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1. Introduction

The recycling and reuse of solid wastes can be considered important challenges for civil and
environmental applications in the frame of a more sustainable model of development and the
consumption of new resources and energy [1–5]. The recovery of raw materials from nonconventional
sources and their transformation into usable resources not only represents an economic advantage,
but also offers an ecological opportunity for the utilization of by-products which would otherwise be
landfilled [6–11]. In this respect, these secondary raw materials, generally derived from industrial,
agricultural and food manufacturing activities, become an abundant resource that can be easily reused
for different applications, as reported in the recent studies collected in this Special Issue.

For that purpose, six papers were related to the preparation of innovative composite materials.
Specifically, five papers reported the reuse of end-of-life tire rubber, porous glass, expanded polystyrene,
slags, fly ashes and sheep’s wool fibers for the preparation of cement conglomerates [12–16], while the
last one reported the reuse of amorphous silica nanoparticles for the preparation of composites with
natural rubber [17]. Moreover, five papers were related to the treatment of wastes for environmental
applications. Specifically, two papers reported the reuse of egg by-products [18] and crab shell [19]
for the removal of biopersistent micropollutants, and two papers reported the reuse of white bamboo
fibrils as oil absorbent [20] and a rapid method for the disposal of radioactive contaminated soil
waste [21], respectively. The last one reported the use of wheat straw biochar for cobalt sorption from
contaminated soil [22].

2. Waste Products for Construction Materials

In the papers by Petrella and coworkers [12,13], recycled materials, such as end-of-life tire rubber
(TR), porous glass (PG) and expanded polystyrene (EPS) were used as aggregates for the production
of unconventional cement mortars. A cheap and environmentally safe process was employed,
since no pre-treatment of the renewable aggregates was carried out. The thermal conductivity of
these lightweight composites was 80–90% lower than the conventional sand mortars. Moreover,
the presence of the recycled glass (PG) influenced the mechanical strengths and the thermal insulation
of the specimens, thanks to the high stiffness and closed porosity of the aggregate [23], while the
conglomerates with end-of-life tire rubber and expanded polystyrene showed thermal insulation and
hydrophobic behavior due to the low water absorption. These results revealed that these composites
may be suitable for nonstructural thermo-insulating products, specifically for the production of inside
and outside elements.

Perez-Garcia and coworkers studied the properties of green cementitious grout mixtures
characterized by cement substitution with slag (25% and 50%) derived from steel manufacturing [14].
The addition was carried out without additives and the slag was introduced as a cement replacement.
Specifically, different slags (ladle furnace slag (LFS) and blast furnace slag (GGBS)) were used for
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the preparation of cheap conglomerates, which were tested for exudation, compressive and flexural
strength, in order to analyze the feasibility of the mixtures for industrial applications. In general,
these conglomerates showed a lower density and an improvement in fluency and viscosity with respect
to the conventional references, while the mechanical response was dependent on the origin of the
slag. The fluidity of the mixtures allows for their use in applications such as jet grouting or ground
improvements. GGBS slags improved the mechanical strengths and workability of the mixtures,
while the LFS slags can be employed in other types of works where a high strength is not required.

The paper authored by Wei-Ting Lin and coworkers [15] showed the feasibility of using
ground-granulated blast-furnace slag (S) and circulating fluidized bed co-fired fly ash (FA) as
non-cement binding materials. In fact, they determined the optimal mix proportions (100% cement
replacement, S:FA ratios of 4:6, 5:5, 6:4, water/binder ratio of 0.55) in order to achieve high dimensional
stability and good mechanical properties with inclusion in the resulting composite of polypropylene
fibers. Composites with an S:FA ratio of 6:4 showed a compressive strength approximately equal
to 30 MPa, which is 80% the strength of conventional cement-based materials at 28 days of curing.
The strong influence of the polypropylene fibers in reinforcing the non-cement blended materials was
demonstrated, indeed the inclusion of 0.2% fibers in the mixture further increased the compressive
strength to 35 MPa and also enhanced the compactness of the micropore structures, increased the
tensile strength and decreased absorption and the likelihood of shrinkage.

In the paper by Maia Pederneiras and coworkers [16] sheep’s wool fibers were incorporated into
mortars to ensure the durability of the render and improve the flexural strength, fracture toughness
and impact resistance. The novel composites were prepared with cement and cement–lime ligands.
The addition of 10% and 20% (in volume) of 1.5 cm and 3.0 cm wool fibers led to the increase in the
ductility of the mortars and an improvement in the mechanical properties. In fact, these specimens
showed high ductility because they presented a higher flexural and compressive strengths ratio (σf /σc)
with respect to the reference mortars. The conglomerates also showed an improvement in the fracture
toughness, with specific reference when longer fibers were incorporated. Moreover, the presence of
longer fibers affected the increase in the flexural and compressive strengths. The wool fiber composites
also presented a lower tendency to crack when compared with the conventional artifacts.

Nguyen and coworkers reported a method of recovering amorphous silica nanoparticles (40–60 nm)
from hexafluorosilicic acid waste (Vietnamese fertilizer industry) through a precipitation process [17].
These particles were adopted as a reinforcing filler of natural rubber (NR) materials, which were
characterized by morphological, mechanical, rheological and thermal measurements. Specifically,
the mechanical properties of nanosilica-filled NR composites reached the optimum with 3 phr of
nanosilica, and accordingly the tensile strength, hardness and decomposition temperature of these
novel materials showed an improvement of 20.6%, 7.1%, and 2.5%, respectively, with respect to the
pristine NR. The hardness of the filled samples increased with increasing nanosilica content, as opposed
to the elongation at break. The improved mechanical properties can be explained by the tensile
fractured surface morphology, which shows that the silica-filled NR is rougher than the pristine natural
rubber sample.

3. Waste Materials for Environmental Science

A reusable adsorbent constituted by eggshell was proposed by Murcia-Salvador and coauthors for
the removal of Direct Blue 78 (DB78) dye from wastewater [18]. Notably, the maximum adsorption of
DB78 onto eggshell was obtained at pH 5 and 12.5 g/L of adsorbent dosage and the adsorption capacity
of DB78 was 13 mg/g. The study of the thermodynamic parameters highlighted that the adsorption
process was endothermic and spontaneous in the 29–75 ◦C range. In addition, the combination of the
adsorption process on eggshell and the H2O2/pulsed light advanced oxidation process led to a further
decrease in the pollutant concentration, thus demonstrating that the adoption of both processes can be
used successfully in the removal of dyes at higher concentrations from wastewater.
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The paper contributed by Rizzi and coworkers introduced the use of chitosan from biowaste
(crab shell) to induce the formation of solid films useful for the decontamination of water from
emerging pollutants [19]. In particular, ketoprofen was used as a contaminant, and a high percentage
of removal, at least 90%, was shown in a short time under the proposed experimental conditions.
Moreover, the authors detailed the nature of the adsorption by changing the chemical and physical
parameters, such as the pH, temperature changes and electrolyte presence in the solutions containing
the pollutant. The interaction between the ketoprofen carboxylic moiety and the chitosan amino groups
were proposed by showing that the presence of salts inhibited the adsorption process, giving the
opportunity to desorb the pollutant and recycle both the adsorbent material and ketoprofen.

Nguyen and coauthors reported the synthesis of highly porous cellulose aerogels, produced from
white bamboo fibrils, which could be adopted to clean up oil spills and toxic chemicals in aquatic
environments [20]. Specifically, white bamboo was cut and placed into an autoclave for 60 min.
Afterwards, samples were immersed in a 2% NaOH solution at 70 ◦C to remove the cell walls and
the obtained fibers were ground until they reached a micron-sized diameter. These cellulose fibers
were dispersed in a NaOH/urea/H2O mixture, leading to a cellulose hydrogel, which was washed
with water and then freeze-dried. Finally, MEMO silane was deposited on the cellulose-based aerogel.
This silane-treated cellulose aerogel exhibited high absorption capacities of 1091 ± 19.6%, 1237 ± 17.6%
and 1247 ± 21.1% by weight gain for waste motor oil, diesel and gasoline, respectively.

Xue and coworkers described a rapid and effective method for the disposal of radioactive
contaminated soil waste [21]. For this purpose, simulated Ce-bearing radioactive soil waste was
immobilized by the self-propagating high-temperature synthesis (SHS) of forms containing 5–25%
of contaminated material and which were characterized by the analysis of phase composition,
microstructure and chemical durability. The simulated nuclide Ce was immobilized into a
pyrochlore-rich waste matrix characterized by multiphase composite materials (SiO2, Gd2Ti2O7

and Cu). Moreover, it was observed that the simulated nuclide Ce was simultaneously present in
the pyrochlore and soil phases, thus indicating a partial migration of Ce during the SHS reaction.
The solidified body of a Cu-20 sample (with 20% of soil waste) exhibited high stability.

Finally, Medyńska-Juraszek and coworkers used wheat straw biochar for cobalt sorption from
contaminated soil [22]. It was demonstrated that this material was an efficient sorbent, decreasing
the mobility and availability of Co2+ in soil and reducing health risks related to human exposure.
The dominant mechanisms of sorption were mainly associated with interactions with carboxylic and
hydroxyl groups present on the biochar surface. Cobalt immobilization was more complex because the
efficiency of the process can be modified by biochar oxidation and interaction with soil constituents.

4. Outlooks

The above-mentioned papers have demonstrated that the recovery of solid wastes from industrial,
agricultural and food manufacturing activities can be considered an important challenge for the design
of new materials and for the evolution of new techniques in the frame of a more sustainable model of
development and the consumption of new resources and energy.
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22. Medyńska-Juraszek, A.; Ćwieląg-Piasecka, I.; Jerzykiewicz, M.; Trynda, J. Wheat straw biochar as a specific
sorbent of cobalt in soil. Materials 2020, 13, 2462. [CrossRef] [PubMed]

23. Petrella, A.; Petrella, M.; Boghetich, G.; Petruzzelli, D.; Ayr, U.; Stefanizzi, P.; Calabrese, D.; Pace, L.
Thermo-acoustic properties of cement-waste-glass mortars. Proc. Inst. Civ. Eng. Constr. Mater. 2009,
162, 67–72. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

5





materials

Article

Wheat Straw Biochar as a Specific Sorbent of Cobalt
in Soil
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Abstract: There is an urgent need to search for new sorbents of pollutants presently delivered to the
environment. Recently biochar has received much attention as a low-cost, highly effective heavy
metal adsorbent. Biochar has been identified as an efficient material for cobalt (Co) immobilization
from waters; however, little is known about the role of Co immobilization in soil. Hence, in this
study, a batch experiment and a long-term incubation experiment with biochar application to
multi-contaminated soil with distinct properties (sand, loam) were conducted to provide a brief
explanation of the potential mechanisms of Co (II) sorption on wheat straw biochar and to describe
additional processes that modify material efficiency for metal sorption in soil. The soil treatments
with 5% (v/w) wheat straw biochar proved to be efficient in reducing Co mobility and bioavailability.
The mechanism of these processes could be related to direct and indirect effects of biochar incorporation
into soil. The FT-IR analysis confirmed that hydroxyl and carboxyl groups present on the biochar
surface played a dominant role in Co (II) surface complexation. The combined effect of pH, metal
complexation capacity, and the presence of Fe and Mn oxides added to wheat straw biochar resulted
in an effective reduction of soluble Co (II), showing high efficiency of this material for cobalt sorption
in contaminated soils.

Keywords: biochar; wheat straw; sorbent; cobalt; copper; soil

1. Introduction

In recent decades, industry’s reliance on cobalt as a material essential for enabling technological
development has caused considerable growth in the use of cobalt and accidental release of this metal
into the environment. Metal ore mining and the smelting process (mainly copper, zinc, lead, and
cobalt), alloys and chemicals containing cobalt (Co), sewage effluents, and urban and agricultural runoff
(phosphate fertilizers and pesticides) [1] have been described as the main sources of cobalt pollution
in the environment. Since 50% of cobalt produced globally is found in rechargeable lithium-ion
batteries [2], the electronic devices industry and its reliance on cobalt should be considered to be
a new environmental threat. The scale of cobalt release to environmental components is not well
recognized. Elevated concentrations of cobalt in soil and groundwater occur locally depending
on the local geology or atmospheric deposition from metal ore mining and smelting sites, making
the problem insignificant. However, cobalt can be easily transferred by air deposition into soil or
leached to groundwater, affecting crop quality and food safety [3]. Cobalt plays a significant role as a
constituent of vitamin B12, however, excessive exposure has been shown to induce various adverse

Materials 2020, 13, 2462; doi:10.3390/ma13112462 www.mdpi.com/journal/materials7
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health effects [4]. The occurrence of xenobiotic with unknown impacts on the environment and
human health brings new challenges to risk reduction of elemental transfer to food chains. Among
the variety of methods of soil remediation, the application of chemical amendments to polluted soil,
leads to reduced environmental risks of heavy metals through several chemical mechanisms including
adsorption [5], precipitation [6], and complexation [7]. According to previous studies, inorganic
materials such as lime, zeolite, and phosphate are effective for heavy metals immobilization [8].
There are also organic amendments which can achieve similar efficacy, such as peat, brown coal, and
biosolid compost [9–12]. The application of organic materials is a main strategy for remediation of
soil polluted with heavy metals, but this procedure should be considered carefully in the case of Co
polluted soils, as raw organic materials can increase mobility of this element in soil due to formation
of organic chelates [9]. In a search for the most desired and efficient remediation material for cobalt,
biochar should be considered. Due to the presence of a highly-porous structure [13], various functional
groups (e.g., carboxyl, hydroxyl, and phenolic groups) [14] on biochar show a great affinity for metal
cations [15]. The composition and biochar stability establish the sorption properties of the material.
Surface functional groups present on organic carbonaceous phases play the most important role, as
they decide about properties of the biochar that are important for heavy metal sorption such as pH,
negative charge on the surface, the cation exchange, and surface complexation potential for metals [16].
In addition to organic components, biochars also contain mineral components such as quartz, calcite,
sylvite, periclase, and whitlockite [17]. The mineral components of biochars can work as additional
sorption sites for metals, ion exchange [18,19], surface complexation [20] and formation of metal
precipitates [21] by releasing soluble ions, which include phosphates, sulphates, and carbonates [22,23].
A comparison with other forms of carbonaceous sorbents shows that biochar is a promising adsorbent
with lower cost for metal removal from water. Much research has recently been conducted to explore
biochar efficiency for heavy metal, including Co removal from an aqueous solution [24–27]. Most
of this research has provided sorption mechanisms for metals as a group, however, a comparison of
mechanisms for removal of different metals is necessary to describe biochar capacity for heavy metal
sorption. As different metals are present in the environment in different species or valence states
under different pH or red-ox conditions, the main mechanisms for their sorption could be different [28].
Cobalt most commonly occurs in the soil as Co (II) and Co (III) ions, however bioavailability and the
potential environmental risk of this species in soil is distinct. The behavior of Co, in soils, is influenced
to a large degree by the presence of Mn and Fe oxides which are known to have a great affinity for Co,
as most of the Co (up to 79%) has been found strongly associated with Fe and Mn oxyhydroxides in
soils [9,29]. Co (II) is highly soluble in water, potentially very mobile [30], and bioavailable [4]. Co
(III) occurs mainly through surface oxidation of Co (II) on oxyhydroxide minerals [29], which is an
important process reducing Co mobility and bioavailability in soils. Many different methods have been
dedicated to estimate the efficiency of the material for metal sorption, however, sorbent efficiency could
be different in soil as compared with aqueous solutions, as soil properties such texture, organic matter
content, pH, or redox conditions have an influence on metal mobility and bioavailability of metal ion,
making this matrix more dynamic and interactive. Described soil properties can be modify by sorbent
when added to soil. As well as the biochar properties can be changed over time by weathering, leaching,
oxidation, or biodegradation processes after remaining in the soil for a period of time. This makes
material evaluation for remediation purposes more complex. The present study focuses on wheat
straw biochar efficiency for Co sorption in soil. The batch experiment and the long-term incubation
experiment with biochar application to contaminated soil provide a brief explanation of the potential
mechanisms of Co sorption on wheat straw biochar and describe additional processes that modify
material efficiency for metal sorption in soil.
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2. Materials and Methods

2.1. Biochar Characteristics

Biochar was produced from wheat straw (WSBC) at the pyrolysis temperature of 550 ◦C and
time remaining in the reactor 60 s. The BET surface area, cation exchange capacity (CEC), pH
in deionized water, CNHSO elemental composition, ash and carbonates content (% volume/dry
weight), exchangeable cations and anions content (Ca2+, Mg2+, K+, Na+, P, NH4

+, NO3
−), and the

total contents of trace elements (Co, Mn and Fe) were determined to describe the properties of the
material. The total surface area was determined using a BET (Brunauer, Emmett and Teller) specific
surface area analyzer Gemini VII 2390 Series (Micrometrics Instruments Corporation, Norcross, GA,
USA). The cation exchange capacity and exchangeable cations (Ca2+, Mg2+, K+, Na+, and NH4

+)
were determined according to the modified method described by Munera-Echeverri et al. [31] and
analyzed on a microwave plasma-atomic emission spectrometer MP-AES 4200 (Agilent Technologies,
Santa Clara, CA, USA). Exchangeable P was analyzed on the MP-AES 4200 after sample extraction
according to Olsen et al. [32,33], as 0.5 M sodium bicarbonate (NaHCO3) solution at a pH of 8.5 had a
similar pH to WSBC. This extractant decreased calcium in solution (through precipitation of calcium
carbonate), and this decrease enhanced the dissolution of Ca-phosphates. The nitrate content was
analyzed according to the ISO 14256-1:2003 procedure on a UV-Vis Cary 60 (Agilent Technologies,
Santa Clara, CA, USA). The pH values were measured at a ratio of 1:5 (w/v) in deionized water
after the sample was shaken for 1 h at 130 rpm with a calibration check pH meter (Mettler Toledo,
Columbus, OH, USA). The ash content was determined by weight loss after combustion at 750 ◦C
for 6 h in a muffle furnace according to ASTM D7348-13 [34]. CaCO3 was determined following the
Scheibler method with a calcimeter [35]. The elemental composition (CHNSO) was analyzed on a
CHNS analyzer (CE Instruments, Hindley Green, UK), and the O content was calculated from the
difference. The total content and exchangeable forms of metals (Co, Cu, Fe, and Mn) were analyzed
on a microwave plasma-atomic emission spectrometer MP-AES 4200 (Agilent Technologies, Santa
Clara, CA, USA), respectively, after microwave sample digestion in 70% nitric acid (1:10 w/v ratio) in a
digestion microwave system StartD (Milestone Srl.Sorisole, Italy) and extraction with deionized water
(1:25 w/v ratio).

2.2. Metal Sorption Mechanism Analysis

Previous studies of Co sorption in soil have showed that Co and Cu as divalent cations can
compete for sorption sites, especially in excess of Cu2+ in multi-contaminated soils, as described by
Muyumba et al. [36]. In the metal sorption experiment, both metals were used to simulate natural
conditions in contaminated soils and possible interactions of the Co and Cu ions. The FTIR spectroscopy
was used to compare potential changes in the functional groups of metal-loaded biochars with the
biochar samples before the Co or Cu sorption. The Co and Cu sorption on the wheat straw biochar was
determined by the simplified batch equilibrium method according to the OECD 2000/106 protocol [37].
To compare the effect and probable interaction between cobalt and copper that could occur in
multi-contaminated soils the following three solution were used in the batch experiment: (1) Co (II)
acetate, (2) Cu (II) acetate, and (3) Co (II) + Cu (II) mix of both salts. Briefly, 5 g of each salt was diluted
in 500 mL of deionized water and set overnight to reach equilibrium. The pH of each solution was
measured before and after the batch experiment to determine if the pH change occurred after biochar
BC addition which would affect sorption conditions. One gram of wheat straw biochar and 20 mL
of each solution were placed in 50 mL volume polypropylene falcon centrifuge tubes. All samples
were prepared in three replicates of each treatment. The sealed samples were placed on the rotary
shaker Multi RS-60 (Biosan, Riga, Latvia) at 80 rpm and 22 ± 0.5 ◦C for 24 h. Sorption equilibrium was
reached within less than 24 h. Then, samples were centrifuged for 25 min at 10,000 rpm to separate the
biochar from the solution according to procedure described by Ćwieląg-Piasecka et al. [38]. The biochar
samples were washed three times with 20 mL of deionized water and prefiltrated on Munktell No.
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2 filter papers (Ahlstrom Munksjö, Helsinki, Finland) to rinse off excess metal cations. The biochar
samples were dried in an oven drier at 60 ◦C for 6 h to prepare pellets for Fourier transform infrared
spectra (FT-IR). The FT-IR analysis of the wheat straw biochar samples were recorded using a Vertex
70 FT-IR spectrometer (Bruker, Billerica, MA, USA) on KBr pellets (about 1 mg sample for 400 mg
of KBr) according to the standard method used for sample preparation for FT-IR spectra analysis.
The incubation experiment with multi-contaminated soils was a pot experiment with 24, four-liter
pots (approximately 3 kg of soil each). Two soil types, sand and loam, were set as 12 control pots, six
for each soil type. A similar 12 pots were amended with a dose of BC (5.0% w/v), six for each soil
type. The soil mixtures were incubated for two years, keeping the humidity of the pots at 60% of
maximum water holding capacity. After the time period, the soil samples were collected from each
pot, air dried, and sieved (<2 mm), and sequential extraction of Co was performed. The existence of
possible precipitates of Co after metal sorption was checked using a scanning electron microscope
(SEM) (Bruker, Billerica, MA, USA) coupled with an energy dispersive X-ray analyzer (EDX) (Bruker,
Billerica, MA, USA). The biochar particles for SEM-EDX (scanning electron microscopy with energy
dispersive X-ray spectroscopy) analysis were separated from the soil by progressive sieving of the
soil-biochar mixture. Biochar fraction <1 mm was used to determine elemental composition of the
material surface and the distribution of ions [39]. For the morphological observations, SEM was
applied according to Michalak et al. [40].

2.3. Soils Sampling

Ten soil samples were collected from the topsoil horizon (0–20 cm) at afforested sites at different
distances and locations from the copper smelter in SW Poland (16◦01′40”N, 51◦45′09”E), expecting
cobalt enrichment from smelter emissions. In the samples, pre-scanning studies for a wide range of
heavy metals, including cobalt, were done on a microwave plasma-atomic emission spectrometer
MP-AES 4200 (Agilent Technologies, Santa Clara, CA, USA) after microwave sample digestion in
70% nitric acid (1:10 w/v ratio). The total concentration of cobalt remained in a wide range from
4.5 to 74 mg/kg, depending on the distance from the smelter and the soil type. Two soils with the
highest Co concentrations, differing in texture, were chosen for the incubation experiment. Large
soil samples, 15 kg each, were collected of Cutanic Luvisol and Fulvic Brunic Arenosol according to
the FAO (Food and Agriculture Organization of the United Nations) guidelines [41] at a distance of
approximately 2 km from the potential emission source. The copper smelter has been in operation
since 1968, becoming one of the most important sources of airborne heavy metal pollution in this area.
Polymetallic deposits contain about 1.4% of Cu, however significant amounts of Co-barring minerals
can be also found in the ore, mainly Cu-Co, Ni-Co, and As-Co minerals. As the ore is excavated, floated,
and smelted, these processes become significant sources of airborne cobalt emission. Unfortunately,
no data on cobalt and other rare metals are available for this area. The basic soil properties were
examined using common methods described by [42]. To simplify the descriptions further, soil samples
were named L for Cutanic Luvisol and S for Fulvic Brunic Arenosol, as well as C for the control, and
WSBC for wheat straw biochar. The initial physicochemical properties and total content of cobalt of the
studied soils are presented in Table 1. The Cutanic Luviosol Control (LC) soil sample was loamy and
neutral in nature, non-saline, with average European soil total carbon content and high CEC. The Fulvic
Brunic Arenosol Control (SC) soil sample was sandy and acidic, non-saline, with typical sandy soil low
carbon content and low CEC. The total content of Co in the LC soil sample was higher than that in
the SC soil sample, respectively, 67 and 26 mg/kg. In both soil samples, the total Co concentrations
were higher than that for European soils, i.e., <9.3 mg/kg [8,38,39]. Naturally, higher Co contents were
observed in soils around ore deposits, as the distance from the smelter to mining sites is about 40 km,
we indicated this element as an airborne pollution from the copper smelter.
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Table 1. Selected properties of soils from the incubation experiment.

Sample Depth
Textural
Group

Clay
%

Corg

%
pHH2O

CEC
cmolc/kg

Cotot

mg/kg

LC 0–20 cm Silt loam 4 1.121 ± 3.52
a 6.9 ± 11.0a 58 ± 8.3a 67.0 ± 2.3a

SC 0–20 cm Loamy sand <1 0.98 ± 4.6a 3.9 ± 20.1a 5.5 ± 14a 26.0 ± 1.8a
L + 5% WSBC 0–20 cm - - 1.36 ± 3.8b 7.3 ± 14.6a 63 ± 9.2a 67.2 ± 1.7a
S + 5% WSBC 0–20 cm - - 1.17 ± 2.7b 4.6 ± 12.5b 6.3 ± 5.8a 26.2 ± 1.9a

1 Mean values (n = 6) and 2 RSD values in % (n = 6). Different lowercase letters (a and b) indicate significant
differences between WSBC treated and untreated soil within each soil type (p < 0.05).

2.4. Cobalt Immobilization Analysis in Soil

After soils were incubation with 5% (w/v) wheat straw biochar, the (Community Bureau of
Reference (BCR) sequential extraction procedure was applied to measure the following four fractions
of cobalt in the tested soil: exchangeable and bound to carbonates (Fraction 1), reducible or bound to
Fe and Mn-oxides (Fraction 2), oxidizable or bound to organic substances (Fraction 3), and residual
(Fraction 4). Acetic acid, hydroxyl ammonium chloride, hydrogen peroxide plus ammonium acetate,
and aqua regia stages of the sequential extraction procedure were applied to the soil samples,
respectively [43–45]. The contents of cobalt, extracted during the BCR procedure, were measured on a
microwave plasma-atomic emission spectrometer MP-AES 4200 (Agilent Technologies, Santa Clara,
CA, USA). Data are provided as an average result from triplicate with the relative standard deviation
(RSD), calculated by MP Expert Software Agilent Technologies. The maximum relative standard
deviation (RSD) between replicates was set to 5%. Values that were above 5% were not included in the
statistical analyses. To avoid analytical errors, standard solutions (from LGC Standards Ltd., UK) for
MP-AES 4200 were used for calibration and certified reference materials as follows: RTH 953 Heavy
Clay Soil from LGC Promochem (LGC Standards Ltd., Teddington, UK), total Co content 14.7 mg/kg
and CRM055 (Honeywell Fluka, Charlotte, NC, USA) with Co content of 97 mg/kg were analyzed with
every sample set. The recovery of Co from Certified Reference Material (CRM) was 89–94% and the
maximum values of RSD were 2.6%. Detection limits were 0.01 mg/kg of Co in the soil samples.

2.5. Statistical Analysis

The metal sorption batch experiments were performed in triplicate and the soil sorption
experiments were performed in six replicates. The data are presented as the mean values with
the relative standard deviation (RSD). Student’s t-tests were used to test for significant differences
in cobalt fractions between biochar treated and untreated soils (p < 0.05). The obtained data were
compiled using Microsoft Excel 2016 and Statistica Statsoft 13.3.

3. Results

3.1. Sorbent Characteristics

The elemental composition of the tested wheat straw biochar is presented in Table 2. The results
indicated that the C content in the WSBC was 63.3%, followed by O content of 33.46%, N content of
0.74%, H content of 2.2%, and very low S content of 0.037%. The calculated H/C and O/C molar ratios
are the indicators of BC aromaticity and polarity, respectively. It is assumed that BCs produced at a
temperature higher than 400 ◦C should be characterized by an H/C ratio lower than 0.5 and decrease
with the raising pyrolysis temperature below 0.3, which is an indicator of highly aromatic ring systems.
In the case of the investigated BC, produced at 550 ◦C, the H/C ratio falls within the 0.3–0.5 range
which could indicate a decreased fraction of original wheat residues. The obtained BC molar ratios
(Table 2) emphasize the presence of aromatic structural features and reduced content of O-containing
polar functional groups on BC surface (low molar O/C ratio and polarity index) [38].
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Table 2. Elemental composition of pure and spiked with metal salts wheat straw biochar.

Sample C N H S O H/C O/C C/N

% (w/dw) molar
WSBC 63.61 ± 1.62 0.74 ± 3.5 2.2 ± 5.2 0.037 ± 8.8 33.46 ± 0.8 0.34 0.52 85.9

WSBC + Cu (II) 63.8 ± 3.4 0.62 ± 3.2 1.9 ± 5.2 0.041 ± 7.4 33.05 ± 1.9 0.29 0.51 102.9
WSBC + Co (II) 64.5 ± 3.4 0.64 ± 3.2 2.13 ± 1.8 0.041 ± 6.8 33.45 ± 1.2 0.33 0.51 100.7

WSBC + Cu (II) + Co (II) 63.9 ± 0.7 0.65 ± 3.7 2.02 ± 5.8 0.042 ± 6.9 33.32 + 1.4 0.31 0.52 98.3
1 mean values (n = 3) and 2 RSD values (n = 3).

