral
acidity is produced by extrinsic or intrinsic acids such as gastric acid in gastroesophageal
reflux disease or acids resulting from the degradation of polysaccharides into acids [1,4].
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Therefore, the chemical characteristics of the oral environment can negatively influence the
restorative materials condition as a result of dissolution and disintegration process [1,5].

Wear was defined by Jones et al. as a progressive loss of substance from the surface
of a body as a result of mechanical action [6]. Just like erosion, wear can cause changes in
the surface condition of materials or can compromise marginal adaptation [3]. Although
toothbrushing is the most effective method to control bacterial biofilm, its action can cause
degradation of dental tissues and restorative materials [3,5]. Previous studies have shown
that toothbrushing increases the surface roughness of composite resins resulting in material
degradation and impairs clinical performance of the restorations. Composite resins are
composed of inorganic fillers and an organic matrix bound together by a coupling agent,
and the stress created by the brushing procedure can weaken this bond and degrade the
polymer matrix, exposing the filler particles [7]. Along with the percentage of volume and
weight of inorganic particles, the wear degree of a composite resin depends on the type of
polymeric matrix and the degree of its polymerization [7,8].

A rough surface can negatively influence the optical properties of the material, causing
changes in the degree of light absorption and reflection [2], can determine bacterial biofilm
accumulation and can increase the risk for secondary caries onset. Bollen et al. concluded
that the critical value of surface roughness for bacterial adhesion is 0.2 µm [9]. A smooth
surface of the restoration maintains the aesthetic properties, reduces the accumulation of
bacterial biofilm and is durable [10]. For these reasons, it is important to evaluate the effect
of acid challenging in association with mechanical process of toothbrushing, as this is the
most common habit of oral hygiene [5].

The aim of this study was to evaluate the surface roughness of three flowable com-
posite resins after the acid attack of hydrochloric acid followed by brushing immediately
after or 30 min after the chemical attack using toothbrushes with different hardness of
the bristles.

2. Materials and Methods

The study design is presented in Figure 1. The details regarding the materials used in
the study are shown in Table 1.

Figure 1. Study design.
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Table 1. Detailed presentation of the materials used in the study.

The Name of
Flowable

Composite Resin
Manufacturer Batch No. Composition Filler

wt%/vol%

Grandio Flow
VOCO GmbH,

Cuxhaven,
Germany

2036127
Bis-GMA, TEGDMA,

HEDMA, glass ceramic,
nanoparticle

65.6 wt%/
80 vol%

Filtek
Ultimate Flow

3M-ESPE, St. Paul,
MN, USA 3930A2

Bis-GMA, UDMA,
Bis-EMA, Zirconia/silica,

zirconia, silica
78.5 wt%/
63.3 vol%

G-aenial Flo X GC Europe 1910162
UDMA, Bis-MEPP,

TEGDMA, silicon, dioxide,
strontium glass

69 wt%/
50 vol%

Bis-GMA—Bisphenol A diglycidyl ether methacrylate; Bis-MEPP—Bisphenol 4-methacryloxypolyethoxyphenil
propane; Bis-EMA—Bisphenol-A ethoxylated dimethacrylate; TEGDMA—Triethylenglycol dimethacrylate;
UDMA—Urethane dimethacrylate; HEMA—Hydroxyethyl methacrylate.

2.1. Sample Preparation

Seventy cylindrical samples of each material were prepared and included in three
groups: group A (Grandio Flow, VOCO GmbH, Cuxhaven, Germany), group B (Filtek
Ultimate Flow, 3M-ESPE, St. Paul, MN, USA) and group C (G-aenial Flo X, GC Europe,
Alcobendas, Spain). The distribution of the samples and the study stages are detailed in
Table 2. The samples having 2 mm height and 6 mm diameter were obtained using acrylic
molds. The mold was placed on a glass plate, and then it was filled with the restoration
material and covered with another glass plate. A transparent matrix was placed between
the material and the glass plates in order to create smooth surfaces. A constant pressure
was applied to the glass plate for 30 s, using a weight of 500 g, in order to remove the excess
material and the air voids. Then the composite resin was light-cured for 40 s through the
thickness of the glass plate using a LED light-curing lamp (Woodpecker LED.E, Guilin,
Guangxi, China) with a light intensity of 1000 mW/cm2 and a wavelength range from 420
to 480 nm.