Sorption properties of tested wheat straw biochar are given in Table 3. The average specific surface
area (SSA) of the tested WSBC was 256 g/m2, with the cation exchange capacity (CEC) of 63 cmolc/kg.
The total ash content was 32.4% and the contribution of calcium carbonates was 3.07% (w/dw), however
almost 90% of exchangeable cations in CEC was a K+, followed by Ca2+, Mg2+, and a very low content
of Na+ and NH4

+ (Table 3). The content of exchangeable phosphorus, mainly in forms represented by
Ca-phosphates (Olsen P) was 265 mg/kg, which was less than 9% of the total phosphorus in tested
wheat straw biochar. The content of NH4

+ and NO3
− was very low, and less than 0.1% of total nitrogen

was in exchangeable forms after sample extraction with 1 M KCl. The total content of sulfur was
0.037–0.042% (Table 1), suggesting that the contribution of sulfate forms in WSBC was negligibly low.
The low content of cation and anion in exchangeable forms after extraction with weak extractants could
be attributed to the very high pH (9.86) of biochar. Similar to multi-contaminated matrixes such as the
soils from the copper smelter area, competition, between Co (II) and other metal cations, can occur
and some of the metals present on the biochar surface can be exchanged, and therefore the potential
contribution in this process of Cu, Fe, and Mn was analyzed. The results showed that only 2.6% of Cu,
2.8% of Fe, and 4.1% of Mn in the tested biochar were in readily exchangeable forms. The total content
of Co and exchangeable Co forms showed very low potential contributions of biochar-derived Co,
in the sorption/desorption processes (Table 4). However, high content of exchangeable Cu2+ in the
tested soil could induce competition between both divalent cations for sorption sites on the biochar
surface, which was shown in the batch experiment.

Table 3. Properties of wheat straw biochar.

pHH2O SSA Ashtot CaCO3 CEC Ca2+ Mg2+ K+ Na+ NH4+ NO3
− Pex *

m2/g % % cmolc/kg mg/L
9.86 1

± 6.9 2
256 ±

3.3
32.4 ±
13.3

3.07 ±
19.1

63 ±
22.4

8.38 ±
14.1

5.22 ±
19.6

58.1 ±
26.7

0.76 ±
25.3

0.025
± 15.1

4 ±
25.1

265 ±
30.1

1 Mean value (n = 6) and 2 RSD value (n = 6), * Olsen P.

Table 4. Total and exchangeable forms of metals in wheat straw biochar.

Cotot Cutot Fetot Mntot Coex Cuex Feex Mnex

mg/kg
1.1 1 ± 3.2 2 15.3 ± 4.8 1156 ± 1.2 260 ± 3.5 0.03 ± 4.3 0.4 ± 2.7 32 ± 1.8 10.8 ± 3.7

1 Mean value (n = 6) and 2 RSD value (n = 6).

3.2. Metal Ions Sorption on Biochar

The FT-IR analysis showed differences between pure and spiked with Co (II), Cu (II), and mix
Co (II) + Cu (II) biochars (Figure 1). From the presented spectra, the most probable mechanism of
metal ions binding can be related to the oxygen containing groups on wheat straw biochar surface,
as the most characteristic changes occurred at vibrations 3428, 1624, and 1420 cm−1. The metal ions in
metal spiked biochars decreased the intensity of the peaks at 3428 cm−1 stretching vibrations of the
OH (H-bonding) groups. This change confirms that the O-H groups take part in Co (II) and Cu (II)
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complexation on wheat straw biochar surface. The carboxyl peak observed for a pure wheat straw
biochar at 1624 cm−1 was shifted to much smaller values, i.e., 1583 cm−1 or 1570 cm−1 in the spectra of
BC treated with salts (Figure 1).

Figure 1. FT-IR spectra of investigated pure wheat straw biochar, biochar spiked with Co (II) salt,
biochar spiked with Cu (II) salt, and biochar spiked with a mix of Co (II) and Cu (II) salts.

The decrease in the wavenumber of the peak 1624 cm−1, characteristic for C=O carboxylic group,
can be explained by the interaction with Co (II) and Cu (II) ions with free carboxyl groups on the
biochar surface and change to carboxylates, which indicates the important role of carboxyl groups
on the biochar surface in metal binding. To provide more details about the type of the metal binding
to carboxylic group on the biochar surface at 1624 and 1420 cm−1, a calculation of Δ according to
Nakamoto [46] was performed (Table 5).

Table 5. Calculated values of Δυ (COO−).

Sample νa(COO−) (cm−1) νs(COO−) (cm−1) Δ = νa(COO−) − νs(COO−)

WSBC 1624 1420 204
WSBC + Cu (II) 1583 1419 164
WSBC + Co (II) 1570 1409 161

WSBC + Cu (II) + Co (II) 1574 1411 163

According to the calculations, carboxylate could coordinate metal ions on three different modes,
i.e., unidentate, chelating (bidentate), and bridging [47]. The calculated values of Δ indicate creation of
bridging complexes, where two metal ions are involved in the binding of one carboxylic group. Some
of the metal coordination sites can be associated with H2O or OH groups. The results of the FT-IR
analysis also showed that metal ions complexation could be related to an abundance of carbonates and
polysaccharides such as moieties in biochar, since changes of peak at 1080 cm−1 related to Si–O, C–O,
and S=O groups were observed in metal spiked biochar. Very low concentrations of sulfur in biochar
(Table 2) can limit metal ion coordination with S=O groups on the BC surface, however, the Si–O
groups can be involved in the process. The very strong peak, 464 cm−1, can be attributed to vibrations
of many moieties. This band could appear when H2O is one of the ligand in the complex or Cu–O–H
deformations [46].
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3.3. Cobalt Immobilization in Soils

Wheat straw biochar was applied to soils to verify the hypothesis that application of this material
can immobilized cobalt ions in soil. Copper fractionation for tested soils was described in the previous
paper [48] and is not be discussed in these results. Figure 2 shows the contribution of Co forms in the
control sand and the loam and soils treated with 5% (v/dw) wheat straw biochar. Regardless of the
type of soil, the Co contribution of the individual fractions was similar as follows: F1 < F2 < F3 < F4;
however, significant differences (p < 0.05) were observed in fraction content between soils. In both
tested soils, mobility of Co was high (more than 10%) as compared with other analyzed metals in
tested soils [48].

Figure 2. Cobalt speciation in treated and untreated soils. Cobalt fractions: F1, exchangeable and
bound to carbonates; F2, reducible or bound to Fe and Mn-oxides; F3, oxidiziable or bound to organic
substances; and F4, residual.

The application of 5% (w/v) wheat straw biochar affected cobalt speciation in both tested soils.
In sand + 5% WSBC treatment, a significant decrease in exchangeable cobalt Fraction F1 (F1) from 17.4%
to 7.3% was determined. The observed reduction in Co content in F1 was mainly balanced by their
increased content in Fraction 2 (F2), reducible or bound to Fe and Mn-oxides (Figure 2) by 9.4%. Some
of the cobalt forms were also shifted from Fraction 3 (F3), oxidiziable or bound to organic substances
and Fraction 4 (F4), becoming residual fraction non-bioavailable or not prone to leaching [49]. In the
loam + 5% WSBC treatment, the biochar application did not decrease Co speciation in Fraction 1,
however significant amounts of Co were shifted from Fractions 2 and 3 to Fraction 4, increasing cobalt
in residual fraction by 40%.

3.4. SEM-EDX Analysis of Biochar

The application of SEM-EDX proved that the metal ions can be bound on the biochar surface.
Examination of the SEM-EDX element map, Figure 3, presents the relative increase in surface
concentration of Co on biochar particle (<1 mm), shown by the image brightness after biochar
incubation in contaminated soil. The location of Co “hot spots” on the biochar surface corresponded to
sites with increased surface concentrations of Fe and Mn and oxygen functional groups.
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Figure 3. Scanning electron microscope (SEM) images of wheat straw biochar surface and energy
dispersive X-ray spectroscopy (EDX) mapping. (a) Fe; (b) Mn; and (c) Co ions, distribution on the
biochar produced from wheat straw (WSBC) surface.

4. Discussion

Biochar application can have a direct or indirect impact on cobalt immobilization/mobilization
process in soil. Indirectly, biochar can affect soil sorption properties and pH, reducing the presence of
metal in exchangeable and soluble forms in soil solution. The direct effect can be related to biochar
properties such as sorption capacity, oxygen functional groups, and mineral components content
(carbonates, phosphates, Mn and Fe oxides) increasing or supporting soil sorption capacity for cobalt.
All mentioned processes were considered in our study. The tested wheat straw biochar had high SSA as
compared with other straw-derived biochars produced under similar conditions, as porosity of biochar
significantly increases between 400–600 ◦C [50]. Gul et al. [51] characterized wheat straw biochar
with SSA from 178 to 184 m2/g, depending on pyrolysis (slow or fast), although, in most research,
lower values can be found with good efficiencies for heavy metal removal [52,53]. Cation exchange
capacity was low, as this property usually decreases with the higher temperatures of pyrolysis [1].
Wheat straw biochar had a very high pH, most likely due to the much higher potassium content
found in the straw biochars as compared with wood derived materials, which was also described in
another study [54]. The wheat straw biochar had a high ash and carbonates content, although very low
content of nitrates, sulphates, and phosphates, which has also been indicated by other authors studying
straw-derived biochars [51,54]. Biochar properties affect soil properties when applied to soil [50],
modifying conditions of heavy metal mobility (mainly CEC and pH). Wheat straw biochar failed to
change the soil CEC significantly (p > 0.05) in both tested soils. Normally, biochars are considered to
develop more oxygen-containing functional groups, and hence increase CEC and negative charge of
soils [13,19,55]. Our study suggested that an increase of soil functional groups after WSBC was not
enough to change sorption properties of soil, which was in agreement with a study by Qi et al. [56].
Wheat straw biochar changes soil pH significantly (p > 0.05), but only in acidic sandy soil, which
could affect cobalt mobility indirectly. Soil pH is one of the most important environmental factors
affecting sorption of toxic metal [57]. In other experiments with wheat straw biochar, cobalt sorption
from aqueous solution was described as pH dependent, i.e., very low at pH values from 2.0 to 4.0 and
high between pH values of 5.5 and 8.0 [43,58], similar to the pH of tested soil samples after WSBC
application. A lower pH, such as in sandy soil, enhanced cobalt mobility and potential bioavailability
for plants, which was also observed in other studies on acidic soils [59,60]. As our study did not show
a significant impact on soil sorption capacity, we focused on biochar characterization as some direct
mechanisms such as surface complexation or supported sorption by addition mineral compounds like
Fe and Mn oxides, could be related to decreased mobility of cobalt in the tested soils. The results of
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the FTIR analysis showed that the tested wheat biochar had the capacity for Co complexation with
oxygen-containing surface functional groups, mainly carboxylic C=O and hydroxyl groups H–O,
similar to other divalent cations. Depending on the pH conditions, cobalt typically to other divalent
cations, can be hydrated in a soil solution sharing similar sorption mechanisms, i.e., cation exchange,
surface complexation, and precipitation [21]. Similar results for active Co chemisorption by hydroxyl
functional groups were described by Liu et al. [61]. Sun et al. [27] showed that oxygen-containing
surface functional groups, for example, C–O, C–O–C, and C=O increased biochar capability for element
immobilization [62], suggesting that these groups play important roles in metal sorption. The quantities
and quality of functional groups on biochar surface vary, depending on biochar production conditions
and feedstock types used. However, biochars produced at higher temperatures (>500 ◦C) have higher
surface area and porosity, but lower abundance of functional groups, primarily due to the higher degree
of carbonization [28]. Zhang et al. [63] observed decreased contribution of O-alkyl carbon from 20% to
54% to 7% to 13% for wheat straw biochars, as temperature increased from 200 to 600 ◦C, and at >300 ◦C
aromatic structures are dominant [64]. These findings are in agreement with the CHNSO analysis and
molar ratios obtained during raw material analysis in this study, emphasizing the presence of aromatic
structural features and reduced content of O-containing polar functional groups on WSBC surface.

As oxygen-containing functional groups are predominant mechanisms of divalent cations the
result of our study suggests that biochars produced at lower temperatures or oxidized during
pretreatments [65] have better efficiency for Co2+ removal as compared with materials produced at high
temperatures with a more aromatic structure. However, biochar applied to soil vs. solution undergoes
many abiotic and biotic processes causing sorbent oxidation, called biochar aging [66], which can
result in increased sorption capacity for cations after time remaining in soil. Aging in soil leads to
surface changes [67] and generation of new functional groups on its surface [68]. Uchimiya et al. [67]
described that in the presence of soil, the importance of oxygen-containing groups on biochar surfaces
in cation sorption strongly depended upon the inherent sorption capacity of soil. Wang et al. [66]
observed that decarboxylation of surface functional groups on biochar surface, when added to soil,
increased soil pH, but these groups could also affect complex metal cations in the soil solution and
reduce bioavilalbility, which is in agreement with our study.

Findings of our study showed that wheat straw biochar can support soil sorption complex acting
as a source of several mineral components, for example, Fe and Mn oxides [69,70], silica, carbonates,
and phosphates [71], increasing cobalt immobilization/precipitation in soil. The Fe and Mn oxides were
not specifically analyzed by XRF in the present study, however, interaction between the Fe and Mn ions
and Co was observed after biochar incubation in soils by SEM-EDS analysis and sequential extraction of
Co from tested soils where cobalt fraction bound to Fe and Mn oxides increased significantly (p > 0.05)
in biochar treated soils. The Mn and Fe oxides and organometallic moieties such as Fe–O–C can be
formed on the biochar surface during pyrolysis. Most of the Fe in biochar is present in crystalline
phases ranging from zerovalent iron to ferric oxides [72]. The role of hydrous oxides of iron, manganese,
and clay minerals as Co sorbent has been described recently [73–77]. As these reactions are strongly
pH dependent, under alkaline conditions in loam +5% WSBC treatment, cobalt could coprecipitate as
Fe and Mn secondary oxides, shifting Co to residual forms, which has also been observed in other
studies [43]. Kabata-Pendias [9] described that cobalt precipitation on Mn oxide surface increased
under alkaline conditions forming very stable hydroxyl species Co(OH)2 which could explain the
high stability of Co forms after WSBC application to loam soil. Pan et al. [24] described that Co
immobilization on biochar could be dependent on mineral composition and the content of carbonates,
phosphates, and calcium hydroxyapatite (CaHA), and suggested that cobalt could be rapidly exchanged
with calcium decreasing element in the solution. This mechanism was also visible in the FT-IR analysis,
however, analysis exchangeable cation extraction from tested soil did not indicated any significant
changes. Figure 4 presents the described conceptual model and possible mechanisms of cobalt sorption
on wheat straw biochar.
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Figure 4. Conceptual model of Co adsorption mechanism on wheat straw biochar surface.

The results of our study showed that wheat straw biochar has good removal efficiencies in
single-metal systems determined in a batch experiment with cobalt salts in the solution. However,
the capacities of biochar for cobalt sorption can be modified in multiple-metal systems due to the
competition between the heavy metals present in soil and lower stability of the material due to cation
exchange and the surface oxidation process that biochar undergoes under soil conditions. As biochar
can affect soil properties, changing conditions of metal immobilization, and as soil conditions can have
an impact on surface properties of biochar, predictions about biochar efficiency for metal sorption in
soil are difficult and need further recognition.

5. Conclusions

• The results of the experiments showed that wheat straw biochar is an efficient sorbent of Co2+,
decreasing mobility and availability of this element in soil.

• The dominant mechanisms of cobalt sorption on biochar surface are related to oxygen functional
groups present on the biochar surface, mainly carboxylic and hydroxyl groups.

• Biochar can support soil sorption complex with mineral components such as Fe and Mn oxides
which increase efficiency of cobalt immobilization.

• The efficiency of cobalt removal from soil can be modified by biochar oxidation and interactions
with soil constituents which makes the process more complex as compared with cobalt removal
from aqueous solutions.

• The results from this study suggest that application of biochar is a feasible strategy for remediation
of cobalt contaminated soils, reducing health risks related to human exposure to Co from
anthropogenic sources.

• Further and more complex studies are necessary to recognize the problems of cobalt soil pollution,
potential risks, and remediation solutions, including biochar application.
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Abstract: The vigorous promotion of reuse and recycling activities in Taiwan has solved a number of
problems associated with the treatment of industrial waste. Considerable advances have been made in
the conversion of waste materials into usable resources, thereby reducing the space required for waste
storage and helping to conserve natural resources. This study examined the use of non-alkali activators
to create bonded materials. Our aims were to evaluate the feasibility of using ground-granulated
blast-furnace slag (S) and circulating fluidized bed co-fired fly ash (F) as non-cement binding materials
and determine the optimal mix proportions (including embedded fibers) with the aim of achieving
high dimensional stability and good mechanical properties. Under a fixed water/binder ratio of 0.55,
we combined S and F to replace 100% of the cement at S:F ratios of 4:6, 5:5, 6:4. Polypropylene fibers
(L/d = 375) were also included in the mix at 0.1%, 0.2% and 0.5% of the volume of all bonded materials.
Samples were characterized in terms of flowability, compressive strength, tensile strength, water
absorption, shrinkage, x-ray diffraction (XRD) and scanning electron microscope (SEM) analysis.
Specimens made with an S:F ratio of 6:4 achieved compressive strength of roughly 30 MPa (at 28
days), which is the 80% the strength of conventional cement-based materials (control specimens).
The inclusion of 0.2% fibers in the mix further increased compressive strength to 35 MPa and enhanced
composite properties.

Keywords: fiber reinforced; cementless composites; microscopic property; co-fired fly ash;
green materials

1. Introduction

Economic development inevitably increases construction activity, which depends heavily on the
production of cement. The most direct approach to reduce the CO2 emissions associated with the
manufacture of cement is to reduce cement consumption or replace cement with other pozzolanic
materials (e.g., industrial by-products) with similar binding properties [1–3]. Non-cement blended
materials can help to reduce construction costs and the negative impact of cement production on
the natural environment [4,5]. Considerable advances have been made in the conversion of waste
materials into usable resources [6,7], thereby reducing the space required for waste storage and helping
to conserve natural resources [8,9].

Researchers have demonstrated that the incorporation of pozzolans as a partial replacement
for cement can improve the mechanical properties and durability of the resulting concrete [10–12].
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Materials 2020, 13, 1443

Numerous studies have also used pozzolans (fly ash or slag) to entirely replace cement in ordinary
concrete or mortar. Many specimens have strength, mechanical properties and durability superior to
those of conventional concrete [13,14]. The key factor in achieving a fully hydrated reaction without
cement is the inclusion of an alkali activator or the enactment of curing at an elevated temperature.
The cementless composites containing alkali activators inevitably increase production costs. However,
many industrial by-products can be used as alkali activators to save cost due to its chemical composition
with higher alkali contents.

Considerable advances have been made in the low-energy manufacture of non-cement blended
materials, particularly in Taiwan, Korea and Japan. Ground-granulated blast-furnace slag can
be combined with various supplementary cementitious materials to eliminate the need for alkali
activators in the production of materials suitable for civil construction. Many such materials provide
high compressive strength (30 MPa to 60 MPa), as well as excellent mechanical properties and
durability [15–18]. The inclusion of polypropylene fibers in composites has been shown to enhance
the tensile strength and volume stability of non-cement blended materials [19–21]. In recent years,
a number of researchers have studied the use of polypropylene fibers or non-cement blended materials;
however, there has been little work on the addition of polypropylene fibers to non-cement blended
materials. In this study, we combined ground-granulated blast-furnace slag (GGBS) with circulating
fluidized bed (CFB) co-fired fly ash and polypropylene fibers to produce non-cement blended materials
without alkali activator. Samples were compared with standard Portland cement mortar in terms of
mechanical properties, permeability and microstructure. The proposed material is intended to be used
as a controlled low-strength material, pervious concrete, reinforced recycled concrete and for other
engineering applications [22–24].

2. Materials and Methods

2.1. Materials

This study used Type I Portland cement with a specific gravity of 3.15 and fineness of 3310 cm2/g.
The fine aggregate was natural river sand with saturated surface dry (SSD) specific gravity of 2.70,
absorption of 1.63% and fineness modulus of 2.33. Hereafter, when used as constituent of non-cement
binder, GGBS is referred to as slag (S) and CFB co-fired fly ash is referred to as fly ash (FA). FA was
produced in the form of a black powder by Yong Feng Yu, Taiwan with a specific gravity of 2.73.
The specific gravity of S was 2.88 and the fineness was 5860 cm2/g. The particles of FA passing through
a No. 100 sieve (150 μm) are roughly 98% and the fineness was 2800 cm2/g. SEM images of the FA
revealed irregular polygonal particles similar to those of S as well as rough surfaces, as shown in
Figure 1. Figure 2 presents XRD patterns of FA.

  
(a) (b) 

Figure 1. SEM images: (a) circulating fluidized bed (CFB) co-fired fly ash and (b) ground-granulated
blast-furnace slag (GGBS).
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θ  θ  
(a) (b) 

Figure 2. x-ray diffraction (XRD) pattern: (a) co-fired fly ash and (b) GGBS.

Chemical compositions of FA and S are summarized in Table 1. The chemical composition of
FA was analyzed using x-ray fluorescence (XRF) as follows: SiO2 (29.47%), Al2O3 (19.27%) and CaO
(35.54%). The polypropylene fibers used in the current study were 12mm in length with an aspect
ratio of 375 (d = 32μm) and the fibers were produced by Poplar Co., Ltd. (Taipei, Taiwan). The specific
gravity, tensile strength and Young’s modulus of the fibers were 0.91, 250 and 3500 MPa, respectively.

Table 1. Chemical compositions of co-fired fly ash and GGBS.

Chemical Compositions
Co-Fired Fly Ash GGBS

Content, wt %

Silicon dioxide (SiO2) 29.47 33.68
Aluminum oxide (Al2O3) 19.27 14.37

Ferric oxide (Fe2O3) 3.49 0.29
Calcium oxide (CaO) 35.54 40.24

Magnesium oxide (MgO) 1.82 7.83
Sulphur trioxide (SO3) 7.36 0.66

others 3.05 2.93

2.2. Mix Design and Test Methods

The water/cementitious ratio (w/c) of the mortar specimens was maintained at a constant 0.55,
whereas the cementitious materials/fine aggregate mass ratio was 1:2.75, in accordance with ASTM
C109 specifications. Table 2 lists the mix design for non-cement blended materials. The specimens
were numbered using two number/letters pairs indicating (1) S:F ratio and (2) the percentage of
polypropylene fibers. The number after the letter S indicates the percentage of co-fired fly ash (e.g., S40
means 40% fly ash). P refers to ordinary Portland mortar. The last number indicates the percentage
of polypropylene fiber (e.g., F1 means 0.1% fiber). In addition, the mixture for a preliminary test of
non-cement blended composites was shown in Table 3. The S, FA, fine aggregates and fibers were
mixed for about 10 min by using a low speed mixing machine to create the homogeneous mortar
specimens and then cast into the metal molds. After demolding, the specimens for standard curing
were placed in the standard curing room until the testing age. Table 4 presents the tests performed,
the dimensions of the specimens and the standards used in this study.
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Table 2. Mix design of the mortar specimens produced (kg/m3).

Mix No. Cement GGBS Co-Fired Fly Ash Fine Aggregates Water Superplasticizers Fiber

P 514 0 0

1412

282 0

0
S50

0
257 257 274.6 7.4

S40 308 206 276.8 5.2
S60 206 308 267.2 14.8
P-F1

514 0 0 282 0
0.88

P-F2 1.76
P-F5 4.41

S50-F1

0

257 257
274.6 7.4 0.88

S50-F2 274.6 7.4 1.76
S50-F5 270.9 11.1 4.41
S40-F1

308 206
276.8 5.2 0.88

S40-F2 274.6 7.4 1.76
S40-F5 270.9 11.1 4.41
S60-F1

206 308
267.2 14.8 0.88

S60-F2 267.2 14.8 1.76
S60-F5 264.2 17.8 4.41

Table 3. Mix design of the mortar specimens for a preliminary test (kg/m3).

Mix No. Cement GGBS Co-Fired Fly Ash Fine Aggregates Water

P 514 0 0

1412 282

S10 0 463 51
S20 0 411 103
S30 0 360 154
S40 0 308 206
S50 0 257 257
S60 0 206 308

Table 4. Test methods.

Test Target
Specimen

Dimensions (mm)
Referenced

Standard
Testing

Age (days)

Fresh properties flow test – ASTM C230 –

Mechanical
properties

compressive strength test 50 × 50 × 50 ASTM C109 7, 28, 56

tensile strength test Briquet Specimens ASTM C260
CRD-C 260-01 7, 28

drying shrinkage test 285 × 25 × 25 ASTM C596 2~28

Permeability water absorption test 50 × 50 × 50 ASTM C642 56

Microstructure
observations

SEM observation 10 × 10 × 3 ASTM C1723 28

XRD analysis powders ASTM C1365 28, 56

3. Results and Discussion

3.1. Flowability

An increase in the proportion of FA significantly decreases the flowability of the non-cement
blended materials as shown in Figure 3. As shown in Table 2, note that suitable mixtures (flow of 110%
as shown in Figure 3) were obtained only after adding a water-reducing admixture (superplasticizer)
expect for the P series specimens. The 110%-line in Figure 3 indicates the referred flowability in
accordance with ASTM C109. For each mixture, the superplasticizer was used to control the workability
of the specimens. The results indicated that the specimens containing polypropylene fibers had lower
flowability. The amount of superplasticizer required to maintain fluidity was proportional to the
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amount of FA, due to the high absorbency and angularity of the particles (rough surface as shown in
Figure 1). In the cement-based composites, flowability decreased with an increase in the proportion of
polypropylene fibers, due to the internal resistance and friction generated through the interaction of
fibers. The finding is consistent with the reported in previous studies [25].

 
Figure 3. Flow test results.

3.2. Compressive Strength

Figure 4a presents the preliminary test of the compressive strength of specimens made with
non-cement materials at various S/FA ratios without an alkali activator. Compressive strength was
shown to increase significantly with curing age between 28 and 56 days. The compressive strength of
specimens with 40% FA was significantly higher than that of specimens with only 10% FA, at all stages
of curing. The compressive strength of the non-cement specimens reached 70% that of the mortar made
using Portland cement. The non-cement blended specimens with the highest compressive strength were
those made using an S/FA ratio of 6:4. Results of compressive strength development were indicated
that S and FA reacted with water and then with calcium hydroxide via a pozzolanic reaction to form
hydration products (i.e., calcium silicate hydrate (C-S-H) and/or calcium aluminium silicate hydrate
(C-A-S-H) colloids). These findings are consistent with those reported in previous studies [18,24] and
it was produced produces viscous hardening behavior in the cementless composites [23].

 
 

(a) (b) 

Figure 4. (a) Histogram presenting compressive strength results of the preliminary test; and (b)
compressive strength development at 28 days for all mixes.
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Non-cement blended composite without alkali activator is an innovative material. For concrete
design, the minimum compressive strengths of concrete for normal structural components such as
walls or slabs were used as 21 MPa. For this reason, the target strength was set as 21 MPa in this
study. As shown in Figure 4b, all of the mixtures reached the target strength of 21 MPa, which is
suitable for normal use in civil and construction. We observed a positive correlation between the
proportion of fibers and compressive strength, due perhaps to suppressed crack formation under
axial loading. The inclusion of fibers in the non-cement blended composites significantly increased
the compressive strength, particularly in S50-F2 and S40-F2 (30% to 40% higher than the S50) [26].
This also had indirect effects on the toughness and mechanical properties of the composites. Hydration
reactions among the fibers can increase the interfacial bonding strength, resulting in higher compressive
strength. These findings are also consistent with those reported in previous studies [27]. The decrease
in compressive strength observed in Figure 4b when the fiber content is increased from mixes P-F2 to
P-F5. This diminution may be attributed to the lump of noncontiguous fibers, which is consistent with
previous study [28].

3.3. Tensile Strength

Figure 5a illustrates the tensile strength of non-cement blended specimens and cement mortar
specimens without fibers. Clearly, the increase in tensile strength in the non-cement mortar was not
significant at 7 days compared to the P specimens (average 15% lower than P specimens), but quite
noticeable at 28 days (the tensile strength of S60 specimen was slight higher than that of P specimens).
The tensile strength of S60 was 18% higher than that of S40. We speculate that this can be attributed to
the mix ratio, which allowed the S and FA to be gelatinized; however, the slowness of the reaction
hindered strength development. On the basis of the previous study [29], FA can be used as a sustainable
alkali activator for S to activate the alkali-activated or pozzolanic reaction. The tensile strength of the
non-cement blended specimens increased with an increase in the proportion of polypropylene fibers,
as shown in Figure 5b. At 28 days, the tensile strength of samples S50-F2 and S60-F2 were respectively
20% and 23% higher than that of the control specimens. This obvious increase in tensile strength can
be attributed to the fibers arresting crack propagation at the micro scale. In addition, the decrease in
tensile strength when the fiber content is increased from P-F2, PF5, S50-F2 and S50-F5 was also due to
the lump of noncontiguous fibers in composites.

  
(a) (b) 

Figure 5. (a) Tensile strength development curves of select samples and (b) tensile strength results of
all samples at 28 days.

3.4. Drying Shrinkage

As shown in Figure 6a, the shrinkage development curves of S40 and S50 specimens were similar
to those of P specimens. By contrast, the shrinkage development curve of specimen S60 was 4 times
higher than that of cement mortar, indicating a high SO3 content following a rapid hydration reaction
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with a corresponding rapid volume expansion. Previous studies [17,18,24] have also reported on the
considerable influence of SO3 on the strength of mortar specimens containing FA.

 

  
(a) (b) 

Figure 6. Length change results: (a) comparison to P, S40, S50 and S60 specimens and (b) comparison
to S60, S60-F1, S60-F2 and S60-F5.

Our results revealed that the addition of fibers to specimen S60 (S60-F1/2/5) did not have a
significant effect on shrinkage and the effect of fibers in shrinkage development curves of S40 and S50
specimens were similar to those of S60 specimens. We also found that shrinkage was largely independent
of the proportion of FA. FA contains large quantities of free lime (f-CaO) and SO3, which are beneficial
to strength development of hydrated in non-cement blended composites containing S. Note however
that f-CaO and/or excessive SO3 can cause expansion in hardened mortar. Increasing the amount of FA
could increase the number of sulphate ions in solution, thereby hindering ettringite formation [29,30].
This can have profound effects on the volume stability and strength of mortar specimens with a high
proportion of FA.

3.5. Absorption

Figure 7 presents the water absorption results of all mixtures. The absorption of S40 specimens
was lower than that of the P, S50 and S60. The results indicated that the absorption decreased with an
increase in the proportion of S due changes in the pore structure filled by finer S. The inclusion of fine
S powder improved the compactness through pozzolanic reactivity and pore filling effects. Absorption
also decreased with an increase in the proportion of fibers, due to the fact that the fibers blocked the
connectivity of pores, thereby making the transmission paths more complex.

 
Figure 7. Absorption results of all samples at 56 days.
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3.6. XRD Analysis

Figure 8 presents XRD patterns of non-cement blended samples prepared using various S/FA
ratios at 28 days. Hydration products appeared in various phases, including Ca(OH)2, Ca3SiO5,
Ca6Al2(OH)12(SO4)3-26H2O and CaFe2O5. The non-cement blended specimens displayed roughly the
same CaSO4-2H2O and Ca6Al2(OH)12(SO4)3-26H2O (ettringite) [31] peaks compared to the control
groups. Note that the non-cement blended specimens also presented relatively small Ca(OH)2 peaks
and slightly high Ca3SiO5 peaks compared to the P specimens. It also indicated that the hydration
products of non-cement blended specimens were similar to the P specimens and almost less calcium
hydroxide (Ca(OH)2) was found in non-cement blended specimens. It indicated that the quartz (SiO2)
in the FA reacted with lime (CaO) and Ca(OH)2, resulting in the formation of C-S-H and C-A-S-H gel,
which are the key factors in strength development in cementitious materials [32,33]. The FA also had
higher proportions of f-CaO and CaSO4, which has been shown to activate cementing processes and
hydration reactions [34]. It also confirmed that the strength of non-cement blended composites can be
achieved to conventional cement-based materials at the age of 56 days.

θ  
Figure 8. XRD patterns of various samples at 28 days.

3.7. SEM Observation

Figure 9 presents SEM images of various specimens under 10K× magnification at 28 days.
The non-cement blended specimens presented more pronounced pore formation than did the cement
specimens. C-S-H gel is the product of reactions between water and tricalcium silicate or dicalcium
silicate. Approximately 50% of the cement gel was C-S-H gel, which served as the primary source of
strength in the cement paste. C-S-H gel and ettringite appeared as irregular needle-like and spherical
continuums, whereas Ca(OH)2 appears as hexagonal flakes. However, the appearance of fine exterior
capillary tube spikes indicates that the C-S-H gel was covered in pores, i.e., it was not a smooth
continuum. The formation of high-quality concrete depends on finer materials filling in the pores.
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As shown in the Figures 9 and 10, most of the pores have been filled with ettringite, which gave the
material a dense appearance and reduced the likelihood of infiltration by harmful substances.

 

  
(a) (b) 

  
(c)  (d)  

Figure 9. SEM photos at 28 days: (a) P; (b) S40; (c) S50 and (d) S60.

 
(a) (b) 

Figure 10. Scanning electron microscope (SEM) photos with energy dispersive analysis (EDS) analysis:
(a) S60 specimens; (b) EDS results.

Based on the SEM images, the reaction mechanisms in non-cement blended materials comprising
a mix of S and FA can be divided into two phases. In the first phase, the CaO in the FA violently reacted
with water to produce Ca(OH)2. It was shown that increasing the proportion of FA accelerated the
process of setting. Insufficient FA would slow the hydration setting speed after the S and FA mix. In the
second phase, the Ca(OH)2 and SiO2 in the S and FA with reacted with SiO2 and Al2O3 to produce
C-S-H and C-A-S-H gel [35] as shown in Figure 10. It can be consistent with previous study [18].
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4. Conclusions

It is a feasibility to produce entirely non-cement blended materials using S with FA and FA can be
as an alkali activator for S in blended composites. In this study, we produced non-cement blended
materials by replacing 100% of the cement (by weight) with S and FA at ratios of 4:6, 5:5 and 6:4.
Specimens made with an S:FA ratio of 6:4 achieved compressive strength of roughly 30 MPa (at 28 days),
which is the 80% the strength of conventional cement-based materials (control specimens). Non-cement
blended composites were used to have a proper inclusion of fiber reinforcements to conduct the
engineering properties and increase its applicability for construction applications. The inclusion
of 0.2% fibers in the mix further increased compressive strength to 35 MPa. It also enhanced the
compactness of micro pore-structures, increased the compressive strength and tensile strength and
decreased absorption and the likelihood of shrinkage. SEM images and XRD analysis revealed that
the compressive strength of the non-cement blended specimens can be attributed to the formation of
C-S-H and C-A-S-H gels by Ca(OH)2, SiO2, and Al2O3. Polypropylene fibers were shown to have a
profound effect in reinforcing the non-cement blended materials and it has shown the feasibility of the
usage of non-cement blended fiber composites in civil construction.
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Abstract: Eggshell, a waste material from food manufacturing, can be used as a potential ecofriendly
adsorbent for the elimination of textile dyes from water solutions. The adsorption process was
evaluated varying factors such as initial dye load, contact time, pH, quantity of adsorbent, and
temperature. The initial dye load (Direct Blue 78) was in the range of 25–300 mg/L. The kinetics of
adsorption were analyzed using different models, such as pseudo-first-order, pseudo-second-order,
and intraparticle diffusion model. Also, the experimental data at equilibrium were studied using
Freundlich, Langmuir, and Temkin isotherms. The kinetics followed pseudo-second-order, then
pseudo-first-order, and finally the model of intraparticle diffusion. The results obtained for data
at equilibrium follow the order: Freundlich > Langmuir > Temkin. The adsorption equilibrium
showed a maximum capacity of adsorption (qmax) of 13 mg/g at pH 5, and using 0.5 g of eggshell.
Dye adsorption was enhanced with increasing temperatures. The thermodynamic study revealed the
spontaneity and endothermic nature of the adsorption process. The desorption study shows that
the eggshell could be reused in different adsorption/desorption cycles. A novel advanced oxidation
process could degrade more than 95% of the dye. The results show that eggshell is a waste material
useful to remove hazardous dyes from wastewater, which may alleviate the environmental impact of
dyeing industries.

Keywords: adsorption; eggshell; Direct Blue 78; kinetics; isotherms; pulsed light

1. Introduction

Wastewater polluted with large amounts of dyes is usually dumped into aqueous effluents from
the food and plastic, leather, paper, printing, and textile industries [1]. Dyes have been widely used
in many industries for coloration purposes thanks to their good features, such as easy application,
low production cost, bright colour, and water-fastness [2]. Nowadays, more than 100,000 commercial
dyes exist with over 7 × 105 tons of dyes produced per year, and approximately 10–15% are discharged
from textile industries [3]. Dyes are organic compounds that are classified according to the chemical
composition and type of application. Commercial dyes are categorized into three classes: cationic,
anionic, and nonionic, according to the charge after its dissolution in water. Azo compounds are the
most typical dyes used for industrial purposes [4–6].

Dyes are non-biodegradable, stable, oxidizing agents and are highly toxic and mutagenic to aquatic
life and humans [7]. Their discharge may produce severe hazard to aquatic living organisms, affecting
different processes of aquatic vegetation, decreasing the oxygen levels in water and resulting in the
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choking of aquatic fauna and flora [8]. Thus, it is essential to reduce and remove organics pollutants from
wastewater before discharging them [9]. Various methods have been applied for the removal of harmful
contaminants from water and wastewater, involving adsorption on activated carbons, reverse osmosis,
chemical oxidation, membrane filtration, bacterial action, coagulation and flocculation, activated
sludge, ozonation, precipitation, electro-dialysis, ion exchange, and electrochemical techniques [10,11].
However, many of these methods are expensive and exhibit other drawbacks such as poor effectiveness
and formation of sludge excess, and are thus unsuitable to be applied by small-scale industries [1].
Between them, adsorption is considered the most feasible method and has become one of the effective
and easiest physico-chemical treatment procedures for the decolourization of textile wastewater. It
offers several advantages such as low initial costs, high efficiency, producing nontoxic intermediates
or by-products, high removal capability, versatility, easy handling, fast adsorption rate, and facile
separation [2,12].

The adsorption based on activated carbon is widely employed to remove dyes, however, it still
remains an expensive process owing to its high initial cost and the need for a regeneration system of the
adsorbent that make it less economically viable [8]. Recently, more effective and cheaper adsorbents
based on by-products from poultry waste, agricultural waste, and other natural waste have been
developed as an alternative to conventional wastewater treatment processes [13].

In the last decades, researchers have been paying attention to the adsorption properties of
agricultural wastes to develop new biosorbents in accordance with circular economy principles. Some
alternatives include the orange peel, chitosan, eggshell, grape pomace, coffee residues, rice straw, olive
stones, banana peel, artichoke agrowaste, sugarcane bagasse, and bamboo shell, among others [14–24].
This waste, which is eco-friendly, economic renewable, and available in abundance, is a candidate for
the treatment of polluted water and wastewater [11]. Among the agricultural poultry by-products, the
waste generated can be a promising biosorbent that has slightly increased in recent years. Moreover,
the use of by-products from the agro-food sectors in the adsorption process helps to reduce the waste,
as well as the low cost biomasses acquisition [17]. Waste materials obtained from different sources
have been used as potential adsorbents for the removal of inorganic and organic pollutants. Eggshell
and eggshell membranes are waste materials produced in large amounts in the poultry and farms
industries as well as restaurants, bakeries, or homes [25].

Approximately 10% of the total mass of hen egg corresponds to eggshell by-product, with an
average weigh of 60 g, and it is usually discarded in landfills without any pretreatment. In addition,
this waste is commonly reused as soil conditioner, fertilizer, or additive for animal feed. The eggshell
consists of three layers: the cuticle on the outer surface (mucin protein), the calcified eggshell (calcite or
calcium carbonate crystals), and the eggshell membrane (protein fibers). Numerous pore channels are
distributed on the surface of eggshell (between 7000 and 17,000 pores), thus eliciting water transpiration
and gaseous exchanges. The porous nature of eggshell makes it a desirable material to be used as an
adsorbent [11,13].

Retention of contaminants by adsorbents is not 100% efficient; therefore, additional methods
are required to avoid non-retained dyes being disposed of into the environment. The degradation
of dyes by an advanced oxidation process (AOP), using pulsed light technology as a photolyzer of
hydrogen peroxide, is a novel, fast, and efficient version of AOPs that uses mercury-free lamps to
generate energy-dense light [26].

Thus, the main objective of this paper was to evaluate the potential use of eggshell to remove
Direct Blue 78 (DB78) dye in aqueous solution by adsorption, and to determine the effect of different
parameters such as contact time, initial dye load, pH, and adsorbent concentration. The isotherms of
adsorption, as well as the kinetics of dye adsorption on the eggshell, were evaluated by fitting the
experimental data to different kinetics and isotherms models. Further, the efficiency of degradation of
DB78 by a novel AOP in order to minimize dye discharge to the environment was measured.
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2. Materials and Methods

2.1. Materials

Hen eggshells were purchased from a local organic farm. Sodium hydroxide (NaOH), acetic acid
(C2H4O2), sodium phosphate monobasic monohydrate (H4NaO5P), hydrogen peroxide (H2O2), and
hydrochloric acid (HCl) were obtained from Sigma-Aldrich (Madrid, Spain) and boric acid (H3BO3)
was purchased from Scharlau (Madrid, Spain). All of these chemicals were used to prepare dye
solutions at different pH values. Colorprint (Valencia, Spain) kindly provided Direct Blue 78 dye.
Deionized water was utilized to prepare all aqueous solutions throughout the experiments.

2.2. Eggshell Conditioning

Eggshells with their membrane were washed under tap water, dried at room temperature, and
stored at −35 ◦C in order to prevent the spoilage of the eggshell samples before using them. Before
using them, eggshells were ground in a sturdy vessel in which the material was pounded with a pestle
and sieved to obtain the required particle size (1–1.5 cm2). Thereafter, pieces of eggshell were used as
the adsorbent in the adsorption studies.

The major constituents of the eggshell are carbonates, sulphates and phosphates of calcium and
magnesium, and organic matter. Traces of Na, K, Mn, Fe, Cu, and Sr metals are also present in the
eggshell [27]. The density of the eggshell is about 2.53 g/cm3, which is significantly larger than that
of eggshell membrane (1.358 g/cm3). The major constituents of the eggshell are calcium carbonate
(94%), organic matter (4%), calcium phosphate (1%), and magnesium carbonate (1%). The eggshell
membrane possesses nearly 60% protein (collagen (35%), glucosamine (10%), chondroitin (9%), and
hyaluronic acid (5%)), along with other inorganic components like Ca, Mg, Si, Zn, and so on in smaller
quantities [28]. The membrane surface bears positively charged sites produced by basic side chains of
amino acids. It has a very high surface area with special functional groups such as hydroxyl (−OH),
thiol (−SH), carboxyl (−COOH), amino (−NH2), amide (−CONH2), and so on, which strongly interact
with some chemical species present in the albumen.

2.3. Dye Solution Preparation

DB78 is an azo dye (CAS 2503-73-3) whose molecular weight is 1055.91 g/mol and whose formula
is C42H25N7Na4O13S4. Aqueous solutions with different concentrations of dye (25, 50, 100, 150, 200,
250, and 300 mg/L) were prepared from a 1 g/L stock solution, and used to determine the capacity of
adsorption of the eggshell.

2.4. Analyses and Data Evaluation

The concentration of DB78 was measured at the wavelength of 612 nm, which is the maximum
absorbance of the dye [15]. A spectrophotometer was used to determine the absorbance before and
after the treatment (UV-1603, Shimadzu, Kyoto, Japan).

2.5. Adsorption Experiments

The adsorption experiments were conducted at different dye concentrations, ranging from 25 to
300 mg/L. The kinetic adsorption studies were performed at different doses of adsorbent, pH, and dye
concentrations. The effect of contact time on the adsorption capacity of eggshell was conducted while
varying dye concentrations from 25 to 300 mg/L. Furthermore, the effect of adsorbent dosage was
studied to optimize the adsorption process. pH was carefully adjusted between 3 and 11 to determine
the optimum pH to ensure the maximum DB78 removal. Apart from that, the effect of temperature on
the adsorption of DB78 by eggshell was investigated at three different temperatures (29, 55, and 75 ◦C).

A typical experiment was conducted by adding the eggshell to 40 mL of different dye concentrations
of the DB78 solution. The mixture was stirred for a predetermined period of time at a constant speed
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of 500 rpm. The residual dye concentration in the solution was measured at time intervals (20, 40, 60,
80, 100, 120, and 140 min) until the equilibrium conditions were attained. At the end of each interval,
the samples were centrifuged at 3000 rpm for 5 min to separate the solid phase, completely removing
impurities that may later affect the measure.

The amount of dye adsorbed on eggshell (qt) at time (t), in mg/g, was determined by Equation (1),
as follows [29]:

qt =
V (C0 −Ce)

m
(1)

where V is the volume of dye solution (L); C0 and Ce are the initial and equilibrium concentrations of
dye in liquid phase (mg/L), respectively; and m is the mass of eggshell (g). All the experiments were
carried out in triplicate. Three adsorption kinetics models, three isotherms, and the thermodynamic
study were evaluated to elucidate the mechanism of dye adsorption.

2.6. Adsorption Kinetics

In order to analyze the mechanism of dye adsorption onto eggshell, and to predict the rate at
which a solute (dye) was removed from aqueous solution, three kinetic models could be employed:
pseudo-first-order kinetic model [30], pseudo-second-order kinetic model [31], and intraparticle
diffusion model [32].

The Lagergren’s equation for pseudo-first-order kinetics is given by the following Equation
(2) [30]:

log(qe − qt) = log qe − k1

2.303
t (2)

where qe and qt are the adsorption capacity at equilibrium and at time (t) (mg/g), respectively, and k1

(min−1) is the rate constant of this model. From the linear plot of log (qe − qt) versus t, the rate constant
(k1) can be obtained by the slope.

The linear form of the Ho and McKay rate equation for pseudo-second-order kinetics is expressed
as Equation (3), as follows:

t
qt

=
1

k2qe2 +
1
qe

t (3)

where qe and qt are the adsorption capacity (mg/g) at equilibrium and at time (t), respectively, and k2

(g/mg min) is the rate constant of this model and can be obtained from the intercept and slope of plot
t/qt versus t [31].

In the adsorption experiments, it is mandatory to fit the experimental data to the intraparticle
diffusion model in order to analyze in depth the adsorption behavior of DB78 on eggshell, and to
know the rate-determining step in the liquid adsorption systems. In the adsorption of pollutants onto
adsorbents, different stages are differentiated; in the first one, there is a transport of the dye from the
solution to the adsorbent surface, followed by the diffusion into the adsorbent, which is usually a slow
process [32]. In the diffusion model proposed by Weber and Morris [33], the rate can be expressed in
terms of the square root time and can be determined as Equation (4), as follows:

qt = ki
√

t + C (4)

where qt is the adsorption capacity at any time t (mg/g); and ki is the rate constant of this model (mg/g
min1/2) and its values can be calculated from the slopes of plots qt versus t1/2, where t is the time (min)
and C is the intercept (mg/g).

2.7. Isotherm Analysis

The interaction between dyes and the adsorbent materials is described using different theoretical
models, known as adsorption isotherms. These isotherms are essential in the optimization of the
adsorption process [34,35]. Equilibrium isotherm equations were used to describe experimental sorption
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data [36] and the parameters of equilibrium isotherms provide useful information on adsorption
mechanisms, affinity of the adsorbent, and surface properties [20]. Different isotherms were used to
analyze the adsorption equilibrium in this study: The Freundlich, Langmuir and Temkin models.

The Freundlich isotherm model suggests heterogeneity in the adsorption sites and takes into
account that the adsorption occurs at sites with different energy of adsorption. This isotherm is
obtained from the linear form of the Freundlich expression Equation (5) [36]:

ln qe = ln KF +
1

nF
ln Ce (5)

where Ce (mg/L) and qe (mg/g) are the liquid phase concentration and solid phase concentration of dye
at equilibrium, respectively; 1/nF is the heterogeneity factor; and KF is the Freundlich constant (L/g)
related to the bonding energy. 1/nF and KF values were calculated from the slope and intercept of plots
lnqe versus lnCe, respectively. The values of 1/nF indicate the type of adsorption process: favorable
(0 < 1/nF < 1), unfavorable (1/nF >1), or irreversible (1/nF = 0) [37].

The Langmuir isotherm model assumes that the adsorption process happens at specific
homogeneous sites on the adsorbent. This model is probably the most employed adsorption isotherm
and is used successfully for the adsorption of contaminants from water solutions. The linearized form
of Langmuir model can be given as follows Equation (6) [33,38]:

Ce

qe
=

1
KL

+
aL

KL
Ce (6)

where Ce is the dye concentration at equilibrium in solution (mg/L), qe is the adsorption capacity (mg/g)
at equilibrium time, and KL (L/g) and aL (L/mg) are the Langmuir isotherm constants. The constants KL
and aL can be calculated from the intercept (1/KL) and the slope (aL/KL) of the linear plot between Ce/qe,
and Ce. qmax is the maximum adsorption capacity of adsorbent (mg/g) and is determined by KL/aL.

The fundamental characteristic of Langmuir isotherm is the separation factor, which is a
dimensionless constant (RL), and is given as follows Equation (7) [39]:

RL =
1

1 + aLCo
(7)

where Co is the initial dye concentration (mg/L) and aL is the Langmuir constant related to the energy
of adsorption (L/mg). The calculated RL values indicate the type of adsorption: unfavourable process
(RL > 1), linear (RL = 1), favourable (RL between 0 and 1), or irreversible (RL = 0) [40].

The Temkin formula determines that the decrease of adsorption heat with coverage is linear because
of some adsorbate/adsorbent interactions. The adsorption is characterized by uniform distribution of
bond energies, up to a maximum bond energy [41]. The linear form of Temkin isotherm’s equation can
be expressed as Equation (8), as follows:

qe =
RT
bT

ln aT +
RT
bT

ln Ce (8)

where T is the absolute temperature (K); R is the universal gas constant (8.314 J/mol K); aT is the
constant of Temkin isotherm (L/g); bT is the Temkin constant related to the heat of adsorption (J/mol);
and qe and Ce are the equilibrium concentration of DB78 on eggshell (mg/g) and in the solution (mg/L),
respectively. The Temkin constants aT and bT values can be calculated from the slope and intercept of
straight line plot of qe versus lnCe.

2.8. Thermodynamic Study

The thermodynamic analysis is needed to conclude whether the adsorption process of the dye onto
eggshell is exothermic or endothermic. In order to gain further insight related to these experiments, it
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is essential to calculate the value of ΔH◦ (standard enthalpy change), ΔS◦ (standard entropy change),
and ΔG◦ (Gibbs standard free energy change). The values for the different thermodynamic parameters
can be calculated using the thermodynamic equilibrium coefficient obtained at different concentrations
and temperatures. The ΔG◦ value is the fundamental parameter to elucidate the spontaneity of the
adsorption process, and reactions occur spontaneously when the value of ΔG◦ is negative [34].

Considering the exchange adsorption, the equation employed to calculate the K◦ value at different
temperatures was as follows:

K◦ = Kp ×Madsorbate × 55.5 (9)

where Kp is the equilibrium constant at time t (L/g), Madsorbate is the molecular weight of DB78 (g/mol),
and 55.5 (mol/L) is the mole concentration of water [42].

Using the K◦ values obtained from the previous equation, the Gibbs free energy was determined
using the following equation:

ΔG◦ = −RT ln K◦ (10)

To confirm the results for the Gibbs free energy, the Van’t Hoff [12] equation was graphed (lnK◦
vs. 1/T). Plotting lnK◦ versus 1/T gives a straight line with slope and intercept equal to −ΔH◦/RT
and ΔS◦/R, respectively, where R is the universal gas constant (8.314 J/mol K) and T is the absolute
temperature in Kelvin (K). Using this representation, the Gibbs free energy was calculated again using
the following equation:

ΔG◦ = ΔH◦ − TΔS◦ (11)

2.9. Desorption and Regeneration of the Adsorbent

Desorption studies help to recover the adsorbate and adsorbent. Thus, the regeneration of the
adsorbent may be important to reduce cost processes and to recover the pollutant extracted from the
solution [37]. The viability of desorption and reuse of eggshell was evaluated using 0.5 M NaOH
solution. First, 0.5 g of eggshell was stirred with 40 mL of dye (100 mg/L, pH 5), at 25 ◦C, 100 min
of contact time, and 500 rpm for the adsorption phase. The adsorbent was dried and added into
40 mL of NaOH solution for desorption at a constant speed of 500 rpm for 100 min at 25 ◦C. The
dye concentration in the solution was measured at 100 min, after the centrifugation of the samples at
3000 rpm for 5 min to separate the solid phase.

2.10. Degradation of DB78 by an Advanced Oxidation Process

The adsorption experiment was carried out using different dye concentrations. After 140 min of
contact time and 300 mg/L of dye, the remaining dye in the solution was 144 mg/L. The experiments
were performed in triplicate, which means that 144 mg/L was the average of the three repetitions.
Then, 18 mL of the unadsorbed dye solution was mixed with 2 mL of a H2O2 solution that rendered a
final H2O2 concentration of 840 mg/L. This rendered an H2O2/DB78 ratio of 200 on molar basis, which
is enough to avoid making H2O2 the limiting reagent of the photochemical reaction. The mixture was
placed in a pulsed light system (XeMaticA-Basic-1L, Steribeam, Germany) operated at 2.5 kV that
supplied 2.14 J/cm2 per pulse of a broad-spectrum light that included UV light, the spectrum of which
has been previously reported [43]. Treatments were prolonged using multiple pulses up to 120 and
carried out in duplicate. Samples were withdrawn every five pulses to measure absorbance. Data were
normalized and adjusted to pseudo-first order kinetics (Equation (12)) to calculate the degradation rate.

ln
C
C0

= −kF (12)

where C is the concentration at fluence F (J/cm2), C0 is the initial concentration, and k is the pseudo-first
order rate constant (cm2/J). Data were processed using Excel 2010 (Microsoft, Redmond, WA, USA).
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3. Results and Discussion

3.1. Effect of Eggshell Dosage

Different amounts of eggshell (0.25, 0.5, 1.0, 1.5, and 2.0 g) were added into DB78 solutions
to analyze the effect of adsorbent dosage on adsorption. The effect was investigated at an initial
concentration of 25 mg/L, pH 5, 120 min of contact time, constant stir (500 rpm), and room temperature
(25 ◦C). The results obtained from this study are shown in the plot of dye removal (%) versus adsorbent
dosage (g), as can be seen from Figure 1.

Figure 1. Effect of eggshell amount on the adsorption of Direct Blue 78 (DB78).

The increase of the adsorbent led to a slight increase for dye removed until a maximum adsorption.
This reveals that the removal efficiency of dye increased with increasing amounts of eggshell. At a
dosage of 0.5 g, the removal of dye was similar to higher doses (1–2 g), therefore, in order to optimize
the adsorption process, and so to use the minimum amount of adsorbent, 0.5 g of eggshell was used in
order to study the kinetic and equilibrium experiments.

3.2. Effect of Initial pH Solution

The pH of dye solution is considered an essential factor in any adsorption process that affects the
adsorption capacity and the adsorption mechanism of the eggshell. With the objective to investigate
the effect of the initial dye pH in the adsorption of DB78 dye on the eggshell surface, the equilibrium
was studied at different pH values. The effect of pH in the adsorption of DB78 dye was evaluated in the
range of pH from 3 to 11. The pH was adjusted by adding NaOH or HCl 0.1 M. The pH experiments
were conducted using 2 g eggshell, at a concentration of 25 mg/L, 90 min of contact time, constant stir
(500 rpm), and room temperature (25 ◦C), and the results are shown in Figure 2. The result indicates
that the adsorption capacity and removal efficiency of eggshell depend on the pH.

As shown in Figure 2, the removal efficiency of dye increased at acidic pHs (3 and 5). From this
pH, the adsorption capability of the eggshell decrease from 94.5% to 63.4% at pH 11. Figure 2 shows
that the optimum pH required to obtain the maximum adsorption of DB78 onto eggshell is 5. The
isoelectric point for the eggshell is 5.5 [44], which is close to our optimum pH (5.0). At this pH, the
adsorbent is positively charged and interacts effectively with the negative charges in DB78. This trend
was similar in the removal of Direct Red 80 and Acid Blue 25 dyes from aqueous solutions on eggshell
membrane, in which the adsorption capacities of both anionic dyes onto eggshell membrane increased
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with acidic pHs [9] and, in another study, Chojnacka carried out the biosorption of Cr (III) ions from
aqueous solutions by eggshells at pH 5 [45].

Figure 2. Effect of pH on the adsorption of DB78 by eggshell at different pH values.

The principal component of the shell is CaCO3 in the form of the mineral calcite. In water, the
carbonate species derived from calcite are H2CO3, HCO3

−, and CO3
2−, and a sufficient amount of

carbonates is solubilized from the shells to buffer the mixtures to a low alkaline pH (from 7.5 to 8)
after reaching the equilibrium. Therefore, at various pH, the electrostatic attraction as well as the
structure of dye molecules and the eggshell could play very important roles in dye adsorption on this
adsorbent. At pH 5, a significantly high electrostatic attraction exists between the positively charged
surface of the adsorbent, owing to the ionization of functional groups of adsorbent and negatively
charged dye. As the pH of the system increases, the number of negatively charged sites is increased.
A negatively charged site on the adsorbent does not favor the adsorption of this dye owing to the
electrostatic repulsion [46,47].

3.3. Effect of Contact Time

The following step in the adsorption experiments is to elucidate the effect of contact time using
different concentrations of dye (from 25 to 300 mg/L). All the experiments were carried out at pH 5.0,
constant stir (500 rpm), and room temperature (25 ◦C), with a fixed amount of adsorbent (0.5 g), and
the results obtained are presented in Figure 3.

As can be observed in Figure 3, the adsorption capacity increased in each concentration until the
equilibrium was achieved. In the equilibrium, the amount of adsorbed dye inside the adsorbent and
the amount of dye desorbed were in a dynamic equilibrium. The time required for the adsorption
of the dye onto the adsorbent to attain the equilibrium state is called the equilibrium time and the
amount of dye removed by the adsorbent at that time indicates the maximum adsorption capacity of
the adsorbent under these conditions [48].