Table 2. Characteristics of the toothbrushes.

Toothbrush Name Bristle
Hardness

Bristle
Material Bristle Length Bristle

Thickness

R.O.C.S. ”Professional”
Medium medium nylon 0.8/1.3 0.18/0.2

R.O.C.S. ”Professional” Firm hard nylon Not provided by
the producer

Not provided by
the producer

2.2. Finishing and Polishing Procedure

After removal from the acrylic molds, all the samples were finished using a Sof-Lex
finishing and polishing system (Batch No. NC11342, 3M ESPE, MN, USA). This system is
composed of two disposable wheels made of a thermoplastic elastomer impregnated with
aluminum oxide particles. The beige spiral wheel is recommended for finishing, smoothing
and removing the scratches produced during the restoration stages, while the white wheel
is recommended for final polishing. During the finishing and polishing stage, each spiral
wheel was used only once for each sample, and the procedure was performed for 1 min per
sample (30 s for each wheel). The wheels were activated by a contra-angle handpiece at a
speed of 20,000 revolutions per minute, according to the recommendations offered by the
manufacturer.

After that, forty samples from each group were subjected to submersion in hydrochlo-
ric acid. Ten samples from groups A, B and C were maintained as they resulted after
finishing and polishing procedure (subgroup 1) and twenty samples were exposed to a
toothbrushing simulation process (subgroups 4i and 4ii).
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2.3. Simulation of Acid Attack

A solution of hydrochloric acid with a concentration of 30% and a pH of 2.12 was
used to simulate the acid attack produced by gastric acid. The pH value was established
with a portable pH meter (Thermo Scientific Eutech pH 5+, Vernon Hills, IL, USA) The
submersion of the samples in acid was carried out in a single cycle of 60 min, in an incubator,
at a constant temperature of 37 ◦C. After this stage, the samples were stored in distilled
water at 37 ◦C. Ten samples from each group were not further submitted to toothbrushing
simulation process (subgroup 5).

2.4. Brushing Simulation

This stage was performed immediately after acid submersion for twenty samples in
each group (subgroups 2i and 2ii) and 30 min after acid submersion for another twenty
samples in each group (subgroups 3i and 3ii). A brushing simulation device was used at a
frequency of 5000 brushing cycles with an intensity of 100 cycles/minute and a constant
load of 200 g. Brushing was performed for a half of the samples in each group using
toothbrushes with medium bristle hardness (Toothbrush R.O.C.S. Professional Medium,
Tallinn, Estonia) (subgroups 2i, 3i, 4i) and for the other half of the samples using hard bristle
hardness (Toothbrush R.O.C.S. Professional Firm, Tallinn, Estonia) (subgroups 2ii, 3ii, 4ii)
and a tooth paste slurry obtained by mixing a toothpaste (Sensodyne, GSK, Middlesex,
UK) and distilled water in 1:3 ratio. The characteristics of the toothbrushes are presented
in Table 2. After performing this step, the samples were rinsed under running water and
dried for 2 min using the air spray from the dental unit.

2.5. Profilometry

Surface characteristics of all the samples after finishing and polishing procedure, acid
challenge and toothbrushing cycles were evaluated using profilometry. The arithmetic
deviation of the evaluated profile values (Pa) were recorded using a noncontact profilometer
Dektak XT (Bruker, Tuscon, AZ, USA). For each sample, we reported the mean (Pa) as a
result of three determinations. Pa is the arithmetic mean deviation of the primary profile (P).

2.6. Statistical Analysis

The data were stored in a Microsoft Office Excel document. IBM SPSS 26 software was
used for statistical analysis of the values between and within the groups and subgroups.
Parametric ANOVA and Bonferroni post hoc tests were used at a p < 0,05 significance level.