Different adsorption stages can be differentiated in the range of concentrations analyzed
(25–300 mg/L). At a low concentration (25 mg/L), the equilibrium was reached after 40 min of
contact. The adsorption was fast at the concentration of 100 mg/L, however, it was slower than at low
concentrations, reaching the equilibrium after 80 min of contact time. At high concentrations of dye
(>100 mg/L), the curves did not present the asymptotic form. Hence, the equilibrium time increased
with increasing concentrations of DB78 (from 150 to 300 mg/L).
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Figure 3. Effect of contact time between eggshell at different concentrations of Direct Blue 78 of 25 mg/L
(•), 50 mg/L (�), 100 mg/L (�), 150 mg/L (�), 200 mg/L (�), 250 mg/L (Δ), and 300 mg/L (�).

3.4. Adsorption Kinetics

The adsorption surface, mass transfer, or intraparticle diffusion are different mechanisms involved
in the adsorption process and, to study them, three kinetic models were employed to test the
experimental data obtained in the adsorption of DB78 on eggshell. The determination coefficient values
(R2) are essential to decide the best adjustment to the experimental data to the different models tested.
The results for the adjustment to the pseudo-first-order, pseudo-second-order, and the intraparticle
diffusion kinetic models are shown in Figure 4, and the main parameters for each model are presented
in Table 1.

 
(a) (b) 

Figure 4. Cont.
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(c) 

Figure 4. (a) Pseudo-first-order model plots, (b) pseudo-second-order model plots, and (c) intraparticle
diffusion model plots for the Direct Blue 78 adsorption onto eggshell at different concentrations of dye
of 25 mg/L (•), 50 mg/L (�), 100 mg/L (�), 150 mg/L (�), 200 mg/L (�), 250 mg/L (Δ), and 300 mg/L (�).

Table 1. Kinetics parameters of the pseudo-first-order, pseudo-second-order, and intraparticle diffusion
models for the adsorption of Direct Blue 78 onto eggshell.

PFOM 1 Eggshell

C0 (mg/L) qeexp (mg/g) qecal (mg/g) k1 (min−1) R2

25 1.969 0.773 0.036 0.813
50 3.875 2.905 0.028 0.800

100 6.618 6.742 0.032 0.995
150 8.804 8.652 0.025 0.995
200 10.329 12.838 0.030 0.938
250 11.979 14.125 0.027 0.938
300 12.766 13.658 0.024 0.968

PSOM 2

C0 (mg/L) qeexp (mg/g) qecal (mg/g) k2 (g/mg min) R2

25 1.969 1.969 0.257 1
50 3.875 3.874 0.066 1

100 6.618 6.618 0.022 1
150 8.804 8.803 0.0129 1
200 10.329 10.331 0.0093 1
250 11.979 11.979 0.0069 1
300 12.766 12.771 0.0061 1

IDM 3

C0 (mg/L) qeexp (mg/g) (C) (mg/g) ki (mg/g min1/2) R2

25 – 1.414 0.053 0.704
50 – 1.722 0.190 0.778
100 – 1.618 0.462 0.869
150 – 1.111 0.682 0.961
200 – 0.424 0.888 0.951
250 – 0.651 0.999 0.974
300 – 0.896 1.026 0.995

1 PFOM: pseudo-first-order model; 2 PSOM: pseudo-second-order model; 3 IDM: intraparticle diffusion model.

The linearity of the Lagergren model (log(qe − qt) versus t) was graphed for 140 min of contact
with the eggshell (Figure 4a). The R2 values ranged from 0.800 to 0.995 (Table 1). Calculated values of
qe were compared with the experimental data, and although some R2 values were relatively high, the
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qe values calculated were not suitable. The obtained R2 and qecal values indicated that the adsorption
of dye onto eggshell did not follow the pseudo-first-order kinetics, even though some values were
relatively high; consequently, this equation cannot be used to analyze the experimental results. Because
of the obtained results, it was appropriate to fit the experimental data to the pseudo-second-order
model. Figure 4b shows the results obtained after applying the Ho and McKay model. The plot of t/qt

versus t produced straight lines for the entire measurement range.
The theorical qe values were identical to the experimental qe values obtained using the

pseudo-second-order, as compared with those of the pseudo-first-order kinetic, indicating that
DB78 adsorption onto eggshell followed the pseudo-second-order kinetic model. As can be observed
from Table 1, the R2 values of the pseudo-second-order kinetic model are higher than those of
pseudo-first-order, the value was 1 in all cases analyzed. These results suggested that chemical
adsorption was the rate-limiting step that controls this adsorption process. Chemisorption occurs
when strong interactions, including hydrogen bonding and covalent and ionic bond formation, occur
between the adsorbate and the solid surface. The endpoint for chemisorption is when all the active
sites on the solid surface are occupied by chemisorbed molecules. Ehrampoush et al. observed similar
kinetics in the adsorption of Reactive Red 123 dye onto eggshell [49], or in the adsorption of Acid
Orange 51 onto the ground eggshell powder [16].

The adsorption is a process that follows many steps; firstly, it implicates a transport of dye
molecules from the solution to the adsorbent surface, and then a diffusion to the interior of the eggshell
could take place [32]. In order to understand the adsorption of DB78 dye onto eggshell, the kinetic of
the adsorption process was analyzed using the intraparticle diffusion model, in order to determine if
the intraparticle diffusion is the rate-limiting step in the adsorption. This effect was studied by plotting
the amount of DB78 dye adsorbed versus the square root of time (Figure 4c).

Figure 4c shows the plot of qt versus t1/2 for the intraparticle diffusion of DB78 for the eggshell
and different concentrations of dye. Two different straight lines can be distinguished in Figure 4c for
the range of concentrations analyzed, indicating that two or more forces are influencing the adsorption
process; in this case, chemisorption and intraparticle diffusion played essential roles in the adsorption
of DB78 onto eggshell (Figure 4c).

The intraparticle diffusion constant (ki) values are presented in Table 1. The values of ki and C
were calculated from the slope and intercept of plots of qt versus t1/2. These ki values increased with
increasing dye concentrations. The R2 values were very different depending on the concentration,
ranging from 0.704 to 0.995. The intraparticle diffusion model was not the rate-controlling step because
the results did not pass through the origin. When this plot gives rise to a straight line, the adsorption
process is controlled by intra-particle diffusion only. However, if the data present multi-linear plots,
then two or more steps influence the adsorption process, as shown in Figure 4. Similar results were also
reported for the adsorption of Acid Red 14 and Acid Blue 92 onto the microporous and mesoporous
eggshell membrane [37].

Conversely, the intercept of each curve is proportional to the boundary layer thickness; a higher
intercept indicates a higher effect. This value decreased with increasing dye concentrations for the
eggshell; therefore, the intraparticle diffusion model was not the sole rate-controlling step for eggshell,
confirming our previous suggestions [32].

3.5. Adsorption Equilibrium

The adsorption process of DB78 dye by eggshell adsorbent can be analyzed by fitting the
experimental data of adsorption equilibrium to different isotherm models to find the most suitable
isotherm to describe the adsorption process. Three well-known models were applied in the present
study: Freundlich, Langmuir and Temkin isotherms. The constant isotherm parameters obtained from
linear regression describe the equilibrium characteristics of adsorption, and are presented in Table 2.
The plot of lnqe versus lnCe gave a straight line over the entire concentration range studied in the
representation of the Freundlich isotherm, as may be observed in Figure 5a.
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Table 2. Adsorption isotherm constants obtained for eggshell adsorbent.

Isotherm Parameter Eggshell

Freundlich KF (mg/g) (L/mg)1/n 3.02
nF 3.40
R2 0.991

Langmuir qmax (mg/g) 13.00
KL (L/g) 1.20

aL (L/mg) 0.093
R2 0.975
RL 0.281–0.032

Temkin aT (L/g) 6.73
bT (J/mol) 1.41

R2 0.951

  
(a) (b) 

  
(c) (d) 

Figure 5. Adsorption isotherms for Direct Blue 78 by eggshell (a) Freundlich isotherm, (b) Langmuir
isotherm, (c) separation factor, and (d) Temkin isotherm.

Thus, the straight line obtained was used to calculate the parameters KF, nF, and R2. In this
case, the KF was 3.02 and nF was 3.4 (Table 2). The process is favourable when the nF value was
found in the range between 1 and 10, which was confirmed for eggshell. A good linear determination
coefficient (R2 = 0.991) (Table 2) was obtained. The Freundlich model was the most suitable to describe
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the adsorption process owing to the high determination coefficient obtained. The linear form of the
Langmuir isotherm was obtained by plotting Ce/qe versus Ce, giving a straight line (Figure 5b). The
Langmuir isotherm constants aL/KL and 1/KL were determined from the slope and intercept of plot
(Ce/qe vs. Ce), respectively. KL/aL is qmax parameter, which is the maximum adsorption capacity of the
adsorbent (mg/g) (Figure 5b). The parameters and constants obtained for Langmuir can be observed in
Table 2. The maximum adsorption capacity of eggshell was 13 mg/g. Moreover, the value of R2 was
0.975, but this value was lower than the Freundlich isotherm value.

This qmax value was similar to that of other adsorbents, for example, using chitosan in the
adsorption of DB78 [15]; in the removal of various dyes using cellulose by-products, banana, and
orange peels [50]; or in the adsorption of methylene blue dye using raw olive stone [20].

According to the results obtained, the Freundlich model fitted better than the Langmuir model.
This may demonstrate the presence of heterogeneous adsorption sites on the eggshell surfaces. Similar
results were analyzed for the adsorption of Reactive Red 123 dye using eggshell, in which the Freundlich
and Langmuir isotherm models provided excellent fit with the highest R2 value [49]. In another
study, Pramanpol and Nitayapat carried out the adsorption of Reactive Yellow 205 dye using various
components of eggshells and found a good concordance with the Freundlich model [51].

In the Langmuir isotherm, the value of RL determines if the adsorption process is favourable or
unfavourable. A value of RL in the range between 0 and 1 indicates that the process is favourable.
The values obtained for eggshell ranged from 0.281 to 0.032, confirming the adsorption process was
favourable (Figure 5c). At low concentrations, the highest RL values are also observed, indicating that
the adsorption is more favourable at those concentrations.

The plot of qe versus ln Ce shows the representation of the Temkin isotherm (Figure 5d). The
Temkin constants bT and aT were determined from the slope and intercept, respectively. The bT value
obtained was 1.41 and the aT value was 6.73, as shown in Table 2. A positive value of bT indicates
that physical and chemical forces were involved in the adsorption process. The value of R2 was 0.951.
The obtained result is lower than the Freundlich and Langmuir determination coefficients, with the
Freundlich model being the best isotherm to explain the experimental results.

3.6. Thermodynamic Study

In order to study the effect of temperature on the adsorption of DB78 by eggshell, the experiments
were conducted at three temperatures (Figure 6) at a concentration of 50 mg/L, pH 5, 80 min of contact
time, and constant stir (500 rpm). The values of the thermodynamic parameters obtained at different
temperatures are presented in Table 3.

 

Figure 6. Van’t Hoff plot for the adsorption of Direct Blue 78 onto eggshell at different temperatures.
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Table 3. Thermodynamic parameters for the adsorption of Direct Blue 78 onto eggshell at
different temperatures.

Eggshell

T (K) ΔG◦ (J/mol) ΔH◦ (J/mol) ΔS◦ (J/mol)

302 −24,417.19 41,690.71 219.24
328 −30,886.69 - -
348 −34,376.63 - -

The standard free energy (ΔG◦) of the adsorption of DB78 onto eggshell was −24,417.19 J/mol,
−30,886.69 J/mol, and −34376.63 J/mol at temperatures of 29, 55, and 75 ◦C, respectively. The exergonic
values obtained of ΔG◦ indicated that the process is spontaneous at the three temperatures tested,
confirming the viability of the process. The enthalpy change (ΔH◦) was 41,690.71 J/mol. The positive
value of ΔH◦ indicated the endothermic nature of the adsorption process. Table 3 shows that the
value of ΔG◦ decreased with the increasing temperatures. The value decreased from −24,417.19 to
−34,376.63 J/mol, which indicates a clear trend in the process. The adsorption process was favoured at
high temperatures.

As stated before, the thermodynamic analysis revealed that, at 29 ◦C, there was not an increase in
the adsorption abilities of eggshell, however, the best conditions to entrap the dye were achieved at
75 ◦C. At this temperature, the ability of the adsorbent to adsorb more dye molecules increased, as can
be observed in Figure 7.

 

Figure 7. Effect of temperature for the adsorption of Direct Blue 78 onto eggshell at a concentration of
50 mg/L at different temperatures.

3.7. Desorption and Regeneration of the Adsorbent

Prior to the desorption measurements, it was mandatory to carry out adsorption experiments.
After this first adsorption cycle, the adsorbent was put in an alkaline medium (pH 12). In the first
desorption cycle, 21% of dye was released from the eggshell; this could explain the electrostatic
repulsion between the anionic dye and the negatively charged surface on the adsorbent. The ability
of the eggshell to desorb more dye molecules after four consecutive cycles could be attributed to the
distribution of charges on the adsorbent surface. After exposing the adsorbent to the same pH solution
four times, the adsorbent releases the dye more easily. Arami et al. observed similar results in the
adsorption of two different dyes onto the microporous and mesoporous eggshell membrane [37].

This adsorption/desorption cycle was repeated four times (Figure 8); according to the results
observed, the adsorption abilities of the eggshell decreased with the increasing the number of cycles.
This trend was the opposite for the desorption experiments. The results confirm that the eggshell can
be reused in different cycles of adsorption/desorption.
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Figure 8. Adsorbed/desorbed dye (%) onto eggshell for four consecutive adsorption (�)/desorption
(�) cycles.

3.8. Degradation of DB78 by an H2O2/Pulsed Light AOP

The degradation of DB78 by the H2O2/pulsed light AOP can be observed in Figure 9. The process
was able to degrade the dye by more than 95%, which can be considered a significant reduction in the
contamination potential of this dye if released to the environment. The respective pseudo-first order
degradation rate was 0.012 cm2/J (R2 = 0.9967). Prolonging the treatment would not be efficient as data
extrapolation allows predicting 99% degradation after supplying an energy of 383 J/cm2, which means
expending 49% more energy to increase the degradation by only 4%.

Figure 9. Degradation of DB78 by the H2O2/pulsed light advanced oxidation process in
model wastewater.

4. Conclusions

The present study showed that eggshell can be successfully utilized as a biosorbent for the
removal of DB78 dye from water solutions. It was found that the adsorption of DB78 onto eggshell
followed pseudo-second-order kinetics. The Freundlich isotherm was the best model to describe
adsorption. The maximum adsorption of DB78 onto eggshell was obtained at pH 5 and 0.5 g of
adsorbent dosage. According to the Langmuir isotherm, the maximum adsorption capacity of DB78
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onto eggshell was 13 mg/g. Taking into account the results obtained for the nF and RL parameters,
the adsorption is considered as favorable. The analysis of thermodynamic parameters revealed
that the adsorption process is endothermic and spontaneous at the three temperatures analyzed.
Desorption studies were conducted and the results showed that the eggshell was reusable in different
adsorption/desorption cycles. Complementing the adsorption process by an H2O2/pulsed light
advanced oxidation process allows further decreasing the release of pollutant dyes to the environment,
proving that the combination of both techniques can be used successfully in the removal of dyes from
wastewater at higher concentrations of dye.
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Abstract: In the present work the rheological, thermo-mechanical, microstructural, and wetting
characteristics of cement mortars with recycled expanded polystyrene (EPS) were analyzed. The
samples were prepared after partial/total replacement of the conventional sand aggregate with EPS
having different grain size and size distribution. Lightness and thermal insulation were relevant
features for all the bare EPS composites, despite the mechanical strengths. Specifically, EPS based
mortars were characterized by higher thermal insulation with respect to the sand reference due to
the lower specific mass of the specimens mainly associated with the low density of the aggregates
and also to the spaces at the EPS/cement paste interfaces. Interesting results in terms of low thermal
conductivity and high mechanical resistances were obtained in the case of sand-EPS mixtures although
characterized by only 50% in volume of the organic aggregate. Moreover, sand-based mortars showed
hydrophilicity (low WCA) and high water penetration, whereas the presence of EPS in the cement
composites led to a reduction of the absorption of water especially on the bulk of the composites.
Specifically, mortars with EPS in the 2–4 mm and 4–6 mm bead size range showed the best results in
term of hydrophobicity (high WCA) and no water penetration in the inner surface, due to low surface
energy of the organic aggregate together with a good particle distribution. This was indicative of
cohesion between the ligand and the polystyrene as observed in the microstructural detections. Such
a property is likely to be correlated to the observed good workability of this type of mortar and to its
low tendency to segregation compared to the other EPS containing specimens. These lightweight
thermo-insulating composites can be considered environmentally sustainable materials because they
are prepared with no pre-treated secondary raw materials and can be used for indoor applications.

Keywords: recycled expanded polystyrene; cement mortars; safe production; thermal insulation;
mechanical resistance

1. Introduction

In recent years, the problems associated with waste management have become very relevant
in the frame of a more sustainable model of development and consumption of new resources and
energy [1–7]. The construction industry is one of the activities with the greatest consumption of raw
materials together with large production of waste [8–14]. Specifically, the broad use of plastics in
building/construction applications, especially expanded polystyrene (EPS), requires new and low
environmental impact approaches for the optimization of the production processes and the reduction
of by-products [15–18]. For this reason, recycling operations can be considered important tasks to
increase the sustainability of a material which is converted into a new resource, the so-called secondary
raw material. For the purpose, expanded polystyrene is a completely recyclable material, widely used
because of cost-effectiveness, versatility and performance characteristics [18–21]. It is manufactured
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from styrene monomer using a process during which pentane gas is added to the polymer in order to
induce expansion with the following production of spherical beads. EPS is a thermoplastic polymer
widely used in many applications (buildings, packaging) due to the relevant features as thermal
insulation, durability, lightness, strength, shock absorption, and processability which allow high
performance and economic products to be obtained [22–27]. EPS is a closed cell material with low
water absorption and high resistance to moisture, thus preserving shape, size, and structure after
water saturation. EPS resins are widespread polymers in the building/construction field and in civil
engineering, usually available in sheet form, shapes or large blocks and used for floor insulation, closed
cavity walls, roofs, etc., but also employed in road foundations, pavement construction, impact sound
insulation, drainage, modular construction elements, lightweight conglomerates (concretes, mortars),
etc. [28–34].

In this work, lightweight cement mortars containing recycled expanded polystyrene (EPS) from the
grinding of industrial scraps were prepared with partial or complete replacement of the standard sand
aggregate in the mixture, with no addition of additives. A study on the rheological, thermo-mechanical,
microstructural, and wetting properties of the samples was conducted. The effect of the aggregate size
and size distribution was evaluated and a comparison with specimens based on conventional and/or
normalized sand was carried-out.

The aim was to realize an environmental, sustainable material with low specific mass and thermal
insulating properties and characterized by high technical performances in term of hydrophobicity,
low water absorption [35–39], and with a low impact manufacturing process. On the contrary to
that observed in conventional cement composites, characterized by porosity and hydrophilicity,
hydrophobic composites usually show longer durability together with self-cleaning properties [40,41].
Cement structure protection follows standard protocols based on impregnation/coating of external
layers by silane or siloxane moieties thus leaving a hydrophilic consolidated concrete composite [41,42].
The addition of polymers to the fresh mixture together with the application of hydrophobic coatings on
the hardened artifacts has been shown to lead to a reduction of water penetration thus converting the
reference building material to have a hydrophobic or over-hydrophobic nature [43,44]. In the present
research, the conglomerate did not show any coating on the surface and the whole mass was modified,
for this reason the side and the fracture surfaces were investigated.

These lightweight thermo-insulating composites can be considered environmentally sustainable
materials for indoor non-structural artifacts because they are prepared with non-pre-treated secondary
raw materials and with a cheap route since complex techniques of production are not required. These
treatments and processes would, however, be more effective in the case of production on a larger scale.

2. Materials and Methods

2.1. Preparation of the Mortars

Cement mortars were prepared with CEM II A-LL 42.5 R (Buzzi Unicem (Casale Monferrato,
Italy)) [45]. Normalized sand (~1700 g/dm3, 0.08–2 mm) was purchased by Societè Nouvelle du
Littoral (Leucate, France), whereas sieved sand was used as aggregate in three specific size fractions
(1–2 mm, 2–4 mm and 4–6 mm) [46,47]. Recycled expanded polystyrene (EPS), resulting from grinding
of industrial scraps, was employed in three specific size fractions (1–2 mm, 2–4 mm, and 4– 6 mm). The
specimens were prepared with a 0.5 W/C ratio and 40 mm × 40 mm ×160 mm prisms were obtained for
the flexural/compressive tests, while cylinders (diameter = 100 mm; height = 50 mm) were prepared
for the thermal tests. In the case of the mechanical tests the samples were cured in water for 7, 28, 45,
and 60 days, while in the case of the thermal tests the samples were cured in water for 28 days.

The reference was prepared with normalized sand [46] and named Normal. EPS was added
into the conglomerate with a partial or complete replacement of the standard sand aggregate which
was made on volume basis rather than on weight basis [48–50] due to the low specific mass of
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polystyrene. The samples (excluding the Normal) were prepared with a volume of aggregate of
500 cm3. Tables 1 and 2 show the composition of the aggregate and of the relative mortars.

Total sand replacement was carried out with EPS grains in the 1–2 mm (30 g/dm3), 2–4 mm
(15 g/dm3) and 4–6 mm (10 g/dm3) bead size range and EPS2, EPS3, and EPS4 samples were obtained
as reported in Tables 1 and 2. Another reference, named Sand, prepared with sand size in the range of
1–2 mm (50%), 2–4 mm (25%), and 4–6 mm (25%), was compared to the EPS specimens. A Sand-EPS
sample was prepared after replacement of the 50% sand volume with 4–6 mm EPS grains (Sand/EPS).

Table 1. Composition of the aggregates in the composites.

Normal Normalized Sand

Sand sand (1–2 mm) 25% sand (2–4 mm) 25% sand (4–6 mm) 50%

Sand-EPS sand(1–2 mm) 25% sand(2–4 mm) 25% EPS (4–6 mm) 50%

EPS 2 EPS (4–6 mm) 100%

EPS 3 EPS (2–4 mm) 50% EPS (4–6 mm) 50%

EPS 4 EPS (1–2 mm) 25% EPS (2–4 mm) 25% EPS (4–6 mm) 50%

Table 2. Composition of the mortars.

Sample
Cement

(g)
Water
(cm3)

Sand Volume
(cm3)

EPS Volume
(cm3)

ρ

(Kg/m3)
Porosity

%

Normal 450 225 810 0 2020 22

Sand 450 225 500 0 2090 20

Sand-EPS 450 225 250 250 1320 32

EPS 2 450 225 0 500 850 49

EPS 3 450 225 0 500 940 42

EPS 4 450 225 0 500 855 48

2.2. Rheological, Thermal and Mechanical Characterization

The flow-test allowed the evaluation of the rheological properties of the fresh conglomerates [51].
An ISOMET 2104, Applied Precision Ltd (Bratislava, Slovakia), was used to determine the thermal
conductivity (λ) and the thermal diffusivity (α) of the specimens by production of a constant thermal
flow by a heating probe applied on the sample surface. The temperature was recorded over time
and λ and α were obtained after evaluation of the experimental temperature compared with the
solution of the heat conduction equation [52]. The flexural and compression tests were carried
out by the use of a MATEST device (Milan, Italy). Flexural tests were carried out on six prisms
(40 mm × 40 mm × 160 mm) by applying a load with a 50 ± 10 N/s rate, while compression strengths
were obtained on the resulting semi-prisms by applying a load with a 2400 ± 200 N/s rate [46].

2.3. Measurements of the Contact Angle and of the Water Absorption

In the present research, an investigation on the side surface and on the inner surface of the cement
conglomerates was carried out by contact angle measurements. After deposition of at least fifteen
drops (5 μL) of water onto the surface of each specimen, it was shown that the behavior of three
representative points (point 1, 2, and 3) summarized the behavior of all the drops. A Premier series
dyno-lite (Taiwan) portable microscope and background cold lighting was used to study the time
evolution of the drop, with a rate ranging of 30 frames per second. In the case of non- static drop,
determined by water absorption, the image sequences were analyzed by Image J software (version 1.8.0,
National Institute of Health, Bethesda, MD, USA) in order to measure the variation of the contact angle
and of the drop height.
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2.4. SEM/EDX and Porosimetric Analyses

An electron microscope FESEM-EDX Carl Zeiss Sigma 300 VP (Carl Zeiss Microscopy GmbH
(Jena, Germany)) was used to characterize the morphology and the chemical composition of the
samples which were applied onto aluminum stubs and sputtered with gold (Sputter Quorum Q150
Quorum Technologies Ltd (East Sussex, UK)) before the test. In this respect, the composition of the
normalized sand was: C (4%), O (52%), Si (35%), Ca (2%), the composition of the sieved sand was:
C (10%), O (45%), Ca (45%), polystyrene composition was: C (30%), O (70%), the composition of
the cement paste was: C (4.2%), O (40%), Si (7.6%), Ca (44%), Fe (1.5%), Al (2.5%). Ultrapyc 1200e
Automatic Gas Pycnometer, Quantachrome Instruments (Boynton Beach, FL, USA) was used for the
porosimetric measurements and helium was used to penetrate the material pores.

3. Results and Discussion

Flow data of the non-consolidated samples are reported in Figure 1 and were obtained after
measuring the diameters of the mixture before and after the test [51]. The flow of a sample is represented
by the percentage increase of the diameter over the base diameter.

Figure 1. Flow-test results.

The Sand sample showed a higher flow (+35%) with respect to the Normal sample due to the
absence of finer aggregates. The EPS specimens were more fluid than both references and specifically
with respect to the normalized mortar (Normal). This behavior may be ascribed to the low surface
energy, the low roughness (smooth surface), the hydrophobic features (synthetic organic polymer)
and the low density of the EPS particles (10–30 g/dm3 with respect to 1700 g/dm3 of sand) which may
induce aggregate segregation in a cement conglomerate. The lower fluidity of EPS3 (+126%) with
respect to EPS2 (+174%) and EPS4 (+150%) is likely due to a better compaction of the aggregates in the
mixture (better distribution of the granules), while in the case of the Sand/EPS specimen, the presence
of the inorganic aggregate contributed to a reduction of fluidity (Figure 1). In Figure 2 and Table 3
the flexural and compressive strengths of the samples are reported as a function of the specific mass.
The Sand sample showed slightly higher mechanical strengths than the Normal sample due to the
presence of larger size aggregates which contribute to the increase of the specific mass. The addition of
EPS determined the formation of voids in the composite with a sensible reduction of the specific mass
of the mortars (Table 2) which depends not only on the matrix and polymer characteristics (foaming
structure of EPS), but also on the interface properties [53–55]. For this reason, after total replacement
of the sand volume, a decrease was observed of the mechanical strengths of the conglomerates, this
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effect is ascribable to the low density/high porosity of the EPS beads (inset Figure 2) and to the voids
created by the aggregate at the cement/EPS interface during mixing [53,54]. In fact, the porosity of these
samples is approximately two times higher than the references (Table 2). For this purpose, the flexural
and the compressive resistances of EPS2, EPS3, and EPS4 samples were approximately ~80% lower
than the references, with compressive strengths passing from nearly 50 MPa to less than 10 MPa as
the specific mass was lowered from 2100 to 900 kg/m3. After substitution of 50% of the sand volume
with EPS beads (Sand-EPS), an increase was observed of the mechanical strengths with respect to the
EPS specimens. In fact, the flexural strength decrease was approximately 25% with respect to both
references, while the compressive strength was 25%–30% lower than the references.

Figure 2. Flexural and compressive strengths of the samples (28 days curing). The label EPS (expanded
polystyrene) represents EPS 2, EPS3, and EPS4. White squares represent the compressive strengths,
while black squares represent flexural strengths. In the inset: inner porosity of an EPS bead (SEM image).

The EPS mortars did not show a flexural brittle behavior which can be observed in the sand
specimens (Normal and Sand), but the rupture was more gradual and the mortars containing 100% EPS
volume did not show a separation of the two parts [56,57]. The Sand-EPS sample, characterized by 50%
of sand and 50% of EPS, showed a semi-brittle behavior. As in the former case, the compressive failure
of the EPS2, EPS3, and EPS4 mortars was gradual with high energy absorption because of the load
retention after rupture without collapse [56,58,59]. As expected, the reference samples showed a typical
brittle failure. It was observed that most of the aggregates of the EPS3 and EPS4 specimens sheared
off along the failure plane (Figure 3A,B), on the contrary no damage was observed to most of the
aggregates in EPS2 mortar and some of the EPS2 beads were de-bonded from the matrix (Figure 3C).

Table 3. Mechanical strengths (28 days curing) of the samples.

Sample ρ (Kg/m3)
RF

(MPa)
RC

(MPa)

Normal 2020 7.5 50

Sand 2090 7.7 52

Sand-EPS 1320 4.9 33

EPS 2 850 1.1 8

EPS 3 940 1.1 10

EPS 4 855 1 9
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Figure 3. (A) SEM image of the cement paste/EPS interface in the EPS3 sample. (B) SEM image of the
cement paste/EPS interface in the EPS4 sample. (C) SEM image of the cement paste/EPS interface in the
EPS2 sample, in the inset an image of the de-bonded EPS bead.

From these results, it can be concluded that the bond between the EPS2 aggregate and the
cement paste was weaker than the failure strength of the aggregate (poor EPS adhesion to the cement
paste), while the bond between the EPS aggregate and the cement paste in EPS3 and EPS4 samples
was stronger (better EPS adhesion to the cement paste) than the failure strength of the polystyrene
granules [33,60].This effect was noticed in particular on the EPS3 sample (Figure 3A). The latter result
is indicative of better cohesion between the aggregate and the cement paste. Thus, EPS3 exhibited
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higher compaction which packs the aggregate particles together, so as to increase the specific mass of
the mortar, and this also explains the lower percentage flow with respect to the other samples which
resulted in more fluid and with a higher tendency to segregation [20] (see Figure 1).

The lower specific mass of the EPS2 sample can be demonstrated by large voids at the
ligand/aggregate interface, with length comparable to EPS beads and 20–30 micron width, this
effect was ascribed to the mentioned poor adhesion of the beads to the cement paste (Figure 4A,B).
This result was also observed in the EPS3 sample, but in the latter case the adhesion of the sheared-off
particles to the cement paste was better thus demonstrating the higher specific mass of this type
of lightweight mortar. Moreover, from Figure 4C, the perfect adhesion of the sand to the cement
paste is evident. In fact, from the map relative to the Si element, which is barely present in the
limestone, a negligible separation between the sand and the ligand can be observed ascribed to a
favorable adhesion.

 

Figure 4. (A,B) SEM images of the cement paste/EPS interface in the EPS2 sample. (C) SEM image of
the normalized mortar and, in the inset, EDX map relative to the Si distribution in the sample.
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The time variation of the flexural and compressive strengths of the Normal sample, of the EPS3
and Sand/EPS samples is reported in Figure 5 where an increase of the resistances can be observed
with stabilization after 45 days. At 60 days, the values did not sensibly change thus demonstrating
stability of the materials on consideration of the specific water curing/conservation conditions of
the conglomerates.

Figure 5. Flexural (A) and compressive (B) strengths of the samples over time.

EPS based mortars showed lower thermal conductivities and diffusivities than the sand references
(Figure 6). This result can be ascribed to the lower specific mass of the specimens due to the low
density of the organic aggregates [61,62] (see inset Figure 2) together with the mentioned voids at the
EPS/ligand interface which limit heat transport in the composite. Specifically, the thermal conductivities
of the bare EPS specimens were ~80% lower than the references. The best results were obtained in the
case of the EPS4 specimen (0.29 W/mK) due to the lowest specific mass. Intermediate values (0.8 W/mK)
were obtained in samples with 50% of EPS (Sand/EPS sample). Thermal conductivity and diffusivity
data showed an exponential decrease with the decrease of the conglomerates specific mass.
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Figure 6. (A) Thermal conductivity and (B) thermal diffusivity of the samples.

The wetting characterization of the side surface (Figure 7) and of the inner surface (Figure 8)
of the Normal sample was carried out. Figure 7A,B shows the time evolution of the water contact
angle (WCA) and of the drop height for the side surface of the Sand sample. A hydrophilic character
(WCA < 90◦) [35] was observed although different behavior on various points of observation was
detected. Fast WCA decrease and full penetration occurred in few seconds at point 3, slower but full
water absorption occurred at point 2, whereas higher WCA and negligible water absorption were
observed in the case of point 1. Figure 7C shows the pictures relative to the drop behavior. The side
surface of the reference mortar based on normalized sand (Normal) showed similar features. It is
worth highlighting that the possibility of detecting and quantifying the spatially non-homogeneous
behavior of a surface/material like these is a specific benefit of the spatially resolved evaluation of
wettability and absorption made by this technique (the drop volume is 5 μL), which cannot be achieved
with water permeability or capillary absorption measurements.
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Figure 7. (A) Contact angle and (B) height variation over time for water drops deposited on
representative points of the side surface of the normalized mortar (Sand). (C) Optical microscope
images (down: point 1 drop, top: point 3 drop).

Figure 8A,B shows the wetting parameters relative to the fracture surface. The inner surface
resulting from the mechanical breakage can be considered more representative of the composite features
because it is a section of the sample showing every component of the mixture. It shows an open
porosity characterized by high roughness and a visible distribution of the aggregates, as opposed to
what is observed on the side surface. Specifically, the results obtained on every point of the observation
were similar. A fast decrease of the water contact angle and of the drop height was observed at every
point (Figure 8C). On the contrary to what was observed on the side surface, WCA was lower, thus the
fracture surface can be generally considered super-hydrophilic (WCA ~0–5 [35,63] and fast absorbent.
As in the former case, similar results were observed on the inner surface of the Normal sample.

The wetting characterization of the EPS3 mortar, with EPS grains in the 2–4 mm (50%) and 4–6 mm
(50%) bead size range, is reported in Figures 9 and 10. As described above, EPS totally replaced the
sand volume. Figure 9A,B shows the time evolution of the water contact angle (WCA) and of the
drop height on the side surface of the sample. Different trends were observed. A slow but full water
absorption occurred at point 1, higher WCA and negligible water absorption were observed in the case
of points 2 and 3, the latter with WCA ≥ 90◦. In the present case, the side surface resulted in being
more hydrophobic than the references.
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Figure 8. (A) Contact angle and (B) drop height for representative points of the fracture surface of the
normalized mortar (Sand). (C) In the optical microscope image: point 2 drop.

Figure 9. (A) Contact angle and (B) drop height for representative points of the side surface of the EPS3
mortar. (C) In the optical microscope image: point 2 drop.

Figure 10A,B shows the time evolution of the water contact angle (WCA) and of the drop height
on the fracture surface of the EPS3 sample. In this case, the drop was stable for all the observation time.
Figure 10 also shows a picture of the drop after deposition onto the specimen surface (point 2) which
resulted in being hydrophobic with high WCA (WCA > 90◦) [35]. The latter result was confirmed
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after a drop deposition onto an EPS slab or onto bare EPS beads, specifically in the first case WCA
was approximately 99◦, while higher in the second (100–102◦) probably due to the beads’ curvature.
The WCA was higher on bare beads with respect to the EPS in the mixture because of the absence
of contamination from the hydrophilic cement paste [64,65]. For this purpose, after deposition onto
cement paste regions of the EPS3 sample (points 1 and 3), hydrophilic behavior but negligible water
absorption were observed. This latter result is ascribed to the hydrophobic and non- absorbing effect
of EPS whose sites decrease the mean surface energy of the sample making the presence of the porous
and hydrophilic cement regions ineffective [64,65].

Figure 10. (A) Contact angle and (B) drop height for representative points of the fracture surface of the
EPS3 mortar. (C) In the optical microscope image: point 2 drop.

The wetting characterization of the fracture surface of the EPS4 mortar, with EPS grains in the
1–2 mm (25%), 2–4 mm (25%), and 4–6 mm (50%) bead size range, is reported in Figure 11A, while the
results obtained on the side surface were similar to those of the EPS3 specimen. The fracture surface is
hydrophobic in the domain of the polystyrene beads (point 2) and hydrophilic in the domain of the
cement paste (point 3) because the drop was deposited onto a hydrophilic and absorbent surface. As a
matter of fact, the latter result represents a difference between the fracture surface of this sample and
the fracture surface of the former composite (EPS3).

Wetting characterization of the fracture surface of the EPS2 mortar, with EPS grains in the 4–6 mm
(100%) bead size range, is reported in Figure 11B and in this case, the results obtained on the side
surface of this sample were similar to those observed in the case of the former EPS specimens. In the
case of the fracture surface, a hydrophilic character was observed at every point of observation, with
very low water contact angle and fast water absorption.
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Figure 11. Contact angle for representative points of the fracture surface of (A) EPS4 and (B) EPS2 mortars.

Thus, EPS3 is the specimen with the lowest water drop absorption. This may be due to a more
efficient organization of the aggregate particles with open spaces (spheroidal microcavities) between
larger particles filled with smaller size EPS beads [49,66], which leads to better behavior of the composite.
This specimen indeed shows the highest specific mass and lowest porosity among the EPS specimens,
reasonably as a consequence of a better aggregate compaction (evidenced by the lowest flow). This
property on the one hand results in a slight reduction of the thermal insulation performances, but on the
other hand makes the composite definitely less subject to water ingress. The importance of optimizing
the level of compaction, by adjusting the size distribution of the EPS aggregates, is due to the relatively
large size of the initial EPS beads, which results in the formation of too large channels of the cement
matrix among the aggregates in the hardened artifacts.

Hence, once properly distributed in size, EPS beads can represent suitable aggregates in cement-
based artifacts both for lightening/insulating and water proofing purposes. Such a double advantage
arises from the peculiar combination of low density and low surface energy of this plastic matter
as already shown by using other polymeric aggregates, such as granulated rubber from end-of-life
tires [53].

4. Conclusions

In the present work an investigation into the rheological, thermo-mechanical, microstructural and
wetting characteristics of cement mortars containing recycled expanded polystyrene (EPS) was carried
out. The samples were prepared after partial/total replacement of the conventional sand aggregate with
EPS having different grain size and size distribution. The experimental results may be summarized
as follows:

- EPS samples resulted in having more fluid than the references, in particular the sample characterized
by EPS grains in the 2–4 mm (50%) and 4–6 mm (50%) bead size range (EPS3) had the most plastic
with good particle distribution and cohesion between the ligand and the organic aggregates as also
observed in microstructural and porosimetric detections.

- The mechanical resistances of the EPS samples were lower with respect to the controls due to the
lower specific mass. An increase of the strengths was observed with a stabilization after 45 days.
At 60 days the values did not sensibly change thus demonstrating stability of the materials in
consideration of the specific water curing/conservation conditions of the conglomerates.

- The EPS based mortars showed lower thermal conductivities and diffusivities as compared to the
references based on sand due to a lower density ascribed to the low density of the aggregates and
to the spaces at the EPS/cement paste interface.

- Interesting results in term of high mechanical resistances and low thermal conductivity were
obtained in the case of sand-EPS mixtures.
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- Reference sand-based mortars showed hydrophilicity (low WCA) and high water penetration,
particularly on the fracture surface of the composites, conversely to what was observed in the case
of EPS samples which were generally more hydrophobic and less water absorbent. The best results
(high WCA and negligible water penetration on the fracture surface) were obtained with the EPS3
sample. This property was ascribed to the low surface energy of the organic aggregate combined
with its better particle distribution and compaction within the hydrophilic domains of the cement
paste in the composite.

- These lightweight thermo-insulating composites may be used in the building industry as
non-structural components, with specific reference to indoor applications (panels, plasters).
Moreover, the conglomerates can be considered environmentally sustainable because they are
prepared with secondary raw materials (recycled EPS) and are cost-effective because a cheap
preparation route was used since the renewable aggregates were not pre-treated and a complex
technique of production was not required.
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Abstract: Seafood, a delight for many people, is sold in the market as a wide variety of products.
However, seafood industries produce many by-products; for example, during the processing, the
heads and shells of shellfish are generated as waste. This results in the generation of a large
amount of shell waste that is accumulated over time, inducing a major environmental concern.
Effective solutions for recycling shell waste should be taken into consideration, and the extraction
of commercially useful substances like chitin and its derivates, such as chitosan, could be a valid
solution for reducing the seafood waste’s environmental impact. Thus, during this work, we propose
the use of chitosan as biowaste, to induce the formation of solid films useful for decontaminating
water from emerging pollutants. In particular, ketoprofen was used as a model contaminant, and
a high percentage of removal, at least 90%, was obtained in a short time under our experimental
conditions. Thus, a comprehensive investigation into the adsorption of ketoprofen onto chitosan film
was performed, detailing the nature of the adsorption by studying the effects of pH, temperature
changes, and electrolyte presence in the solutions containing the pollutant. The process was found
to be pH-dependent, involving meanly electrostatic interactions between the pollutant molecules
and chitosan. The endothermic character of the adsorption was inferred. The kinetics of the process
was investigated, showing that the pseudo second-order kinetic model best fit the experimental data.
A recycling process of the adsorbent was proposed; therefore, the adsorbed pollutant can be recovered
by reusing the same adsorbent material for further consecutive cycles of adsorption without affecting
the efficiency for ketoprofen removal from water.

Keywords: chitosan film; emerging pollutants; ketoprofen; food waste; adsorption; recycle

1. Introduction

The production of shell waste by the seafood industry is, among other environmental problems, one
of noteworthy concern, contributing to environmental and health hazards [1]. Indeed, a great amount
of crab and shrimp shells are produced as waste by worldwide seafood companies [2]. Unfortunately,
about 45% of waste resulting from processed seafood is disposed as landfill, consequently leading to
environmental pollution in terms of odor and aesthetic damage to the environment [3]. To dispose of
this waste, burning is proposed; however, this solution is costly due to the low burning capacity of
shells [1].
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However, it is worth mentioning that fishery by-products have economical value for chitin and
chitosan production [3]; thus, the conversion of shell waste to commercial products could be considered
an effective approach for shell waste remediation [1]. Accordingly, Premasudha et al. [4] reported that
the ocean ecosystem is one of the major sources of biopolymers, particularly chitosan, increasing the
interest toward this bio-waste material, which is characterized by very interesting applications due to
its chemical structure and properties [4]. Indeed, chitosan, a by-product from the alkaline deacetylation
process of chitin [5], is an amino polysaccharide known for its distinctive properties, as well as its
biodegradability and biocompatibility [4].

Chitosan has great potential for environmental applications [6], such as the remediation of organic
and inorganic contaminants, including toxic metals and dyes in soil, sediment, and water [7–10],
and for the development of devices [11,12]. Among pollutants [13,14], emerging contaminants,
e.g., pesticides and their metabolites, pharmaceuticals, personal and house care products, life-style
compounds, food additives, industrial products and waste, and nanomaterials, are a great and
important problem for the environment. The cumulative use of these substances led to their relatively
recent appearance in detectable levels in soils, as well as surface and groundwater resources, with
unpredictable consequences for ecosystems [15]. The removal of these pollutants from the environment
must be taken into account, and the development of a more sustainable and greener technology for this
purpose should be developed [16]. Addressing this concern, several studies [17,18] were reported in the
literature, with the use of adsorption methods suggested as the most powerful tools. [18] Furthermore,
in order to reduce the environmental impact and the associated cost, agricultural and food waste was
carefully investigated as a tool for the removal of pollutants [19,20]. Starting from these considerations,
with the aim of valorizing food waste, particularly chitosan from crab shell, attention in this work
was focused on the removal of ketoprofen (Kp), adopted as a model emerging pollutant. The use of
chitosan as a solid film (CH) is proposed, exhibiting enormous advantages in the treatment of water
for Kp removal. Kp, a non-steroidal anti-inflammatory drug (NSAID), is frequently found in surface
water, constituting a potential risk for aquatic ecosystems [21–23].

Indeed, for its removal, Jankunaite et al. [24] proposed the use of advanced oxidation processes
(AOPs). In this regard, however, it is worth mentioning that AOPs suffer from side effects due to the
potential toxicity of the induced by-products, which are often more toxic than the parent molecules [24].

Nagy et al. [25] reported the use of cyclodextrin-based polymers, working in synergy with filters,
to exploit the possibility of working under dynamic conditions [25]. Madikizela et al. [26] showed the
efficiency of molecularly imprinted polymers, designed for the selective extraction of ketoprofen from
wastewater [26].

In addition to these studies, other proposed uses of CH to treat water for removal of the emerging
contaminant Kp were outlined in our previous paper devoted to the removal of diclofenac [27]. In
the present work, a deep investigation into the process is presented. The use of chitosan film from
food waste should not only lower the associated adsorption processes, if compared with the previous
adsorbents, but also improve the environmental impact of seafood waste, valorizing it with a simple
and easy method to obtain materials for treating water with Emerging Contaminants (EC). Moreover,
during this work, for the first time, in addition to the possibility of decontaminating water containing
Kp, we propose the recovery of CH after adsorption, emphasizing the sustainable character of the
described approach. Indeed, 10 consecutive cycles of adsorption/desorption were performed without
affecting Kp removal and recovery, which were completed in a few minutes.

2. Materials and Methods

2.1. Chemicals

The used chemicals were of analytical grade, and the samples were prepared using deionized
water. Highly viscous chitosan powder, from crab shells (with a molecular weight MW of 150,000 and
a deacetylation degree ≥75%, Sigma-Aldrich, Milan, Italy) acetic acid (99.9% Sigma-Aldrich, Milan,
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Italy), and glycerol (+99.5%, Sigma-Aldrich, Milan, Italy) were obtained from Sigma-Aldrich. The
same commercial source was adopted for sodium ketoprofen (C16H13NaO3, MW: 276.267 g·mol−1

Sigma-Aldrich, Milan, Italy), used without further purification. A Kp stock solution with a concentration
of 5 mg·L−1 was prepared. The pH of the various aqueous solutions, when necessary, was adjusted
using concentrated HCl and NaOH solutions. Dilutions were performed using deionized water.

2.2. Preparation of Chitosan Films

Chitosan powder was dissolved in a 0.8% (v/v) aqueous acetic acid solution to obtain a 1% (w/v)
chitosan concentration by continuous stirring for 24 h. Then, 200 μL of glycerol was added to 100 mL
of the chitosan/acetic acid solution. The solution was degassed for 1 h and poured into a plastic Petri
plate, which was maintained in an oven at 60 ◦C for 24 h, thereby obtaining CH. The thickness of the
obtained film was about 1 mm.

2.3. UV–Visible Light (UV–Vis) Measurements

UV-Vis spectra were recorded using a Varian CARY 5 UV–Vis/near-infrared (NIR)
spectrophotometer (Varian Inc., now Agilent Technologies Inc., Santa Clara, CA, USA). Spectra
were recorded in the 200–800 nm range, with a 1 nm/s scan rate, and the Kp amounts were monitored
by measuring the absorbance intensity at λ = 260 nm. The molar absorption coefficient (ε) of
13,530 L·mol−1·cm−1, experimentally inferred, was used to obtain the Kp concentration in water. All
experiments were performed in triplicate, calculating the relative standard deviations.

2.4. In Batch Equilibrium Experiments

The CH adsorption capacities were calculated as qt (mg·g−1) at different contact times (t), by
applying Equation (1) [13,14,16].

qt =
C0 −Ct

W
×V, (1)

where V represents the Kp solution volume (herein 15 mL), W is the dried chitosan adsorbent mass (g),
and C0 and Ct (mg·L−1) represent the initial Kp concentration and the Kp concentration at time t.

A fixed amount of CH (150 mg) was added to flasks containing 15 mL of Kp solution at two
initial concentrations (1 × 10−5 M and 5 × 10−6 M, corresponding to ~2.5 mg·L−1 and ~1.25 mg·L−1,
respectively). The adsorption was performed under continuous stirring at 250 rpm, and UV–Vis
absorption spectra were recorded to evaluate the Kp removal efficiency and the chitosan adsorption
capacities from water. Furthermore, the effect of adsorbent amount was also explored, changing its
mass from 35 mg to 200 mg. In this case, the Kp concentration was maintained at 1 × 10−5 M. The
effects of solution ionic strength and changes in pH values (ranging from 3 to 12) on the adsorption
process were also studied.

2.5. In Batch Desorption Experiments

After the Kp adsorption from water, NaCl (0.25 M) was selected, with regard to a green economy
and cleaner production, as the best salt to induce the release of the adsorbed Kp. With the same
approach adopted for Kp adsorption, the UV–Vis investigation was used to assess the amount of
desorbed pollutant. After the Kp adsorption, the adsorbent was washed with fresh water to remove the
non-adsorbed Kp swollen in the NaCl solution for release. The effect of the contact time was evaluated,
and 30 min was found to be suitable for Kp recovery.

2.6. Adsorption Kinetics

Information about the kinetics of the adsorption process between Kp and the chitosan film was
inferred by adopting both pseudo first-order and pseudo second-order kinetic models. The following
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linearized equations for the pseudo first-order (Equation (2)) and pseudo second-order (Equation (3))
models were adopted [13,14,16]:

ln
(
qe − qt

)
= ln
(
qe

)
−K1 × t, (2)

t
qt

=
1

K2q2
e
+

1
qe
× t, (3)

where qe and qt represent the adsorption capacities at equilibrium and at time t, respectively (mg·g−1),
and k1 (min−1) and k2 (g·mg−1·min−1) are the rate constants of the pseudo first-order and second-order
models, respectively.

2.7. Thermodynamic Studies

Free energy (ΔG◦), entropy (ΔS◦), and enthalpy (ΔH◦) were calculated [27] for the Kp adsorption
onto the chitosan film at three selected temperatures of 298, 288, and 278 K. The value of ΔG◦ was
inferred using Equation (4).

ΔG◦ = −RT ln Keq, (4)

where R is the universal gas constant (8.314 J/mol·K), T is the temperature (K), and Keq represents
the equilibrium constant that was calculated as qe/Ce, where qe is the sorption capacity (mg·g−1) at
equilibrium, and Ce is the equilibrium concentration (mg·g−1). The values of ΔH◦ and ΔS◦ were
determined by combining Equation (4) with Equation (5), thereby obtaining Equation (6).

ΔG◦ = ΔH◦ − TΔS◦. (5)

ln Keq = −ΔH◦
RT

+
ΔS◦
R

. (6)

2.8. Determination of Chitosan Film Zero-Point Charge

The zero-point charge pH (pHZPC) of the chitosan adsorbent was evaluated by using the pH drift
method [14]. Firstly, 30 mL of NaCl solution with a concentration of 5.0 × 10−2 M was used at different
pH values ranging from 2 to 12 (pHi). Concentrated HCl and NaOH solutions were used for this
purpose. The pHi values of these solutions were measured, and 25 mg of adsorbent was subsequently
introduced. These solutions were stirred at 298 K for 48 h. The final pH (pHF) values were measured.
By reporting the pHi versus pHF values, the value of pHZPC was inferred at the cross-section of the
latter curve with the line of pHi versus pHi. All experiments were performed in triplicate, calculating
the relative standard deviations.

3. Results and Discussion

The UV–Vis absorption spectrum of Kp was used to monitor its removal from contaminated water.
As a first step, an aqueous solution purposely spiked with the drug was investigated, and the Kp
spectroscopic main signal at 260 nm (Figure 1A) was followed.

By adopting 150 mg of adsorbent, in the presence of 1 × 10−5 M Kp, the adsorption was followed
until 60 min. The main process of Kp removal was observed in the first 15 min, exhibiting an efficiency
of 55%; by extending the contact time, the effect resulted less pronounced with respect to the beginning
of the process, and, in 60 min, almost 85% of the NSAID was eliminated from the water (Figure 1A).
The results suggested the probable key role of the Kp concentration gradient (ΔC) between the bulk of
the solution and the adsorbent surface [28]. At the beginning of the adsorption process, the ΔC was
high enough to induce the diffusion of the NSAID from the bulk of the solution at the surface of the
adsorbent; on the other hand, upon extending the contact time, the ΔC was reduced, thereby slowing
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down the Kp adsorption. Furthermore, at the beginning of the process, the presence of a large number
of free sites on the adsorbent surface for Kp adsorption also favored the NSAID removal. However,
upon extending the contact time, the number of available free sites to host Kp decreased, reducing the
relative Kp adsorption (Figure 1A) [13,14,16,29].
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Figure 1. Ultraviolet–visible light (UV–Vis) spectra of a 1 × 10−5 M ketoprofen (Kp) solution, pH 5,
collected at different contact times, in the presence of 150 mg of adsorbent (A); Kp adsorption percentage
(1 × 10−5 M, pH 5) calculated at different contact times in the presence of 200 mg and 35 mg of adsorbent
(B); adsorption capacities, qt, referring to different amounts of chitosan (200, 150, and 35 mg) in contact
with a 1 × 10−5 M Kp solution, pH 5 (C).

Moreover, this behavior could be attributed to the presence of repulsive forces between free Kp
molecules in solution and those adsorbed, which further hindered the drug adsorption [30].

After these assessments, the effects of several parameters affecting the NSAID removal from water
were investigated, while also evaluating the effects on the adsorption capacities.
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3.1. Effects of Adsorbent Dosage and Kp Concentration

To study the effect of the CH amount on the Kp removal from water, thus evidencing the role of
active sites hosting Kp, two other CH films with different weights (200 and 35 mg) were compared
under the same experimental conditions (Figure 1B), i.e., a 1 × 10−5 M Kp solution at pH 5 (pH of the
Kp solution soon after adsorbent addition).

The Kp removal efficiencies were calculated, and adsorption percentages of 65% and 8% were
determined in the first 15 min when using the greatest and the smallest amounts of adsorbent,
respectively; as shown in Figure 1B, these efficiencies were increased upon extending the contact time
to 120 min, obtaining 90% Kp removal if in presence of the largest amount of CH.

This result confirmed the previously mentioned importance of free active sites able to host the
NSAID [13,14,16,29], which increase in number upon increasing the available surface of the adsorbent.
Overall, in Figure 1C, the influence of the chitosan amount on Kp adsorption was evaluated by
reporting the qt values (Equation (1)) as a function of the three investigated CH weights.

The obtained results indicated that, by increasing the adsorbent amount, the relative adsorption
of Kp molecules increased (see the plateaus on the graph), while the adsorption capacity decreased.
This suggests that, despite the great efficacy, by using a large amount of adsorbent, the adsorption sites
remained partially unsaturated during the sorption process, reducing the qt values as a whole [13,14].
In particular, as already observed by monitoring the Kp UV–Vis absorption spectrum (Figure 1A), at
the beginning of the adsorption process (Figure 1C), the presence of a large quantity of free sites for Kp
adsorption and the high ΔC increased the qt values. On the contrary, by extending the contact time,
the free sites and ΔC decreased, reducing the Kp adsorption overall, leading to a plateau. All of these
findings agree with the results obtained upon varying the Kp concentrations as described below.
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Figure 2. Percentage of Kp adsorption (A) and adsorption capacities, qt (B), referring to different Kp
concentrations of 1 × 10−5 M and 5 × 10−6 M, pH 5, in the presence of 150 mg of adsorbent.
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For this purpose, the concentration of Kp was changed (1 × 10−5 M and 5 × 10−6 M), fixing
the chitosan weight at 150 mg, as shown in Figure 2A. In both cases, the Kp removal showed great
variation in the first minute of contact, showing that, upon diluting the Kp solution, the pollutant
removal percentage decreased. Not surprisingly, the dilution of Kp solutions (with a dilution factor of
1:2) reduced the percentage of Kp removal from 65% to 25% in the first 15 min and from 85% to 50%
after 120 min. Accordingly, the associated qt values were calculated, as reported in Figure 2B, showing
higher qt values for the concentrated Kp solution. Moreover, in the latter case, the relative maximum
adsorption capacities were quickly obtained after a few min, as compared with the diluted Kp solution.

3.2. Kinetic Analysis

Information about the dynamics of the adsorption was obtained by investigating the kinetics of
the process, applying pseudo first-order and pseudo second-order kinetic models (Equations (2) and
(3)). By using the qt values reported in Figure 1B, the results shown in Figure 3A,B were obtained.
Table 1 reports the calculated kinetic parameters.
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Figure 3. Pseudo first-order (A) and second-order (B) kinetic models applied to experiments of
adsorption in which the amount of the adsorbent was changed.

Table 1. Kinetic parameters obtained by applying the pseudo first-order and second-order
kinetic models.

Pseudo First-Order Pseudo Second-Order

Adsorbent (mg) qe(the) qe(exp) K1 R2 qe(the) qe(exp) K2 R2

200 0.16 0.18 6.4 × 10−2 0.983 0.19 0.18 1.05 0.998
150 0.43 0.32 9.6 × 10−2 0.975 0.33 0.32 0.5 0.998
35 0.55 0.56 2.0 × 10−2 0.989 0.68 0.56 1.0 × 10−2 0.982
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The best kinetic model to describe the experimental data was evaluated by comparing the R2

values of the linear fitting, as well as the experimental adsorption capacities at equilibrium, qe,exp

(contact time 120 min), with those obtained by applying the kinetic equations, qe,calc (calculated
adsorption capacities) [13,14]. From Table 1, the R2 values and the comparison between qe,exp and qe,calc

suggest that the application of the pseudo second-order equation better described the experimental
data, emphasizing the role of both Kp and chitosan amounts during the adsorption process [13,14,16].
Antunes et al. [31] reported that the use of this kinetic model indicates that the rate-controlling
step depends on both physical and chemical interactions between the pollutant and adsorbent [31].
However, it is worth pointing out that, from the data reported in Table 1, when using the smallest CH
amount, the pseudo first-order model is probably preferred. This suggests that, under this condition,
the rate limiting step could be the Kp concentration, i.e., the diffusion of Kp mainly controls the removal
of the NSAID [28].