3. Results

Mean surface roughness values (Pa) and standard deviation in groups and subgroups
are presented in Figure 2. Aspects of some profilometric measurements of three samples
from groups A, B and C in subgroup 2i are presented in Figure 3. There were no statistically
significant differences between groups A, B and C in any of the study subgroups (Table 3).

Table 3. Differences between the study subgroups of each study group.

Subgroups 1 2i 2ii 3i 3ii 4i 4ii 5

Groups A B C A B C A B C A B C A B C A B C A B C A B C

A - * * - * * - * * - * * - * * - * * - * * - * *

B * - * * - * * - * * - * * - * * - * * - * * - *

C * * - * * - * * - * * - * * - * * - * * - * * -

* Statistically not significant (p < 0.05).
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Figure 2. Mean Pa values and standard deviation of each study subgroup by the end of each stage.

Figure 3. Representative profilometry scan aspect of three samples from groups (A–C) in subgroup 2ii.
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Within the study groups, significant differences were found between the same sub-
groups by the end of the stages (Table 4).

Table 4. Differences between the study subgroups in groups A, B and C.

Group A Group B Group C

1 2i 2ii 3i 3ii 4i 4ii 5 1 2i 2ii 3i 3ii 4i 4ii 5 1 2i 2ii 3i 3ii 4i 4ii 5

1 - * ** * ** ** ** * - * ** * * * * * - * * * * * * *
2i * - * * * * * * * - * * * * * * * - * * * * * **
2ii ** * - * * * * ** ** * - * * * * ** * * - * * * * **
3i * * * - * * * * * * * - * * * * * * * - * * * **
3ii ** * * * - * * * * * * * - * * * * * * * - * * *
4i ** * * * * - * * * * * * * - * * * * * * * - * *
4ii ** * * * * - * * * * * * * - * * * * * * * - **
5 * * ** * * * * - * * ** * * * * - * ** ** ** * * ** -

** Statistically significant (p < 0,05); * Not significant.

No significant differences were found between groups A, B and C when comparing
the results in each subgroup (Table 3).

Statistical test results regarding the differences between the subgroups in groups A, B
and C are presented in Table 4. In group A, significantly higher Pa values were recorded
between subgroup 1 and 2ii (p = 0.003 < 0.05), between subgroups 1 and 3ii (p = 0.039),
subgroups 1 and T4i (p = 0.019), subgroups 1 and 4ii (p = 0.021) and between subgroups
5 and 2ii (p = 0.033). In group B, significantly higher Pa values were recorded between
subgroups 1 and 2ii (p = 0.024) and subgroups 2ii and 5 (p = 0.002). In group C, significantly
higher differences were recorded between subgroups 5 and 2i (p = 0.031), subgroups 5 and
2ii (p = 0.006), subgroups 5 and 3i (p = 0.014) and subgroups 5 and 4ii (p = 0.04).

4. Discussion

The present study investigated the surface roughness of three types of flowable com-
posite resins after exposure to acid attack with hydrochloric acid and after toothbrushing
simulation with toothbrushes with bristles of different hardness and toothpaste with a
medium abrasive value performed immediately after submersion to acid, 30 min after acid
attack or without prior chemical challenge.

The samples were subjected to finishing and polishing procedure using Sof-Lex system,
and the results showed that the average surface roughness values were less than 0.2µm
for two of the three flowable composite resins used in the study (Grandio Flow and Filtek
Ultimate Flow), in accordance with the results of a study conducted by Somacal et al. [5,11].
Yuan et al. noted that bacterial adhesion is also influenced by surface energy, not only
by surface roughness [12]. An example of this would be that S mutans have a higher
tendency to adhere to substrates with high surface energy, the latter being influenced by the
composition of composite resin fillers [5,12,13]. Other studies have shown that composite
resins with an organic matrix based on high molecular weight monomers such as Bis-GMA
are more resistant and harder to remove by abrasive procedures, exfoliating a smaller
number of inorganic particles [14,15].