Additional information was obtained by adopting the Weber–Morris model (W–M). The
intra-particle diffusion model was used, as described by the following equation: qt = kint × t1/2

+ C, where C represents the thickness of the boundary layer, and kint is the kinetic constant related to
the intra-particle diffusion rate in mg·g−1·min−1/2 [32]. As reported by Lin et al. [32], if the plot of qt

versus t1/2 is represented by a straight line passing through the origin, the intra-particle diffusion is the
limiting stage of the adsorption. On the other hand, if multiple linear segments are necessary to fit the
experimental data, two or more steps could be involved during the NSAID adsorption process [31,32].
The W–M equation was, thus, applied (Figure 4A,B) to the qt values reported in Figures 1C and 2B,
referring to experiments in which the amounts of both CH and Kp were changed.
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Figure 4. Weber–Morris plot applied to experiments of adsorption in which the amounts of the
adsorbent (A) and Kp (B) were changed.
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As a whole, the findings suggested that, under our experimental conditions, the Kp adsorption
process could be described by two steps: (i) diffusion from the solution to the external surface of the
adsorbent, and (ii) intra-particle adsorption and diffusion. Indeed, the experimental points could be
divided into these two stages (Figure 4A,B). Moreover, during the second stage, since the ΔC of Kp
decreased, the adsorption process decreased, reaching an equilibrium state. Once again, the exception
was represented by the condition in which the smallest amount of chitosan was used. In this case, the
regression line of the first stage passed through the origin of the plot, suggesting that the intra-particle
diffusion was the rate-limiting step [31]. In this latter case, the number of available free sites present on
the CH surface was lowered, and the diffusion controlled the process as previously supposed.

3.3. Effect of pH

To get insight into the nature of the adsorption process, the effect of pH during the adsorption of
Kp onto CH was investigated, by adding either HCl or NaOH. To avoid changes in pH values during
the adsorption process, due to the presence of acetic acid added during chitosan film preparation, the
used adsorbent (150 mg) was neutralized with NaOH and washed several times with fresh water, until
a neutral pH was achieved.

As reported in Figure 5A, the percentage of Kp adsorption was calculated at each pH value and
contact time. The maximum adsorption occurred between pH 3 and pH 5, while it decreased after
this pH value, with the lowest Kp removal at pH 12. Interestingly, at the beginning of the process, i.e.,
in the first 15 min, the Kp removal was approximately the same at pH 3 and 5, and it was reduced
upon increasing the pH value. Instead, upon extending the contact time, the affinity at pH 3 was
slightly reduced, and the results at pH 5 appeared the best. These findings were better evidenced by
calculating the associated qt values (Figure 5B).

Clearly, at both pH 3 and pH 5, the adsorption capacities were good, having the highest values,
and, at pH 3, the qt,max was reached quickly in the first minute. In order to better understand this
behavior, the zero-point charge (ZPC) of CH was determined using the drift method [14] (Figure 5C).
The observed cross-section region of the curves in Figure 5C indicated that the pHZPC of CH was
around pH 7. This means that, below pH 7, the chitosan amino groups were positively charged, while
they were deprotonated toward the pHZPC. After this pH value, chitosan became mainly negatively
charged [33]. The negative charge on the surface of the chitosan film in alkaline medium could be
mainly ascribed to the presence of negative ions (OH−) in solution, that would form a negative layer
on the surface of chitosan. Moreover, in accordance with the carboxylic moieties present in the Kp
chemical structure (see Figure 1A), the NSAID pKa is reported to be around 4 [34]. This means that,
below this pH value, Kp was present as a neutral molecule (Kp-H), while, above this value, it was
present as an anionic one (Kp−).

Thus, below pH 5, Kp was present as Kp-H, and CH showed a positively charged surface. As a
result, a reduced affinity between Kp-H and the adsorbent was expected due to the reduced contribution
of electrostatic interactions. However, since adsorption at pH 3 was quite significant, other forces
should probably be considered during the process, such as dipole–dipole interactions and H-bonds.
At pH 5, Kp was mainly present as Kp− and, at the same time, chitosan was positively charged; thus,
electrostatic interactions between the carboxylic moieties of Kp− and the chitosan’s positively charged
amino groups took place, favoring pollutant removal. At pH > 5, i.e., pH 6, the chitosan amino groups
were mainly deprotonated, thereby reducing the affinity between the adsorbent and the NSAID, thus
suggesting an electrostatic repulsion between the negative Kp and CH charges [35–38]. This effect
was more evident at pH 12, at which the adsorption was completely blocked. Figure 5D reports the
possible scheme of interaction between Kp and CH, considering mainly electrostatic forces.
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Figure 5. Percentage of Kp adsorption from an aqueous solution (1 × 10−5 M) when 150 mg of chitosan
was used at different pH values (A); drift method to determine the zero-point charge of the adsorbent
(B); adsorption capacities, qt, referring to Kp adsorption from an aqueous solution (1 × 10−5 M) when
150 mg of chitosan was used at different pH values (C); cartoon depicting the interaction between Kp
and the adsorbent (D).

3.4. Effect of Salts in Kp Solutions

With the aim of assessing the role of the electrostatic interaction between the Kp− anion and
chitosan, some experiments were performed, changing the ionic strength of Kp solutions by adding
electrolytes. By selecting NaCl as a model electrolyte at different concentrations, the experiments were
performed using 150 mg of chitosan and 1 × 10−5 M Kp.

Thus, the Kp adsorption was evaluated, and the results obtained at 60 min of contact time are
reported in Figure 6A. By changing the salt concentration from 0.01 M to 0.05 M, Kp removal decreased
from 85%, in the absence of salt, to 20% with 0.05 M NaCl (Figure 6A). By choosing 0.01 M as the salt
reference concentration, the electrolyte nature was changed. In particular, upon fixing the type of
anion (Cl−), the cation was changed by exploring the effects of Na+, K+, and Mg2+. As reported in
Figure 6B, upon decreasing the cation size from K+ to Na+, the Kp removal efficiency decreased and,
upon changing the cation associated charge, using Mg2+, the effect became more pronounced.
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Figure 6. Percentage of Kp adsorption from an aqueous solution (1 × 10−5 M, pH 5) when 150 mg of
chitosan was used at different concentrations of NaCl (A) and in the presence of different salts at 0.01
M (B).

These results suggested a cation-mediated shielding effect of the Kp negative charge, confirming
the involvement of the Kp carboxylic moieties in its adsorption onto the chitosan film. Interestingly,
by changing the type of anion, and choosing K+ as the cation, the results reported in Figure 6B were
obtained. The absence of significant changes in the removal of Kp indicated that the inorganic anions
did not affect the adsorption. In fact, in general, if the anion affected the process, its effect would
involve the shielding of CH positive charges onto the film surface, slowing down the Kp diffusion into
the film, thus preventing adsorption. Instead, the cation effects occurred in solution, shielding the Kp
negative charge, thereby reducing the adsorbate/adsorbent affinity.

3.5. Thermodynamic Analysis

The Kp adsorption process was investigated by adopting three temperature values, i.e., 278,
288, and 298 K, using 150 mg of chitosan and a 1 × 10−5 M Kp solution at pH 5. Figure 7 shows
the obtained results in term of adsorption capacities (Figure 7A) and percentage of Kp adsorption
(Figure 7B) at different contact times. Upon increasing the temperature values, the qt values and the
Kp adsorption percentage at the equilibrium increased, indicating the endothermic character of the
process. With the aim of obtaining the thermodynamic parameters, the Keq values were calculated at
each temperature and, by using Equations (4) and (5), the correspondent ΔG◦ values were inferred
(Table 2). The negative ΔG◦ values indicated the spontaneity of the Kp adsorption process onto
chitosan. Furthermore, by plotting ln Keq versus 1/T (Figure 7C) and applying Equation (6), ΔH◦ and
ΔS◦ were also calculated (Table 2). In agreement with the literature [31], the positive values of ΔH◦
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and ΔS◦ confirmed the endothermic character of the process and the increased randomness at the
adsorbent–adsorbate interface, respectively.
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Figure 7. Adsorption capacities, qt (A), and percentage of Kp adsorption (B) at different contact times,
referring to a Kp aqueous solution (1 × 10−5 M, pH 5) when 150 mg of chitosan was used at different
temperature values; plot of ln (Keq) versus 1/T (C).
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Table 2. Thermodynamic parameters.

T (K) Keq Ln (Keq) ΔH◦ (KJ/mol)
ΔS◦

(J/mol·K)
ΔG◦278

(KJ/mol)

278 70 4.25
+(49.8 ± 4.0) +(214.2 ± 14.0)

−(9.7 ± 7.8)
288 135 4.90 −(11.8 ± 8.0)
298 300 5.70 −(14.0 ± 8.2)

3.6. Consecutive Cycles of Adsorption

With regard to a circular economy and sustainable application, the great performance of the
proposed adsorbent was shown upon performing consecutive cycles of adsorption. By selecting
120 min as the contact time, a 1 × 10−5 M Kp solution at pH 5 was placed in contact with the adsorbent
(150 mg) and, after almost complete adsorption (80% of Kp), the same film was used again to adsorb Kp
from another solution at the same concentration. The Kp adsorption percentages reported in Table 3
were obtained. The results indicated that, after eight cycles of adsorption, the NSAID removal was still
high, suggesting the possibility of using the same film several times for the removal of the NSAID,
thus extending the adsorbent’s lifetime.

Table 3. Consecutive cycles of adsorption referring to experiments of adsorption in which the Kp
concentration was maintained at 1 × 10−5 M, pH 5, and the amount of chitosan was 150 mg.

N◦ of Cycles Percentage of Adsorption

1 77 ± 5
2 82 ± 8
3 73 ± 7
4 77 ± 10
5 76 ± 5
6 73 ± 5
7 68 ± 8
8 68 ± 6

3.7. Release of Kp and Reuse of the Adsorbent

Another positive aspect of the proposed adsorbent was the possibility to recover the adsorbed
pollutant, recycling both the molecule and the adsorbent itself. Indeed, due to the involvement of
electrostatic interactions between Kp and chitosan, solutions containing salts were successfully used to
obtain the desorption, thus reducing the environmental impact. Among the studied salts (see Figure 8),
NaCl and MgCl2 solutions were selected and compared. After Kp adsorption, with a contact time of
120 min, the chitosan film was placed in contact with aqueous solutions of NaCl and MgCl2 at several
concentrations, under continuous stirring. Once again, the Kp UV–Vis absorption spectrum, collected
at 30 min, was used to monitor the Kp release. The percentage of the desorbed Kp, normalized for the
adsorbed amount, was calculated, and the results are reported in Figure 8. The use of MgCl2 ensured
the total release of adsorbed Kp, upon using diluted solutions of salts (Figure 8A); on the other hand,
the use of NaCl required a larger amount of salt. In fact, Kp release was only reasonable beyond a
concentration of 0.25 M NaCl (Figure 8B).
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Figure 8. Percentage of Kp desorption, calculated by adopting 30 min as the contact time, in the
presence of different concentrations of MgCl2 (A) and NaCl (B).

However, it is worth pointing out that the use of MgCl2 induced the slight degradation of the
chitosan film. Thus, with a view of a more sustainable procedure for cleaner production and pollution
prevention, the use of NaCl 0.25 M is suggested for Kp recovery, applying 30 min as the contact time
for its desorption. Several cycles of adsorption/desorption were performed, and the percentage of the
adsorbed/desorbed Kp for each cycle is reported in Table 4. Once again, the desorbed Kp percentage
was normalized with respect to the correspondent adsorbed Kp. After each cycle, the adsorbent was
washed with fresh water, and subsequently placed in contact with a fresh Kp solution. Interestingly,
despite the same film being used several times, the efficiencies of Kp removal and recovery were not
affected, and the obtained results suggested the possibility of reducing the procedure-associated costs
and the amount of secondary pollutants potentially released into the environment, suggesting not only
possible Kp reuse, but also adsorbent recycling.
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Table 4. Consecutive cycles of adsorption and desorption (obtained in the presence of 0.25 M NaCl,
with a contact time of 30 min) referring to experiments of adsorption in which the Kp concentration
was maintained at 1 × 10−5 M, pH 5, and the amount of chitosan was 150 mg.

N◦ of Cycles Percentage of Adsorption Percentage of Desorption

1 84 ± 5 95 ± 3
2 84 ± 5 92 ± 7
3 89 ± 5 95 ± 5
4 90 ± 5 95 ± 5
5 89 ± 5 95 ± 5
6 91 ± 5 95 ± 5
7 89 ± 4 95 ± 5
8 85 ± 4 93 ± 6
9 80 ± 4 90 ± 5
10 75 ± 4 90 ± 4

4. Conclusions

Due to concerns related to water decontamination from pollutants, this paper reported the use of
chitosan films for the removal of Kp from water, with regard to more ustainable and greener industrial
applications. The bio-sorption process is very interesting, since about 90% of the Kp was removed in
2 h at most. The sorption process was investigated at several temperature values, indicating that, upon
increasing the temperature, the removal of Kp from water increased. The thermodynamic parameters
were calculated, observing that the process was spontaneous (ΔG◦ < 0) and endothermic (ΔH◦ < 0),
and that it occurred with an increase in entropy. From a kinetic point of view, the pseudo second-order
kinetic model agreed well with the experimental data, indicating that the bio-sorption was dependent
on the amounts of Kp and adsorbent. In fact, upon increasing the amount of CH and the concentration
of the Kp solution, the pollutant removal efficiencies affected the adsorption capacities. The high
affinity between the NSAID and CH was ascribed to the presence of electrostatic interactions. Indeed,
the adsorption was largely affected by the pH value of the Kp solution and by the presence of salts.

Considering that the pKa of Kp is about 4, the maximum removal was observed at pH 5, while,
upon further increasing the pH values of the Kp solution, the NSAID removal decreased. In accordance
with the measured pHZPC of the CH (~7), below this pH value, the interaction between Kp− and CH
was observed. However, below the pKa of the Kp, the main form Kp-H reduced the affinity toward
the adsorbent. The same finding was observed at basic pH values, conditions in which the adsorbent
was negatively charged and repulsions between Kp− and the adsorbent occurred. An interaction
between the Kp carboxylic moiety and the chitosan amino groups was, thus, proposed and confirmed
by experiments of adsorption performed in the presence of salts, which inhibited the Kp removal.
Interestingly, the use of 0.25 M NaCl was found to be suitable for the desorption of the adsorbed Kp,
enabling the reuse of the pollutant and the recycling of the adsorbent for several cycles, extending the
CH lifetime. The reuse of the recovered pollutants and the use of CH, proposed in this work, exhibit
great benefits for the environment through the reuse of products for cleaner production technologies.
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Abstract: The susceptibility of rendering mortars to cracking is a complex phenomenon. Fibers have
been incorporated in mortars to ensure the durability of the render and can improve the flexural
strength, fracture toughness, and impact resistance of the mortars. Aside from the better cracking
performance of fiber reinforced mortars, natural fibers have been a path to reducing the environmental
impacts of construction materials. Recycling has high sustainability-related potential as it can both
mitigate the amount of waste being inadequately disposed and reduce the consumption of natural
raw materials. Studies on the incorporation of waste in civil engineering materials have been growing,
and recycled fibers may be feasible to incorporate in mortars. Natural fibers are considered as a
viable replacement for synthetic ones. Several studies have investigated vegetal fibers in cementitious
composites. However, only a few have focused on the incorporation of waste animal-based fiber.
The aim of this work is to analyze the feasibility of the use of natural sheep’s wool fibers on the
reinforcement of mortars and in particular to improve their cracking behavior. For this purpose,
two different binders were used: cement and cement-lime mortars were produced. The incorporation
of 10% and 20% (in volume) of 1.5 cm and 3.0 cm wool fibers was analyzed. The results show
that the incorporation of wool fibers increased the ductility of the mortars and improved their
mechanical properties.

Keywords: render; cement and cement-lime reinforced mortars; natural fiber; sheep’s wool;
sustainability

1. Introduction

The construction sector has been trying to reduce its environmental impacts. Eco-friendly
constituents have been an alternative to develop new cementitious materials. In order to enhance
the cracking performance of mortars, the incorporation of natural fibers can contribute to better
performance while ensuring a sustainable approach. According to previous studies, natural fibers such
as sheep wool may improve the ductility of cementitious composites and also provide an adequate
disposal of the waste [1].

The incorporation of fibers enhances a better post-cracking behavior due to the higher fracture
toughness, flexural strength, and impact resistance of the mortars [2]. The benefits of fiber reinforcement
in cementitious materials depend on the fiber type, their geometry, and their volume ratio and
distribution [3]. The use of natural fibers compared to man-made fibers has been achieving
environmental, energy, and resource conservation benefits [4]. There are three types of natural fibers:
plant-based, mineral-derived, and animal-based. In this paper, the study focused on animal-based
fibers, namely sheep’s wool fibers.

Natural sheep wool is considered as waste on a large-scale, taking into account that 270.000 tons
of wool are produced by 90 million sheep in Europe [3]. Indeed, 75% of the wool produced (around
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150 million tons per year) is rejected by the textile industry [4,5]. Most of this material does not have
a proper disposal method. Furthermore, the wool fibers have an elastic modulus of about 1–4 GPa,
which can be comparable to the modulus of plastic fibers [5].

Several studies have been carried out to investigate the incorporation of wool fibers in cementitious
materials to improve the thermal insulation properties [6–9]. However, only a few studies, described
next, have incorporated wool fibers with the purpose of improving the mechanical performance of
cementitious composites.

Alyousef et al. [10] analyzed the mechanical properties of reinforced concrete with wool fibers
and found that the incorporation of fibers decreased the workability of concrete. Concerning the
mechanical behavior, the fibers enhanced the ductility and flexural capacity of the composite. In terms
of compressive strength, the incorporation of fibers implied a reduction of strength. This reduction was
explained by the authors by the incorporation of wool up to 6% by weight of cement in the concrete,
which led to a reduction of the total binder in the mix.

Fantilli et al. [5] investigated the incorporation of 1% (in volume) of wool fibers in cementitious
reinforced-mortars. The authors observed that the fibers reduced the brittle nature of the mortars due
to the development of bridge mechanisms between the crack borders. In this research, an improvement
in the fracture toughness in the reinforced mortars of 300% relative to the control mortar is reported.
It could also be seen that the wool fibers promoted a reduction in the plastic shrinkage. The cementitious
mortars reinforced with wool fibers presented the same mechanical performance (i.e., strengths and
modulus of elasticity) as those in mortars with the most common vegetal fibers.

Giosué et al. [11] investigated the replacement of 25% (in volume) of aggregates with wool fibers
in lime-based lightweight mortars. The modified mortars were tested in the fresh and hardened state
concerning workability, mechanical strength, and hygro-thermal properties. The results showed an
increase of about 30% in the flexural strength of the modified mortars.

Kesikidou and Stefanidou [12] investigated the incorporation of natural fibers in mortars.
The authors analyzed mortars with two different binders, incorporating vegetal fibers such as
jute, coconut, and kelp and showed that the natural fibers performed differently in relation to cement
or lime-based binder. Lime-reinforced mortars presented a higher increase in flexural and compressive
strength when compared to the cement-based reinforced mortars. Therefore, the compatibility of the
fibers with the mortar’s composition should be evaluated.

As a conclusion of this review, it was found that, aside from all of the studies carried out on
mortars with natural fibers, the incorporation of wool fibers in rendering cementitious mortars could
not be found in the technical literature. This is relevant because rendering mortars mainly have the
function of protecting the substrate. This means that a high compressive strength is not often necessary,
but is important to minimize cracking. As a consequence, usually low strength mortars with a low
binder/aggregate ratio are used, and from this aspect, leads to a different microstructure and a poorer
adhesion between the binder, aggregates, and fibers.

Additionally, the compositions used result in a low modulus of elasticity, possibly nearer the modulus
of elasticity of natural fibers than in the case of structural mortars. Finally, for rendering mortars, as a
favorable cracking behavior is more important than a high mechanical strength, characteristics such as
a low modulus of elasticity and ductility are mainly required. Therefore, the novelty of this work was
in analyzing the feasibility of the incorporation of wool fibers in rendering mortars and their efficacy
in improving those specific properties. Cement and cement-lime mortars with low binder/aggregate
volumetric ratios of 1:4 and 1:3 were produced, respectively, with different fibers lengths of 1.5 and 3.0 cm,
respectively. The ratios of incorporation were 10% and 20% of the total mortar volume.

The mortars’ properties considered relevant for rendering mortars, namely workability, bulk
density, dynamic modulus of elasticity, ultra-sound pulse velocity, flexural and compressive strengths,
and protection to water action, were evaluated in the fresh and hardened states.

From the results, it could be seen that the incorporation of wool fibers in rendering mortars with
a volumetric ratio of 1:4 (cement: aggregates) and 1:1:6 (cement:air-lime:aggregates) improved the
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cracking behavior of the materials as the modified mortars, in general, presented a higher flexural
strength and a lower modulus of elasticity when compared to the plain mortars.

2. Experimental Program

The aim of this research was to evaluate the influence of natural fiber waste, namely sheep wool,
incorporated in rendering mortars.

Cement mortars and cement-air lime-based mortars were produced. The volumetric proportions
were 1:4 (cement: aggregates) and 1:1:6 (cement:air-lime:aggregates). Aside from the binder, the length
and volume ratio were parameters used to formulate the analyzed mortars.

Mortars were identified as follows:

• REF 1:4 (0% of incorporation—reference cement mortar)
• W 1.5_10%c (10% of incorporation of 1.5 cm long wool fibers—cement mortar)
• W 3.0_10%c (10% of incorporation of 3.0 cm long wool fibers—cement mortar)
• W 1.5_20%c (20% of incorporation of 1.5 cm long wool fibers—cement mortar)
• W 3.0_20%c (20% of incorporation of 3.0 cm long wool fibers—cement mortar)
• REF 1:1:6 (0% of incorporation—reference cement-lime mortar)
• W 1.5_10%cl (10% of incorporation of 1.5 cm long wool fibers—cement-lime mortar)
• W 3.0_10%cl (10% of incorporation of 3.0 cm long wool fibers—cement-lime mortar)
• W 1.5_20%cl (20% of incorporation of 1.5 cm long wool fibers—cement-lime mortar)
• W 3.0_20%cl (20% of incorporation of 3.0 cm long wool fibers—cement-lime mortar)

2.1. Materials

The materials used were cement, air-lime, sand, and wool fibers. The binder used on the cement
mortars was CEM II/B-L 32.5 N, according to EN 197-1 [13]. The calcium hydrated lime powder—air
lime—used was class CL80-S, according to EN 459-1 [14]. The natural silica sand was previously washed,
calibrated, and sieved for a required size distribution. The wool fibers were washed with neutral detergent,
and dried at 40 ◦C. This procedure was applied to remove the impurities. The fiber length was obtained by
manually cutting the waste material. The fibers were added in order to ensure a homogeneous dispersion
in each mix composition. The homogeneity of the fibers in the mix was implemented by distributing them
in a properly closed receptacle and blowing compressed air over them in order to achieve an adequate
dispersion before adding to the mix. Figure 1 presents the wool fibers used in the experimental campaign.
The apparent bulk density of the constituents of the mortars produced is presented in Table 1.

2.2. Methods

All tests carried out in the experimental program are described in Table 3.

  
(a)                           (b) 

Figure 1. Sheep wool fiber used: (a) 1.5 cm long (b) 3.0 cm long.
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Table 1. Apparent bulk density of the constituents.

Component Apparent Bulk Density (kg/m3)

Cement 975.5
Air-lime 565.7

Sand 1230.8
Wool 1.5 cm 4.25
Wool 3.0 cm 2.53

Table 2 presents the composition of the mortars produced in this work.

Table 2. Composition of the mortar mixes by mass.

Mortar Cement (g) Air-lime (g) Sand (g) Water (g) Fibers (g)

REF 1:4 487.8 - 2461.6 445 -
W 1.5_10%c 439.1 - 2215.4 405 1.1
W 3.0_10%c 439.1 - 2215.4 435 0.6
W 1.5_20%c 390.2 - 1969.3 350 2.1
W 3.0_20%c 390.2 - 1969.3 350 1.3

REF 1:1:6 304.8 176.8 2307.8 465 -
W 1.5_10%cl 274.4 159.1 2077.0 435 1.1
W 3.0_10%cl 274.4 159.1 2077.0 420 0.6
W 1.5_20%cl 243.9 141.4 1846.2 370 2.1
W 3.0_20%cl 243.9 141.4 1846.2 370 1.3

Table 3. Experimental campaign tests.

Test
European
Standard

Samples Specimens Age (days)

Apparent bulk density Cahier 2669-4 [15] 6 Cement, lime, sand
and fibers -

Consistence by flow table EN 1015-3 [16] 3 Fresh mortar -

Bulk density EN 1015-6 [17] 3 Fresh mortar -

Dry bulk density EN 1015-10 [18] 3 Hardened mortar 28, 90, and 180

Dynamic modulus of elasticity by
resonance frequency method EN 14146 [19] 3 Hardened mortar 28, 90. and 180

Ultra-sound pulse velocity EN 12504-4 [20] 1 Hardened mortar 28, 90, and 180

Flexural and compressive
strengths EN 1015-11 [21] 3 Hardened mortar 28

Open porosity EN 1936 [22] 3 Hardened mortar 28

For the hardened mortar tests, prismatic samples (40 mm × 40 mm × 160 mm) were used,
in accordance with European Standards.

For ultra-sound pulse velocity, the direct and indirect methods were used for the measurements.
In the direct transmission method, the electrodes are placed on the opposite surfaces of the specimen.
In the indirect method, the electrodes are positioned on the same surface of the prism: the transmitter
electrode is fixed at a specific point and the receptor moves over the specimen, and at different distances,
the transmission time is measured allowing for the velocity to be calculated.

In order to analyze the susceptibility to cracking of the mortars produced in this work, some
parameters were calculated. The Center Scientifique et Technique du Bâtiment (CSTB) [15] refers to the
dynamic modulus of elasticity and flexural strength ratio (E/σf) as indicators of the mortar’s ability to
resist cracking. This criterion is based on the fact that a lower dynamic modulus of elasticity provides
a higher deformation capacity of the material, and a greater flexural strength induces the material to
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withstand tensions without cracking. Therefore, the tendency to crack due to restrained shrinkage is
greater when the ratio between the modulus of elasticity and tensile strength is high.

Another parameter to evaluate the susceptibility to crack is based on the flexural and compressive
strengths. The ductility of the material can be associated to this ratio (σf/σc) (i.e., the mortar is
considered more ductile when this value is closer to 1). Ductility is a measure of the deformability of
the material before fracture. Cracking resistance is correlated with the deformation capacity of the
mortar and its ability to absorb stress without cracking [23].

The ability to absorb energy before fracture is correlated with the toughness of the mortar.
The fracture toughness was calculated by the total area under the strain–stress curve of the results of
flexural strength at 28 days.

Regardless of the binder used, all hardened mortars were cured as specified by EN 1015-11 [21].
The specimens were kept in molds for two days at a temperature of 20 ± 2 ◦C and a relative humidity
of 95 ± 5%. After demolding, all specimens were maintained in the same conditions for a total of
seven days. After that, the specimens were kept at 20 ± 2 ◦C and the relative humidity was reduced to
65 ± 5%, until testing.

3. Results and Analysis

3.1. Fresh State

The mortar’s workability was measured by the consistency test. To improve the comparability of
the results, the values were limited to 140 ± 5 mm. The mortars presented a stiff consistence, but an
application on a brick was carried out to ensure that an adequate workability was achieved, as shown
in Figure 2.

 

Figure 2. Mortar application on a brick.

It was noticed that the fibers kept the mortar agglutinated. Although the workability was
acceptable, the flor value did not increase due to the fibers’ agglutinating action. In order to illustrate
this behavior, Figure 3 presents the flow table test of the W 1.5_10%c sample.

 
Figure 3. Flow table test for the modified mortar.
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Table 4 presents the results of the fresh mortars’ properties.

Table 4. Fresh mortar properties.

Mortar w/b Ratio Consistency (mm) Bulk Density (kg/m3)

REF 1:4 0.91 140 2005.3
W 1.5_10%c 0.92 141 1978.1
W 3.0_10%c 0.98 139 1969.5
W 1.5_20%c 0.89 135 1936.5
W 3.0_20%c 0.89 141 2002.9

REF 1:1:6 0.98 140 1998.8
W 1.5_10%cl 1.02 141 1980.3
W 3.0_10%cl 0.98 141 1977.8
W 1.5_20%cl 0.97 139 1970.3
W 3.0_20%cl 0.97 139 1985.9

In all cement-lime mortars, the water/binder ratio was higher than that of the cement mortars.
The incorporation of 10% of wool fibers increased the amount of water needed to maintain the
workability. This could be due to the morphology of the fiber, which is composed of keratin
filaments [5]. However, the incorporation of 20% of fibers again decreased the water/binder ratio to
values similar to the control mortar. This trend reversion may be due to the fact that the longer fibers
have a lower bulk density and thus a lower weight of incorporated fibers is actually used (Table 2).
The modified mortars presented a lower bulk density than that of the reference mortars.

3.2. Hardened State

3.2.1. Dry Bulk Density of the Hardened Mortars

The dry bulk density of the hardened mortars was determined at 28, 90, and 180 days and the
results are presented in Figure 4. The same trend as for the fresh state was noticed: the incorporation
of wool fibers reduced the dry bulk density of the mortars due to the low bulk density of the fibers.
Giosué et al. [11] found similar results (i.e., the bulk density of the reinforced mortars had a decrease of
about 13% compared to the control mortar at 28 days).

 
Figure 4. Dry bulk density of the hardened mortars.

In general, the dry bulk density of the cement mortars decreased from 28 to 90 days. Dry
bulk density is defined as the ratio between mass and volume. Thus, the variations in weight and
volume during time explain the variations in dry bulk density. In a previous study, a similar trend
of decrease from 28 to 90 days was found [24], possibly because the mass reduction overlapped the
volume reduction.

The opposite effect occurred in the cement-lime mortars, which presented an increase in this
property over time. In fact, cement-lime mortars also have shrinkage with the consequent reduction of
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volume, and possibly have an increase in weight due to a higher carbonation reaction (by comparison
with cement-only mortars). Previous works have shown this same trend for air lime mortars [25].

3.2.2. Dynamic Modulus of Elasticity of the Hardened Mortars

The modulus of elasticity measures the ability of the rendering mortars to absorb deformations.
The renders should be able to withstand higher internal stresses without cracking. The dynamic
modulus of elasticity was determined at 28, 90, and 180 days. The results are presented in Figures 5
and 6.

 
Figure 5. Dynamic modulus of elasticity of the cement mortars.

 

Figure 6. Dynamic modulus of elasticity of the cement-lime mortars.

In general, the modified mortars presented a lower modulus of elasticity when compared to
the reference mortars. For cement mortars, the modulus of elasticity decreased from 28 to 180 days.
This could be attributed to the internal micro-cracking of the mortars over time. The opposite trend
occurred in cement-lime mortars (i.e., the modulus of elasticity presented a slight increase from 28 to
90 days).

According to Araya-Letelier et al. [26], the incorporation of pig hair in mortars did not lead to a
significant reduction in the dynamic modulus of elasticity. The authors explained this effect by the
small amount of total fiber volume incorporated (up to 1.5%).

3.2.3. Ultra-Sound Pulse Velocity of the Hardened Mortars

The ultra-sound pulse velocity test was performed at 28, 90, and 180 days. The results are
presented in Table 5. The ultra-sound pulse velocity results showed that the incorporation of fibers
reduced the pulse velocity through the mortar, indicating a decrease in the modulus of elasticity
(Table 5).

These results followed the same trend as those of the modulus of elasticity test, as expected.
The direct method showed a decrease of the pulse velocity in cement mortars, which could be related
to some internal cracks due to shrinkage. According to the indirect method, this reduction is not
that significant as it measures the velocity in small distances in the prism, which may detect a more
distributed crack pattern and consequent decrease of the pulse velocity, as seen by the high R2 of the
velocity trend lines (Figures 7 and 8).
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Table 5. Ultra-sound pulse velocity of the mortars tested.

Mortar

Ultra-Sound Pulse Velocity (m/s)

Direct Method Indirect Method

28 days 90 days 180 days 28 days 90 days 180 days

REF 1:4 2855 2751 2661 2551 2581 2676
W 1.5_10%c 2727 2695 2650 2516 2530 2361
W 3.0_10%c 2641 2493 1842 2830 2293 2399
W 1.5_20%c 2556 2602 1855 2677 2739 2545
W 3.0_20%c 2788 2925 1892 2652 2779 2731

REF 1:1:6 2205 2218 2321 2190 2059 2321
W 1.5_10%cl 2050 1990 2051 1921 1968 2003
W 3.0_10%cl 2118 2169 2219 2039 2108 2050
W 1.5_20%cl 2040 2076 2143 2136 2071 2276
W 3.0_20%cl 1985 2065 2120 1957 1936 2017

Figures 5 and 6 present the results of the ultra-sound pulse velocity test by the indirect method for
the reference mortars and W 1.5_10% mortars.

3.2.4. Flexural and Compressive Strength of the Hardened Mortars

Figures 9 and 10 present the results of the flexural and compressive strengths at 28 days. In general,
the incorporation of wool fibers in cement mortars improved their flexural strength. Longer fibers
(3.0 cm) presented a higher increase in flexural strength. The cement mortar with 20% of 3.0 cm
long wool fibers had an increase of 40% and 26% in flexural and compressive strength, respectively,
compared to REF 1:4.

  
Figure 7. Ultra-sound pulse velocity of the reference mortars.

  
Figure 8. Ultra-sound pulse velocity of the W 1.5_10% mortar.
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Figure 9. Flexural strength of the mortars at 28 days.

 
Figure 10. Compressive strength of the mortars at 28 days.

For cement-lime mortars, only W 3.0 cm 10% had an increase of 15% in this property when
compared to REF 1:1:6. In general, the modified cement-lime mortars presented a slight decrease in
flexural strength. W 1.5 cm 10% obtained the lowest flexural strength, 20% less than the reference
mortar. Figure 11 presents the mechanical tests carried out on the mortars.

  

(a)                           (b) 

Figure 11. Flexural strength test (a); compressive strength test (b).

Fantilli et al. [5] reached similar conclusions to those of the cement mortars. The modified
mortars with wool fibers had an 18% higher flexural strength than that of the control mortar.
Araya-Letelier et al. [23] studied the incorporation of natural animal fibers such as pig hair in mortars
and also reported an increase in flexural strength of the modified mortars. Giosué et al. [11] reported
that a hydraulic-lime mortar with wool fibers achieved about a 30% higher flexural strength than that
of the conventional mortar. These previous works explained this increase in flexural strength due to a
bridging mechanism.
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In the compressive strength test, a different trend was found regarding the type of the binder
used and the length of the fibers. Indeed, it can be seen that the longer fibers led to an increase in the
compressive strength when compared to the cement mortar reference. Modified cement mortars with
1.5 cm of wool fiber presented a slight decrease in compressive strength.

The modified cement-lime mortars obtained a slight reduction of compressive strength compared
to the control mortar (REF 1:1:6). W 1.5_20% cl obtained the most significant decrease compared to the
reference mortar, about 20%.

Giosué et al. [11] found a decrease in the modified lime-based mortars with wool fibers. The authors
reported that the use of fibers reduced the compressive strength of mortars. In agreement with this
study, Araya-Letelier et al. [26] found a reduction of compressive strength with the incorporation of
animal-based fibers in cement mortars.

Figure 12 presents a sample of the modified mortar, where the wool fibers do not produce a
significant change in the mortar’s appearance.

 
Figure 12. Sample of the modified mortar with wool fiber incorporation.

3.2.5. Cracking Behavior

Restrained shrinkage can be induced by the restrictions imposed on deformations of a rendering
mortar. Tensile stresses should be dissipated without cracking of the coating. There are several
causes that lead the mortar to crack. In order to evaluate the mortar’s susceptibility to cracking, some
parameters were considered to enhance the analysis of this phenomena as described above, and the
results are presented in Table 6.

The values of fracture toughness are presented in Table 6.
An increase in the fracture toughness of the modified cement mortars was noticed. The increment

was higher when longer fibers were incorporated, regardless of the incorporation ratio. W 3.0_10%c
and W 3.0_20%c attained up to 100% higher toughness values when compared with the reference
cement mortar (REF 1:4).

The fracture toughness results of the cement-lime mortars did not present significant changes.
These results are in accordance with previous studies [5,27]. Fantilli et al. [5] also obtained a

higher fracture toughness with the incorporation of wool fibers in cementitious composites. This can
be explained by the fibers’ bridging mechanism, since the fibers cross the micro-cracks, preventing
their propagation and delaying the occurrence of the first crack. Reinforced mortars may withstand
tensile load after cracking and exhibit ductile behavior [1,28].
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Table 6. The mechanical test results of the hardened mortars and parameters related to cracking.

Mortar
Dry Bulk Density

(kg/m3)
Dynamic Modulus
of Elasticity (MPa)

Flexural
Strength (MPa)

Compressive
Strength (MPa)

E/σf σf/σc

Fracture
Toughness

(N.mm)

REF 1:4 1919 16210 ± 0.91 2.56 ± 0.21 9.66 ± 0.11 6332 0.27 0.195 ± 0.07
W 1.5_10%c 1906 15980 ± 0.19 2.72 ± 0.19 8.75 ± 0.08 5875 0.31 0.278 ± 0.04
W 3.0_10%c 1845 12790 ± 0.29 3.12 ± 0.43 9.47 ± 0.25 4099 0.33 0.415 ± 0.05
W 1.5_20%c 1879 15290 ± 0.61 2.53 ± 0.22 8.53 ± 0.16 6043 0.30 0.235 ± 0.06
W 3.0_20%c 1899 16860 ± 0.47 3.56 ± 0.17 11.50 ± 0.11 4736 0.31 0.392 ± 0.06

REF 1:1:6 1856 9820 ± 0.21 1.76 ± 0.10 5.22 ± 0.09 5580 0.34 0.135 ± 0.02
W 1.5_10%cl 1808 7850 ± 0.09 1.42 ± 0.09 3.28 ± 0.15 5528 0.43 0.090 ± 0.01
W 3.0_10%cl 1832 8600 ± 0.41 2.03 ± 0.01 4.48 ± 0.06 4236 0.45 0.147 ± 0.03
W 1.5_20%cl 1810 8130 ± 0.05 1.74 ± 0.11 3.17 ± 0.40 4672 0.55 0.127 ± 0.02
W 3.0_20%cl 1807 8030 ± 0.04 1.49 ± 0.13 2.99 ± 0.05 5389 0.50 0.104 ± 0.02

Araya-Letelier et al. [26] found that the incorporation of animal-based fibers, namely pig hair,
increased the fracture toughness of the fiber-reinforced mortars. The authors related this increment
to the increase in the impact energy absorption capacity of the mortars due to the addition of fibers.
In this work, it was reported that the post-cracking behavior of the modified mortars was improved by
up to 55% higher energy absorbed at failure.

Considering these factors, all the modified mortars evaluated in this work were less susceptible
to cracking. However, the cement-lime mortars presented more ductility than the cement mortars.
The incorporation of 20% of 1.5 cm long wool fibers in cement-lime mortars presented the best results
regarding ductility. Table 6 presents the results of tests on the hardened mortars.

3.2.6. Open Porosity

The open porosity test determines the volume of interconnected voids in the mortars, in percentage.
This property is correlated with the ultra-sound pulse velocity and modulus of elasticity as well as the
mechanical strength and water tightness behavior. Table 7 presents the results of the open porosity test.

Table 7. Open porosity test results of the hardened mortars.

Mortar Open Porosity (%)

REF 1:4 20.18 ± 0.003
W 1.5_10%c 20.91 ± 0.001
W 3.0_10%c 20.91 ± 0.007
W 1.5_20%c 20.82 ± 0.003
W 3.0_20%c 19.88 ± 0.003

REF 1:1:6 23.93 ± 0.003
W 1.5_10%cl 24.93 ± 0.008
W 3.0_10%cl 24.65 ± 0.003
W 1.5_20%cl 24.73 ± 0.008
W 3.0_20%cl 25.49 ± 0.012

The results of the open porosity test confirmed the expectations. In general, the incorporation
of fibers increased the volume of pores of the modified mortars. W 3.0_20%c was an exception,
as it presented a reduction of 1.5% of total open porosity compared to the control cement mortar.
The incorporation of 10% of wool fibers in cement mortars presented the same values, regardless of the
length of the fibers.

The cement-lime modified mortars exhibited a greater increase in the volume of pores than that of
the cement mortars. W 3.0_20% cl obtained an increase of about 6.5% of total open porosity compared
to REF 1:1:6.

Giosué et al. [11] also noticed an increase (32%) of total open porosity in hydraulic lime-mortars
with the incorporation of 25% of wool fibers when compared to the control mortar. The increase in
open porosity of the modified mortars could be explained by the fiber–matrix interfacial bond that is
thought to be less efficient than that of the sand–matrix.
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4. Conclusions

From the results of the experimental campaign, it was concluded that the incorporation of wool
fibers in rendering mortars presented a satisfactory performance concerning the mechanical and
cracking behavior. All of the modified mortars presented less susceptibility to cracking when compared
with the mortars without fibers, based on the parameters evaluated.

In general, the reinforced mortars presented a decrease in the dynamic modulus of elasticity,
which can be considered an advantage of the incorporation of wool fibers. W 3.0_10%c and W 1.5_10%cl
obtained a similar decrease of 20% of modulus of elasticity when compared to the control mortar.

Regarding flexural strength, the modified cement mortars presented an increase when compared
to the reference mortar. The addition of longer fibers enhanced the mechanical strength of the
mortars. W 3.0_20%c obtained an increase of 40% in flexural strength when compared to REF 1:4.
The cement-lime modified mortars obtained a slight reduction in flexural strength, with the exception
of W 3.0_10%cl.

The dynamic modulus of elasticity and flexural strength ratio (E/σf) was analyzed as an indicator
of the mortars’ ability to resist cracking. It could be seen that all of the modified mortars, regardless of
the binder used, presented a lower (E/σf) ratio, which could lead to a lesser tendency to crack due to
restrained shrinkage when compared to the reference mortars.

The ratio (σf/σc) is related to the mortar’s ductility. According to the results, all the modified
mortars presented a higher ratio (σf/σc) compared to the reference mortars, which allows concluding
that the incorporation of fibers increased the ductility of those mortars, based on this parameter.

Regarding fracture toughness, the modified cement mortars presented improvements. In fact,
the toughness increment was higher when longer fibers were incorporated. However, for the
cement-lime mortars, the toughness results did not present any significant contribution of the
incorporation of the fibers.

Besides the analyzed parameters related with the cracking behavior, it was also found that,
concerning compressive strength, the incorporation of longer fibers in cement mortars (W 3.0_10%c
and W 3.0_20%c) resulted in an increase.

The results obtained in this work identify the advantages of the addition of the natural wool fibers
in rendering mortars, namely concerning the improvement in the mechanical, and in particular of the
cracking behavior.
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Abstract: In this paper, environmentally sustainable cement mortars were prepared with end-of-life
tyre rubber (TR) and recycled waste porous glass (PG) as aggregates in order to obtain lightweight
products characterized by renewable and not-pretreated materials specifically for indoor applications.
The secondary raw materials were added as partial and/or total replacement of the conventional
sand aggregate. The resulting lightweight specimens were characterized by rheological, mechanical,
thermal, microstructural and wettability tests. Fine tyre rubber aggregates affected the cohesiveness of
the composites, as opposite to coarse tyre rubber and porous glass. The flexural and the compressive
strengths of the porous glass samples were higher than the tyre rubber samples because of the
higher stiffness and good adhesion of the glass to the cement paste as observed by microstructural
observations. On the contrary, an unfavorable adhesion of the tyre aggregates to the cement paste
was observed, together with discrete cracks after failure without separation of the two parts of the
specimens. The latter result can explain the best results obtained by tyre rubber mortars in the
case of impact compression tests where the super-elastic properties of the elastomeric material were
evidenced by a deep groove before complete failure. Moreover, the thermal conductivity decrease
of the lightweight porous TR and PG composites was in the range of ~80–90% with respect to the
sand-based samples, which suggests that they can be used as plasters and masonries, and, in the case
of tyre rubber specimens, outside applications are not excluded as observed from the wettability tests.

Keywords: cement composites; recycled waste porous glass; end-of-life tyre rubber; safe production;
thermal insulation; mechanical resistance

1. Introduction

The recycling of industrial by-products is an ever rising issue in the sustainable waste management
field. Indeed, many studies have focused on the conversion, after appropriate procedures, of these
secondary raw materials into a new resource that would otherwise be landfilled. In this respect, over the
last years, industrial waste recycling and reuse have become important environmental challenges that
many countries are facing in order to reduce overall costs and negative environmental impacts [1–10].

Waste glass and tyre rubber are among the most recycled secondary raw materials from industrial
and municipal activities, accordingly, various investigations, mainly in sustainable construction
technology, have been carried out with the aim to face the problems relative to the disposal space
limitations of these by-products associated with the increasing costs [8,11–17].

In recent years, the amount of waste glass has gradually increased due to the widespread
development of urban areas and industries. After the forming process, different types of glass products

Materials 2019, 12, 3289; doi:10.3390/ma12203289 www.mdpi.com/journal/materials103



Materials 2019, 12, 3289

can be obtained, specifically container glass, flat glass, light bulbs, fluorescent and cathode ray tubes.
The biopersistence and chemical inertia of these products lead to long-term accumulation. Accordingly,
in the ambit of environmentally sustainable management policies, glass needs to be reused and/or
recycled. This material can be indefinitely recycled by preserving the original properties [18,19],
and accordingly, the products collected during the sorting operations can be used for the production of
abrasives, reflective paints for highways, cullets in glass production, lubricants, additives, fractionators,
in road beds and fiberglass production [19–23].

In the last 20 years, recycled glass has been widely used in construction materials, specifically in
bricks, normal concrete, pavement materials and asphalt concrete [19,24–28], which is a practice that
reduces landfill operations and consumption of natural resources, and also minimizes greenhouse
emissions [18,29]. In this respect, it is worth saying that in the case of building materials, recycled glass
as aggregate in structural concrete is still not widely used.

The growing amount and disposal of waste tyre rubber has become an environmental issue in
many countries. Every year, millions of end-of-life tyres are discarded all over the world and stockpiled
tyres represent a threat to human health and the environment through air, water and soil pollution,
with its associated economic and social risks [15,30]. The volume of waste, which is globally produced,
makes management of the accumulated rubber very hard, with potential fire risks. Tyre burning,
although easy and cheap, represents an extremely dangerous method of disposal because fires are
difficult to be extinguished and uncontrolled emission of hazardous compounds and potentially toxic
gases are released in air. This is very dangerous to humans, animals and plants, and causes ground
and surface water contamination generated by the oils and residue ashes left after burning [31,32].
Tyre rubber may be also used as fuel after carbon black production but this solution is not economically
advantageous because this material has lower quality and higher costs as compared to conventional
fuels [15].

Due to the biopersistence and chemical inertia of waste rubber, recycling operations are rising issues
in the sustainable waste management field, as an alternative to landfilling, along with the awareness
that new products can be produced with different properties with respect to the original materials.

Tyre rubber can be used for applications in civil and non-civil engineering, for example in erosion
control, earthquake shock-wave absorption, road construction as a modifier in asphalt paving mixtures,
in breakwaters, in crash and sound barriers, in reefs, playground equipment, as a fuel in cement kilns
or for electricity production after incineration [14,16,33–35].

Over the last few years, waste tyre rubber incorporation into cement concrete has been considered
one of the most effective, cheap and eco-friendly recycling solutions because it contributes to reducing
the cost of some natural aggregates, the great volume of tyre waste, and the emission of toxic compounds
and carbon dioxide by preventing tyre fires [36–39].

The main purpose of the present research was to prepare and characterize, by physico-mechanical
procedures, eco-friendly non-structural cement composites based on inorganic and organic by-products
of recycled waste porous glass (PG) and end-of-life tyre rubber (TR). The secondary raw materials
were added as partial and/or total replacement of the conventional sand aggregate, which was made
on a volume basis rather than on a weight basis due to the low specific weight of both waste materials.
The specimens were characterized by rheological, mechanical, thermal, porosimetric, microstructural
and wettability tests. The aim was to obtain lightweight thermo-insulating composites specifically
for indoor applications in perfect agreement with the current policies of environmental sustainability.
They are also cost-effective because they are prepared through a cheap process where the renewable
aggregates are not pre-treated (no addition of chemicals to improve adhesion to the cement paste) and
the mixture preparation does not require complex manufacturing processes or expensive procedures.
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2. Experimental Part

2.1. Materials and Mortar Specimens Preparation

CEM II A-LL 42.5 R (limestone Portland cement, Rc (2 days) > 25.0 MPa, Rc (28 days) > 47.0 MPa,
3100–4400 cm2/g Blaine specific surface area) was provided by Buzzi Unicem (Barletta, Italy) and used
for the preparation of the cement mortars [40]. Conventional sand (normalized) was characterized as
clean, isometric and rounded in shape grains in the 0.08–2 mm size range (1660 kg/m3) and provided
by Societè Nouvelle du Littoral, Leucate, France [41,42]. End-of-life tyre rubber (TR) (0–0.5 mm and
0.5–2 mm size range, 460 kg/m3 and 500 kg/m3, respectively) and recycled porous waste glass (PG)
(0.5–2 mm size range, 300 kg/m3) were provided by Maltek Industrie S.r.l., Terlizzi, Bari, Italy. PG is a
sodium calcium silicate glass (71% SiO2, 9% CaO, 14% Na2O, 3% Al2O3, 2% MgO, 1% K2O) obtained
from separate collection and separation of municipal and industrial solid wastes. Preliminary cleaning
and crushing of the raw materials is followed by the addition of a porosizing agent at temperatures
of 900–1300 ◦C, which induces a controlled porosity of the resulting beads, thus showing a specific
weight in the 200–900 kg/m3 range. TR and PG were added as partial and/or total replacement of the
conventional aggregate, which was made on a volume basis rather than on a weight basis due to the
low specific weight of both waste materials. In the present case, the total volume of aggregate was set
at 500 cm3 in order to preserve an acceptable workability of the mixture. For this purpose, another
sand reference (sand, sample 2) with the same aggregate volume (500 cm3) and with a 0.5–2 mm
sand size range (1880 kg/m3) was prepared. Tables 1 and 2 report the aggregate types used for the
mortar preparation and the composition of the conglomerates. In the present case, the composites were
prepared with a water/cement ratio equal to 0.5, specifically with 225 g of water and 450 g of cement;
dosages that were chosen according to the standard protocol [41] for the normalized mortar preparation,
showing a plastic behavior. After the mixture, the rheology of the fresh mixtures was evaluated by
the flow-test [43]. The mortars were placed inside a truncated cone shape ring. After demolding,
fifteen hits in fifteen seconds were applied. Flow data were calculated through the following empirical
equation after evaluation of the diameters of the mixture before (Di) and after (Dm) the test:

% f low =
[(Dm −Di)]

Di
∗ 100 (1)

The percentage increase of the diameter of the non-consolidated sample over the base diameter
represents the flow of a specimen.

Successively, all the specimens were molded in the form of prisms (40 mm × 40 mm × 160 mm)
for the flexural and compressive tests and cured in water for 7, 28, 60 and 90 days after demolding [41].
Moreover, the specimens were molded in the form of cylinders for thermal (ϕ = 100 mm; H = 50 mm)
and impact resistance (ϕ = 150 mm; H = 60 mm) tests and cured in water for 28 days after demolding.

Table 1. Mortars composition.

Sample Cement (g) Water (g)
Sand Volume

(cm3)
TRf Volume

(cm3)
TRc Volume

(cm3)
PG Volume

(cm3)

Norm 450 225 810 0 0 0

Sand 450 225 500 0 0 0

TRf 450 225 0 500 0 0

TRc 450 225 0 0 500 0

PG 450 225 0 0 0 500

TRf/Sand 450 225 250 250 0 0

TRf/TRc 450 225 0 250 250 0

TRf/PG 450 225 0 250 0 250
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Porosimetric measurements of the resulting mortars were carried-out by Ultrapyc 1200e Automatic
Gas Pycnometer, Quantachrome Instruments, Boynton Beach, FL, USA. In this respect, helium gas
penetrates the finest pores of the material and the results were the average of three measurements
performed on three specimens of the same type (see Table 2).

Table 2. Type, aggregate composition, specific weight ρ and porosity of the cement mortar specimens.
Samples prepared with 225 g of water and 450 g of cement. TRf = fine tyre rubber, TRc = coarse tyre
rubber, PG = porous glass.

Sample Type Aggregate Composition ρ Kg/m3 Porosity %

1 Norm Normalized sand 1980 22

2 Sand 100% Sand (0.5–2 mm) 1900 25

3 TRf 100% TR (0–0.5 mm) 1060 46

4 TRc 100% TR (0.5–2 mm) 1080 47

5 PG 100% PG (0.5–2 mm) 840 57

6 TRf/Sand 50% TR (0–0.5 mm)/50% Sand (0.5–2 mm) 1380 40

7 TRf/TRc 50% TR (0–0.5 mm)/50% TR (0.5–2 mm) 1080 45

8 TRf/PG 50% TR (0–0.5 mm)/50% PG (0.5–2 mm) 980 52

2.2. Microscopical Characterization

A scanning electron microscope (SEM) was used to show magnified images of the aggregates
and of the cement composites. For this purpose, a FESEM-EDX Carl Zeiss Sigma 300 VP (Carl Zeiss
Microscopy GmbH, Jena, Germany) electron microscope was used and the samples were sputtered
with gold after immobilization onto aluminum stubs (Sputter Quorum Q150 Quorum Technologies
Ltd, East Sussex, UK). The elemental composition of the different organic and inorganic areas of the
samples was obtained by energy dispersive X-ray (EDX) analysis (Oxford Instruments, X-Max 20,
Abingdon-on-Thames, UK). Specifically, sand composition was: C (4%), O (52%), Si (35%), Ca (2%),
end-of-life tyre rubber composition was: C (25%), O (70%), S (1.5%), recycled porous waste glass
was: Na (14.8%), Mg (2.1%), Al (3.5%), Si (66%), K (1%), Ca (12%), cement paste composition was:
C (4.2%), O (40%), Si (7.6%), Ca (44%), Fe (1.5%), Al (2.5%). A homemade system (premier series
dyno-lyte portable microscope and background cold lighting) allowed us to evaluate the wettability of
the specimens, which was carried out after deposition of a drop of water onto the side and fracture
surface of each sample.

2.3. Mechanical and Thermal Tests

The flexural and compression tests were carried-out by the use of a MATEST device, Milan, Italy.
Compression strengths were obtained on twelve semi-prisms (loading rate in the range of 2400± 200 N/s),
deriving from the flexural tests carried-out on six prisms (40 mm × 40 mm × 160 mm) (loading rate in
the range of 50 ± 10 N/s) [41].

An impact resistance device was made according to the ACI Committee 544 [44]. Specifically,
the test was carried-out by dropping a weight of 4.50 kg from a height of 45 cm above a steel ball
(63 mm diameter) placed centrally on the upper surface of the specimen. The energy absorbed by the
sample before the fracture was obtained after evaluation of the number of blows on the sphere.

Thermal conductivity (λ) and thermal diffusivity (α) measurements were carried-out through an
ISOMET 2104 device, from Applied Precision Ltd. (Bratislava, Slovakia). Before the tests, the mortars
were dried to a constant weight, followed by final stabilization at room temperature. Specifically,
a constant thermal flow was produced by a heating probe that was applied on the sample surface and
the temperature was recorded over time. The thermal diffusivity and thermal conductivity parameters
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were obtained by comparison between the experimental temperature values and the analytical solution
of the heat conduction equation [45].

3. Results and Discussion

3.1. Characterization of the Aggregates and Rheological Tests of the Mortars

Figure 1 shows the scanning electron micrographs (SEM) of tyre rubber grains and of PG beads.
An intrinsic micro-scale texture of the elastomeric aggregates can be observed (Figure 1A), while the
glass aggregates (Figure 1B) show a large open porosity together with a large closed porosity (inset
Figure 1B). The properties of these secondary raw materials can explain the properties of the resulting
mortars. In this respect, Table 2 shows that the TR and PG samples are lighter and with a much
higher porosity than the references, while, among the lightweight composites, PG mortars were the
most porous.

Figure 1. (A) Tyre rubber (TR) grain and (B) porous glass (PG) bead with evidenced porosity (in the
inset: inner porosity).

Flow-test measurements were carried-out on the mixtures in order to determine the consistency
of the fresh specimens (Figure 2).

Sample 2 (sand sample) showed a higher flow (+56%) than the control (normalized mortar (norm),
with a plastic behavior) due to the lack of fines in the sand aggregate. The sample with bare fine
tyre rubber aggregates (sample 3) showed a flow decrease in the range of 44.5% with respect to
the reference [46], as opposite to sample 4 with bare coarse tyre rubber aggregates, which showed
approximately the same flow as the control (+9%). The former result is ascribed to the absence of
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the fine aggregates, with a higher specific surface, which contributes to the decrease of plasticity and
increase of cohesiveness of the specimen. Sample 6, with fine TR and coarse sand, showed a plastic
behavior as the flow was similar to the control (+8%), while the PG composite (sample 5) showed a
flow increase in the range of 30% because of the absence of fine aggregates. Finally, the presence of the
finer TR fraction is associated with the decrease of workability of the samples 7 and 8 (−25%).

Δ

Figure 2. Flow-test results with respect to the normalized mortar (norm sample).

3.2. Mechanical Tests and Microscopical Characterization of the Mortars

Figures 3 and 4 report the flexural and compressive strengths of the samples. Reference sand-based
mortars (samples 1 and 2) showed the best mechanical performances. In fact, the flexural and
compressive strengths of all the unconventional and lightweight mortars were lower than the references,
based on the more resistant sand aggregate.

Figure 3. Flexural strengths of the cement mortars. On the top: discrete cracks after rupture in the TR
specimens (evidenced by the arrow), with the two parts of the sample still connected by the tyre rubber.
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Figure 4. Compressive strengths of the cement mortars.

As for specimens 3, 4 and 7, characterized by bare tyre rubber, the addition of the elastomeric
waste disrupted the mineral skeleton of the mortars after the formation of voids in the composite,
which sensibly reduced the specific weight of the samples.

This effect depends on the organic/inorganic interface properties. In fact, an unfavorable adhesion
of the aggregate to the cement paste [46–52] was observed and ascribed to the hydrophobic nature of
the tyres rubber and to the completely different chemistry of the compounds present in the polymeric
structure and in the inorganic matrix (Figure 5A). This evidence was not observed in the sand-based
references where a good aggregate/cement paste adhesion was present (Figure 5B).

Accordingly, after total replacement of the sand volume, a decrease in the mechanical performances
of these composites was ascribed to the low density of the TR grains and to the voids (entrapped air)
created by the aggregate at the cement/TR interface during mixing, which can explain the decrease of
the specific weight and an almost double porosity of these samples with respect to the references [46–52]
(Table 2).