The wear resistance of composite resins depends on the type of material and is in-
fluenced by the particularities of the organic matrix; the filler particles; respectively, the
volume and weight in percent; their size, shape and distribution; and the matrix–filler
interaction [16]. A number of studies have concluded that flowable composite resins have
a higher wear resistance due to the shorter distance between the particles and the presence
of small filler particles [16,17]. This idea is also supported by the results of other studies,
Condon et al., Sulong et al. and Suzuki et al., which argue that small particles give the
matrix greater wear resistance [18–20]. Another study concluded that both flowable and
higher viscosity resins have a relatively low wear rate, and there are no statistically sig-
nificant differences between the two types of composite resins [16]. On the other hand,
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Hashemikamangar argues that flowable composite resins are less resistant to wear com-
pared to higher viscosity resins [21]. In the present study, it was observed that there were
no statistically significant differences between the three types of fluid composite resins
tested (Grandio Flow, Filtek Ultimate Flow and G-aenial Flo X) at any stage of the study,
although the percentage of the weight and volume of filler particles are different for all
materials used in the study. In another study, it was reported that there was no correlation
between the surface roughness obtained after the finishing and polishing procedures and
the final wear of resin-based materials [5,22].

Data from the literature considered that the degradation of composite resins is caused
by the chemical degradation of polymers following the penetration of water into its struc-
ture and the consequent release of oligomers and monomers through the pores created
by mechanical wear [5]. It was found that, initially, there is a superficial degradation of
the polymer, and later the surface roughness increases by the appearance of cracks due to
increased osmotic pressure at the interface between the organic matrix and filler particles,
respectively, due to hydrolytic degradation of silane [23–27].

In the present study, hydrochloric acid determined changes in surface roughness of all
three flowable composite resins, the results being in agreement with the results of other
studies [24,28].

The methodology for simulating toothbrushing is well established in the literature.
Thus, Sexson and Phillips claimed that a patient performs about 15 cycles for each brushing
session [29]. Thus, two brushing sessions per day will lead to a total number of 10,000 brush-
ing cycles in a year [5,30,31]. In the present study, we subjected the study samples to a
session of 5000 brushing cycles, equivalent to 6 months of toothbrushing. In a study
conducted by AlAli et al., it was demonstrated that after a toothbrushing procedure of
5000 cycles, the surface polished with Sof-Lex system had been removed, and the exposed
layers were more resistant to the following toothbrushing cycles [14].

In our study, we recorded higher Pa values of surface roughness for the subgroups
subjected to the abrasive action of hard bristles. These results are inconsistent with those
obtained in the study conducted by Carvahlo et al. in which soft bristles created a rougher
surface due to the ability of soft bristles to hold toothpaste better and the flexibility of the
filaments, which ensures a larger contact area between toothbrushes or toothpaste and
restorative materials [32]. From a clinical point of view, the increase of the surface roughness
of restoration materials will reduce wear resistance and increase the accumulation of
bacterial biofilm, leading to secondary caries or impaired aesthetics [2,32].

The differences in composition of organic and inorganic content of flowable composite
resins influence their behavior in acid attack. In the case of the tested composite resins,
there are differences both in terms of organic and inorganic components so that it is difficult
to specify what contributed to the similar behavior of the materials.

Gaining a better understanding of how surface roughness is affected by the character-
istics of filler particles, the resin matrix and the connection between the matrix and the filler
material could help to choose the ideal toothbrushes, toothpastes or the proper moment to
perform toothbrushing [5,33].

5. Conclusions

Hydrochloric acid action for 60 min and six months of toothbrushing using tooth-
brushes having medium hardness or firm bristles have no effect on the surface roughness
of the tested flowable composite resins. Toothbrushing with firm bristles immediately
after acidic challenge determines increased surface roughness for two of the three flowable
composite resins (Grandio Flow and Filtek Ultimate Flow). Toothbrushing with medium
or firm bristles thirty minutes after the acidic aggression determines no effect on surface
condition of flowable composite resins. The results obtained open new perspectives re-
garding the dental restorative treatment with flowable composite resins in patients with
gastroesophageal reflux disease.
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