Specifically, the flexural resistances of samples 3, 4 and 7 were 60–70% lower than the references,
while the compressive resistances were ~85% lower than the references (Figures 3 and 4). Replacement
of 50% of the sand volume with TR grains (sample 6) led to an increase in the mechanical resistances
with respect to the composites with 100% sand replacement, due to the presence of the more resistant
sand aggregate. In fact, in this case, the flexural strength decrease was approximately 40–55% with
respect to both references, while the compressive resistances were ~70% lower than the reference
samples [51,53–57]. The specimen with fine tyre rubber aggregates (samples 3) showed higher
mechanical resistances than the coarse tyre rubber type (samples 4), as was also observed in previous
works [53–56], a result ascribed to the higher surface area of the fine type elastomeric materials, which,
as observed in rheological measurements, improve the cohesiveness of the mixture. Mortars based
on PG and PG/TR aggregates (samples 5 and 8) showed an increase in the flexural and compressive
strengths with respect to tyre rubber composites, in particular the flexural resistance of sample 5 (PG
specimen) was almost double the other tyre rubber samples (samples 3, 4 and 7) together with a three
times higher increase of the compressive strength. Moreover, the PG composites showed a decrease in
the flexural resistances in the range of 25–50% (sample 5) and 50–60% (sample 8) with respect to the
references, and a decrease in the compressive resistances in the range of ~65% (sample 5) and ~80%
(sample 8) with respect to the references [58–60]. The presence of tyre rubber was detrimental for
the mechanical strengths, which conversely were interesting when bare PG was used because glass
showed higher stiffness and better adhesion to the cement paste due to the high roughness of the beads
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and to a chemical composition (silicates, aluminates) similar to the ligand matrix (Figure 5C) [11,61].
For this reason, the lowest specific weight of the glass samples was exclusively ascribed to the intrinsic
porosity of the aggregate and not to the porosity of the composite at the interface. Table 3 shows the
results obtained from the mechanical tests.

 

 

 

Figure 5. SEM images of: (A) cement/TR interface, (B) cement/sand interface, (C) cement/PG interface.

The flexural failure mode of the mortars containing bare TR aggregate did not exhibit the typical
brittle behavior observed in the conventional sand-based samples (samples 1 and 2), indeed a separation
of the two parts of the specimens was not observed but only discrete cracks, ascribed to the tyre tensile
strength (Figure 3, on top) [53,62].

Similar to flexural strength observations, the compressive failure observed in the case of TR
mortars was more gradual and the specimens showed a high-energy absorption capacity because of
the load retention after failure without collapse. It was also observed that many aggregates of the TR
specimens sheared off along the failure plane, and accordingly, the bond between the TR aggregate and
the cement paste was stronger than the failure strength of the aggregate granules. Reference samples
and sample 5 (based on bare PG) showed a typical brittle failure [60,63–65]. A semi-brittle failure was
observed in the case of the Sand-TR and of the PG/TR samples (sample 6 and 8). The Rc values of the
PG, TRf/Sand and TRf/PG samples were in the CS IV conformity range for plasters, while the Rc values
of the TRf, TRc and TRf/TRc samples were in the CS III conformity range for plasters [66]. The Rc

values of the PG and TRf/Sand samples were in the M10 conformity range for masonries, while the Rc

values of TRf/PG, TRf, TRc and TRf/TRc were in the M5 conformity range for masonries [67].
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Table 3. Main results from flexural (Rf), compressive (Rc), impact resistance (IR) and thermal tests (λ).

Sample Rf (28d) (MPa) Rc (28d) (MPa) IR (J/cm2) λ (W/mK)

Norm 7.2 42.8 4.5 1.95

Sand 5.3 42.6 3.2 1.6

TRf 2.5 6.4 51.6 0.3

TRc 2.1 5.1 19.1 0.3

PG 3.6 13.8 1.3 0.2

TRf/Sand 3.1 10.8 6.4 0.7

TRf/TRc 2.1 5.5 22.3 0.25

TRf/PG 2.8 8.1 11 0.3

Figure 6 shows a picture of the sections of the specimens after the mechanical tests, where the
nature of the aggregates can be observed together with a good distribution of the tyre rubber grains,
porous glass beads and conventional sand. The samples, although characterized by different types of
aggregates and with different grain size distribution, were extremely homogenous without any form
of segregation.

 

Figure 6. Sections of the specimens after the mechanical tests. (A) Norm (sample 1), (B) Sand (sample
2), (C) TRf (sample 3), (D) TRc (sample 4), (E) PG (sample 5), (F) TRf/Sand (sample 6), (G) TRf/TRc

(sample 7), (H) TRf/PG (sample 8).
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The temporal evolution of the flexural and compressive resistances of samples 3, 4, 5 and 8 is
reported in Figure 7. An increase in the strengths can be observed for every composite with a final
stabilization in the range of 60–90 days. This result may demonstrate a stability of the materials,
in consideration of the adopted curing/conservation conditions of the conglomerates (in water).

Figure 7. Temporal evolution of the (A) flexural and (B) compressive resistances of sample 3 (TRf),
sample 4 (TRc), sample 5 (PG) and sample 8 (TRf/PG).

From the impact compression tests (Figure 8A), it was observed that the references and the PG
mortars (samples 1, 2 and 5) were extremely fragile, with a relatively low number of blows necessary
for fracture formation (Figure 8D,E).
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Figure 8. (A) Impact resistance of the cement mortars, (B) TRf (sample 3), (C) TRf/TRc (sample 7),
(D) Norm (sample 1), (E) PG (sample 5).

The best results were obtained with the TR specimens because of the load retention of these
composites, ascribed to the super-elastic properties of the elastomeric material and evidenced by a
deep groove before complete failure (Figure 8B,C) [46,68]. Specifically, sample 3 with finer grains
showed the highest energy absorption capacity ascribed to a better compaction with respect to the
other similar composites. As for the flexural and compressive tests, average values were observed in
samples with 50% of TR (samples 6 and 8) because of the presence of brittle materials as sand and PG.

3.3. Thermal Tests

TR-based mortars (samples 3, 4 and 7) showed lower thermal conductivities and diffusivities
(80–85%) as compared to the sand equivalent controls (Figure 9) because of the lower specific weight
of the specimens due to the polymer characteristics (low specific weight of the aggregate) and also
to the voids (entrapped air) at the TR/cement paste interface, which limit heat transport through the
material (see Figure 5A) [50,68]. The best results were obtained in the case of the PG mortar (0.2 W/mK,
sample 5). Specifically, a corresponding decrease (~90%) of the thermal conductivity with respect to
the controls was observed, a result ascribed to the large porosity of the glass beads, which induces a
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further increase in the thermal insulation (see Figure 1B). In addition, the TR/PG mixture affected the
thermal insulation. Average values (60–65%) were obtained in samples with the presence of 50% of
sand (sample 6). An exponential decrease in the conductivity and diffusivity data was observed with
the decrease in the conglomerates specific weight. Table 3 also shows the results obtained from the
thermal tests.

Figure 9. (A) Thermal conductivity and (B) thermal diffusivity of the cement mortar specimens.

3.4. Wettability Tests

An investigation on the wettability of the tyre rubber specimens was carried out in a previous
work [52]. In the present paper, it was completed with the comparison of the properties of the porous
glass mortars. As known, the wettability is the ability of a liquid to maintain contact with a solid
surface, thus a hydrophobic behavior is associated with surfaces that repel water (poor wettability),
while a hydrophilic behavior is associated with a favorable wettability of the surfaces [69]. A surface is
considered hydrophobic if the water contact angle is higher than 90◦, whereas a surface is considered
hydrophilic if the water contact angle is lower than 90◦. As has also been formerly observed [52],
the surface and the bulk of the sand-based samples (norm and sand) showed an average fast water
absorption and a hydrophilic behavior (water contact angle lower than 90◦) due to the hydrophilic
porous domains of the cement paste (Figure 10A). Similar results were obtained in the case of the
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porous glass mortar (PG), a result ascribed to the hydrophilic nature and the high porosity of the
soda-lime aggregate (Figure 5C), together with the presence of the hydrophilic porous domains of the
cement paste, which determine a fast penetration of water (Figure 10B). Tyre-rubber specimens (TRf,
TRc, TRf/TRc) showed a strong reduction in water penetration both on the surface and on the bulk
and a hydrophobic behavior (water contact angle higher than 90◦ [52]), although these samples were
more porous than the references (poor adhesion of the aggregate to the cement paste, see Figure 5A).
These results were totally ascribed to the hydrophobic nature of the organic aggregate. Maximum
hydrophobic performances were obtained in the presence of the finer tyre rubber grain size distribution
(TRf, Figure 10C). In addition, in the case of the rubber/sand sample (TRf/Sand) the water absorption
was significantly lower than the reference samples (~15% on the side surface, ~25% on the fracture
surface), but higher than the TR-mortars due to the halved volume of rubber, which dramatically
reduced the net force for water penetration and thus stabilized the deposited drops on the surface [52].
Interestingly, the rubber/glass sample (TRf/PG) showed a low water absorption (~10% on the side
surface, ~15% on the fracture surface) ascribed to the contribution of the organic hydrophobic aggregate
in spite of the contribution of the hydrophilic and porous glass (Figure 10D). Therefore, in this case, the
rubber contributed to the reduction of the net force for water penetration, thus stabilizing the deposited
drops on the surface.

Figure 10. Wettability tests on the side surface of (A) Norm (sample 1) at t = 0 s (left) and at t = 60 s
(right), on the fracture surface of (B) PG (sample 5) at t = 0 s (left) and at t = 2 s (right), on the side
(left) and fracture (right) surface of (C) TRf (sample 3) at t = 150 s, on the side (left) and fracture (right)
surface of (D) TRf/PG (sample 8) at t = 150 s.
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It is worth saying that all materials showed a similar behavior because the surface and bulk of all
the specimens were almost the same, which means that the mortar features cannot be modified by
eventual wear or damage events of the surface.

4. Conclusions

End-of-life tyre rubber (TR) and recycled waste porous glass (PG) were employed for the
production of lightweight eco-sustainable cement conglomerates specifically for indoor applications.
A cheap and environmentally friendly process was used because the aggregates were not pre-treated.
The secondary raw materials were added as partial and/or total replacement of the conventional sand
aggregate, which was made on a volume basis rather than on a weight basis due to the low specific
weight of both waste materials. The specimens were characterized by rheological, mechanical, thermal,
microstructural and wettability tests.

TR and PG were added as partial and/or total replacement of the conventional aggregate, which was
made on a volume basis rather than on a weight basis due to the low specific weight of both waste
materials. In the present case, the total volume of aggregate was set at 500 cm3 in order to preserve an
acceptable workability of the mixture. The samples were prepared with a water/cement ratio equal to
0.5, a value that was chosen according to the standard protocol for the normalized mortar preparation,
showing a plastic behavior.

The main results showed that:
(a) Fine TR aggregates affected the cohesiveness of the mixtures as opposite to coarse TR and

PG types.
(b) The flexural and compressive strengths of the unconventional and lightweight mortars were

lower than the references, based on the more resistant sand aggregate. Specifically, a decrease of
~60% and ~85% respectively of the flexural and compressive strengths was observed in the case of
TR samples, whereas a lower decrease was observed in the case of the PG specimens (~25% and
~65% decrease respectively of the flexural and compressive strengths). The flexural and compressive
strengths of the PG samples were higher than the TR samples because of the higher stiffness and good
adhesion of the glass to the cement paste, ascribed to the roughness of the aggregate surface together
with a chemical composition (silicates, aluminates) similar to the ligand matrix. On the contrary,
an unfavorable adhesion of the rubber aggregate to the cement paste was observed and ascribed to the
hydrophobic nature of the organic material and to the completely different chemical composition of
the polymer and of the inorganic matrix.

(c) The specimen with fine tyre rubber aggregates showed higher mechanical resistances than
the coarse tyre rubber type, a result ascribed to the higher surface area of the fine type elastomeric
materials, which, as observed in rheological measurements, improves the cohesiveness of the mixture.

Replacement of 50% of the sand volume with TR grains led to an increase in the mechanical
resistances with respect to the composites with 100% sand replacement, due to the presence of the
more resistant sand aggregate.

(d) The flexural failure mode of the mortars containing bare TR aggregate did not exhibit the
typical brittle behavior observed in the conventional sand-based samples and in the bare PG samples,
indeed a separation of the two parts of the specimens was not observed but only discrete cracks were
noticed and ascribed to the rubber tensile strength.

(e) From the impact compression tests it was observed that the references and the PG mortars
were extremely fragile, and the best results were obtained with the TR specimens because of the load
retention of these composites ascribed to the super-elastic properties of the elastomeric material and
evidenced by a deep groove before complete failure.

(f) From thermal measurements it was observed that the thermal conductivity and diffusivity
decrease of the lightweight materials (tyre rubber and porous glass specimens) was in the range of
~80–90% with respect to the sand-based samples. This was ascribed to the large porosity of the glass
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beads and, in the case of the TR specimens, to the voids at the TR/cement paste interface, which limit
heat transport through the material.

(g) Suitable applications in the construction industry as non-structural artifacts may be found
for all the samples, as acceptable compressive data for plasters and masonries were obtained.
Specifically, after wettability investigations, bare PG specimens may be suitable for indoor applications,
while TR specimens may be also suitable for outside elements exposed for example to water flowing
and capillary rise. The latter application may also be indicated for the glass/tyre rubber mortars
characterized by hydrophobic behavior and low water absorption, ascribed to the presence of the organic
aggregate, and by interesting mechanical resistances and high thermo-insulation, mainly ascribed to
the inorganic aggregate.

Finally, it is worth considering that these waste/cement composites are cost-effective and
environmentally sustainable construction materials because they are prepared through a cheap
and eco-friendly process where the aggregates were not pre-treated and the mixture preparation did
not require complex manufacturing processes or expensive procedures.
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Abstract: Nanosilica particles are extracted from waste water containing a hexafluorosilicic acid
discharged from Vietnamese fertilizer plants as an effective way not only to reduce waste water
pollution but also to enhance the value of their waste water. Amorphous nanosilica particles are
produced with diameters ranging from 40 to 60 nm and then adopted as a reinforcing additive for
natural rubber (NR) composites. Morphological, mechanical, rheological, and thermal behaviors of the
nanosilica-added NR composites are examined. Especially, mechanical behaviors of nanosilica-filled
NR composites reach the optimum with 3 phr of nanosilica, at which its tensile strength, hardness,
and decomposition temperature are improved by 20.6%, 7.1%, and 2.5%, respectively, compared with
the pristine vulcanized NR. The improved mechanical properties can be explained by the tensile
fractured surface morphology, which shows that the silica-filled NR is rougher than the pristine
natural rubber sample.

Keywords: natural rubber; nanosilica; mechanical property; fertilizer plant; hexafluorosilicic acid;
waste water

1. Introduction

While nanosilica is becoming one of the most widely used nanomaterials for many industries,
with an annual growth of 5.6%, silica is used as an important filler for rubber in a range of products,
such as tires and other industrial materials, because it increases its mechanical durability, heat resistance,
shrinkage, thermal expansion, and stress [1–4]. In addition, it improves the wear resistance of rubber
based composites by replacing a soft matrix with a hard inorganic filler. Therefore, silica-based polymer
nanocomposites have many exciting features for their many applications in the automotive, electronics,
marine, and other industries. Many researchers have used silica as a reinforcement material for
rubber-based composites [5–9].

Mechanical characteristics of the rubber can be enhanced using nanosilica only or combined
with other fillers [10,11]. In particular, high-quality silica also has an absolute advantage in the
manufacture of household products (fashion footwear soles, rubber mattresses, and others) or medical
rubber (gloves, boots). In the pharmaceutical industry, silica is used as a carrier for some proprietary
medicines [12–14]. In the organic chemical industry, silica acts as a catalyst for some organic reactions,
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helps acceleration rates, and improves reaction yields [15–18]. To meet the increasing demand for silica
in industrial applications, many studies focused on the fabrication of silica from different sources [19–28].
In addition to the many common sources, such as silane compounds of Na2SiO3, hexafluorosilicic acid
(H2SiF6) becomes a potential economical candidate for the production of silica. Hexafluorosilicic acid
is a by-product from the fertilizer industry, produced in huge quantities annually [29]. On the other
hand, it is toxic and harmful to the environment, requiring either chemical treatment or conversion
to a highly economical product [30]. For example, in Vietnam, Lam Thao Fertilizers and Chemicals,
the largest production company of fertilizers with an estimated capacity of approximately 850,000
tons/year, produces approximately 30,000 tons of hexafluorosilicic acid annually. The production of
hexafluorosilicic acid in the fertilizer production line can be explained as follows: First, fluorapatite
(Ca5(PO4)3F (calcium fluorophosphate)) is reacted with either H2SO4 or HNO3 to generate HF according
to the following reactions:

Ca5(PO4)3F + 5H2SO4 + nH2O –> 3H3PO4 + 5CaSO4·nH2O + HF

Or
Ca5(PO4)3F + 10HNO3 –> 3H3PO4 + 5Ca(NO3)2 + HF

Obtained HF reacts with SiO2, which exists in the composition of the raw materials, to form
SiF4 gas:

4HF + SiO2 –> SiF4 + 2H2O

The collection of H2SiF6 is usually performed by an absorption method of gaseous SiF4 in
a water scrubber.

3SiF4 + 2H2O = 2H2SiF6 + SiO2

Many groups have reported its utilization, such as in silica recovery [30–37]. Dragicevic and
Hraste [38] prepared silica from the neutralization of fluosilicic acid with ammonia while Sarawade et
al. [25] used Na2CO3 to recover mesoporous silica with a large surface area from waste H2SiF6 from the
fertilizer company. Hexafluorosilicic acid was further adopted as a silica source to fabricate SZM-5 as
a trans-alkylation catalyst [29]. Cicala et al. [39] synthesized amorphous silicon alloys from fluorinated
gases by plasma deposition, while Guzeev et al. [40] produced zircon and zirconium tetrafluoride with
silicon tetrafluoride and zirconium dioxide as a raw material. Liu et al. [41] also synthesized titanium
containing Mobil Composition of Matter No. 41 (MCM-41) with the industrial H2SiF6 and applied for
cyclohexene epoxidation reaction.

We report a simple method of recovering amorphous silica nanoparticles from hexafluorosilicic
acid waste and their application as a reinforcing filler in natural rubber (NR) with enhanced mechanical
and thermal characteristics in this study. Both fabricated nanosilica and nanosilica-added NR are
characterized. These efforts could not only reduce the environmental pollution of hexafluorosilicic
acid wastes, but also enhance the value of waste from a fertilizer plant as an inorganic filler of NR.
Note that of the total cost for the final product in factory including the cost for raw material, equipment,
energies, and waste water treatment etc., the cost for waste water treatment grows higher as a result of
the government policy and type of the waste water. This results in the higher price of final products,
reducing their competitiveness. In case of Vietnamese fertilizer plants, the by-product of H2SiF6 with
its emission rate is about 35,000 tons per year. With its highly toxic and corrosive characteristics,
the H2SiF6 solution could threaten the environment by contaminating rivers and oceans.

Therefore, we strongly believe that the production and utilization of nanosilica in this study
could become a reliable and sustainable solution for dealing with waste water from fertilizer plants
environmentally as well as economically.

122



Materials 2019, 12, 2707

2. Experimental Procedures

2.1. Materials

The hexafluorosilicic acid was collected from Lam Thao Fertilizers and Chemicals JSC (Phu
Tho, Vietnam) and used as a raw resource for the production of nanosilica. The concentration
of the hexafluorosilicic acid solution was 13 wt.% along with a very low concentration of Fe2O3

(0.01–0.02 wt.%) and P2O5 (0.001–0.01 wt.%). A 25 wt.% ammonia solution was purchased from Xilong
Scientific Co. (Shantou, China). The NR (NR-Standard Vietnamese Rubber-3L) was purchased from
Phuoc Hoa Rubber Co. (Binh Duong, Vietnam). We adopted 2, 2, 4-trimetyl-1, 2-dihydroquinolin (RD),
N-cyclohexyl-2-benzothiazole sulfenamide (CBS), and 2, 2’-dibenzothizole disulfide (DM), (RongCheng
K&S Chem., Rongcheng, China) as vulcanizing accelerators [42]. Stearic acid, zinc oxide, and sulfur
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.1.1. Recovery of Nanosilica

In the first step, pristine solutions of both hexafluorosilicic acid and ammonia were diluted
with distilled water to 10 wt.% and 20 wt.%, respectively. In the second step, 200 g of 10 wt.%
hexafluorosilicic acid and 110 g of 20 wt.% ammonia solution were mixed in a glass reactor vessel with
a mechanical stirrer at 200 rpm for 12 h at 25 ◦C to obtain a slurry of nanosilica. Subsequently, the silica
nanoparticles were collected with a vacuum filter under atmosphere 200 mg Hg and cleaned a couple
of times with distilled water until they reached a neutral pH value. The resulting products were dried
using a vacuum oven at 800 ◦C for 3 h and cooled to 25 ◦C before obtaining the final product. Figure 1
provides details of this processing.

Figure 1. The processing of fabrication of nanosilica from hexafluorosilicic acid.

The material characteristics of the obtained nanosilica, such as chemical structure, crystallinity,
and particle size were scrutinized by Fourier transform-infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), and transmission electron microscopy (TEM), respectively.
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2.1.2. Rubber Compound Fabrication

The NR compounds both with and without nanosilica were fabricated following the formulations
given in Table 1. Initially, the NR, ZnO, stearic acid, paraffin, and nanosilica were put into an internal
mixer (Brabender Plasti-corder 350s, Brabender GmbH & Co. KG, Berlin, Germany) at different
compositions depending on the sample number and mixed well at 50 ◦C with a rotor speed of 50 rpm
for 1 h [42]. Further mixing was accomplished with a two-roll mill once three vulcanizing accelerator
chemicals and sulfur were added. The rubber compounds were either used for examining curing
characteristics or vulcanized to determine their mechanical properties.

Table 1. The composition of silica/natural rubber compounds.

Ingredients (phr) M0 M1 M2 M3 M4 M5

Natural Rubber
Zinc Oxide
Stearic Acid

Parafin
RD
CBS
DM

Sulfur
Silica

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0
0.0

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0
1.0

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0
3.0

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0
5.0

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0
7.0

100.0
5.0
3.0
1.0
2.5
1.5
0.5
2.0

10.0

2.2. Measurements

The moving die rheometer (Monsanto, MDR2000P, St. Louis, MO, USA) was used to determine
the curing characteristics of NR compounds. About 5 g of rubber compound was inserted into the
geometry of two parallel rotating disks at 150 ◦C at a frequency of 100 rpm. After processing was
completed, the cure curve with many characteristics such as max. torque (MH), min. torque (ML),
scorch time (t2), and 90% cure time (t90) were acquired.

In order to prepare the samples for tensile testing, a sheet of about 2 mm thickness was vulcanized
in a molding test press (Gotech, GT7014H, Taichung, Taiwan) at 150 ◦C and a 40 kgf/cm2 pressure for
a respective cure time, t90, which was estimated from the MDR 2000P measurement [42].

The tensile test was performed using an Instron universal testing machine according to ASTM
D412-93 at room temperature (~25 ◦C). Tensile strengths and elongations at break were estimated from
stress-strain curves and averaged values from five-time rerun measurements for each sample were
obtained [34]. The Shore A hardness of the samples was evaluated following the ISO 7619-1:2010.
Thermogravimetric analysis (TGA) was performed with a TGA Q50 (TA Instruments, New Castle, DE,
USA) according to the ASTM D3850-94 method. Approximately 10–20 mg of vulcanized samples were
loaded onto an open platinum pan, and then heated from 25 to 600 ◦C under a nitrogen environment
at a fixed heating rate of 10 ◦C/min. The fracture surfaces of the fabricated nanocomposites were
examined with a scanning electron microscope (SEM) (SEM JEOL 5510, JEOL, Tokyo, Japan) at 10 kV
accelerating voltage.

The Mooney-Rilvin equation was used to determine the crosslinking density of the vulcanates
based on the following stress-strain behavior [42]:

σ = 2(λ− 1
λ2 )(C1 +

C2

λ
)

where σ, λ, C1, and C2 are the tensile stress, the strain, and constants, respectively. The C1 and C2

constants were determined from the slope and intercept of the curve of σ/(λ − λ−2) versus 1/λ. Finally,
the crosslinking density was obtained from the following equation:

2C1 = ρkT
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where ρ is the cross-linking density, k is the Boltzmann constant, and T is the absolute temperature.

3. Results and Discussion

Initially, the chemical structure of fabricated silica nanoparticles was examined with the help of
an FT-IR spectroscopy (Perkin Elmer, Waltham, MA, USA) as shown in Figure 2. The silica nanoparticles
exhibited a distinctive absorption peak at 1000–1100 cm−1, which was ascribed to a stretching vibration
of Si–O–Si bonding. Another distinctive absorption peak also appeared at 1630 cm−1, which was
allocated to a bending vibration by way of H–O–H in the water molecules. An additional absorption
peak was further detected at 3400 cm−1, which was due to a stretching vibration of the hydroxyl
group, confirming the existence of hydroxyl groups in the silica surface. Figure 2 also showed the
FT-IR spectrum of vulcanized natural rubber filled with 3 phr silica composite. It is seen that the
asymmetrical stretching vibration of Si–O–Si and the hydroxyl of silica in the NR/SiO2 composite
appeared at 1088 cm−1 and 3403 cm−1, respectively.

Figure 2. FT-IR spectra of fabricated nanosilica and natural rubber (NR)/3 phr silica composite.

Regarding the crystalline structure of the samples, the powder XRD pattern in Figure 3 indicated
a broad peak at 22◦ of 2θ, revealing the amorphous nature of the nanosilica particles. Furthermore,
the TEM image of nanosilica in Figure 4 showed its diameter of 40–60 nm.

Figure 3. XRD pattern of nanosilica.
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Figure 4. TEM of nanosilica.

Table 2 lists the main curing characteristics of the fabricated NR compounds that were obtained
from the cure curves (Figure 5), in which both t2 and t90 increased with increasing silica nanoparticle
content in the NR. In general, the minimum torque (ML) in Figure 5 is associated with a shear viscosity
of the blend, while the maximum torque (MH) has a relation to the elastic stiffness of vulcanized
samples. The results implied that with addition of nanosilica, both ML and MH values increased,
meaning that the viscosity or stiffness of vulcanized NR increased with the presence of nanosilica
particles. The difference between maximum torque and minimum torque, (MH-ML), which was
obtained from the dynamic shear modulus test, corresponds indirectly to the crosslinking density of the
vulcanization. The results indicated that the (MH-ML) exhibited the same tendency to the maximum
torque and increased with increasing nanosilica loading as a result of increased cross-linking of the NR
with the presence of nanosilica particles.

Figure 6 presents typical stress-strain curves of the nanosilica-reinforced NR composite materials.
All samples exhibited the deformation-forced crystallization characteristics with the rapidly raised
sharp slopes when the strain reached more than 1500% [36,43,44]. Meanwhile, the tensile stress and
slope curves increased with increased contents of silica and reached the optimal properties at 3 phr of
silica filled NR. The details of the mechanical characteristics are provided in Table 3.

Table 2. Curing properties of the silica/rubber compounds.

Samples

Curing Properties

Minimum Torque,
ML (dN·m)

Maximum Torque,
MH (dN·m)

�M =MH −
ML (dN·m)

Scorch Time,
ts2 (min:s)

Cure Time,
t90 (min:s)

M0 0.135 6.000 5.865 4:11 15:89
M1 0.144 6.400 6.256 4:25 16:15
M2 0.148 6.600 6.452 4:39 16:41
M3 0.154 6.850 6.696 4:41 16:83
M4 0.169 7.535 7.366 4:54 16:92
M5 0.185 8.220 8.035 4:60 17:01
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Figure 5. Cure curves of the investigated rubber compounds taken at 150 ◦C (black line—M0;
red line—M1; blue line—M2; pink line—M3; olive line—M4; green line—M5).

Figure 6. (a) Typical stress-strain of cured samples (Black line—M0; red line–M1; blue line—M2;
pink line—M3; olive line—M4; orange line—M5). (b) The bottom figure is the one expanded in the
initial stage;
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Table 3. Mechanical properties of cured NR/silica compounds.

Samples
Mechanical Properties

Tensile Strength (MPa) Elongation at Break (%) Hardness (Shore A)

M0 20.02 2100.12 38.51
M1 23.18 2036.85 39.72
M2 24.15 2014.52 41.24
M3 18.93 1953.77 42.51
M4 15.13 1909.49 43.22
M5 14.45 1855.26 45.06

The tensile strength exhibited the decreasing trend when the silica content exceeded 3 phr.
Although the elongation at break decreased with increased silica concentration, the hardness of the NR
showed the same trend with the tensile strength. Both changes in the tensile strength and elongation at
break for different nanosilica loadings have a relationship with a cross-linking density of the cured NR
composites. That of the NR increased with silica concentration, resulting in an increase of the tensile
strength and a decrease of the elongation at break due to the decreased slippage among the molecular
chains. The H-bond between silica particles and rubber chain prevented the mobility and slippage of
the rubber chain. On the other hand, the fact that tensile strength only increased with silica contents
up to 3 phr may be due to the agglomeration of nanosilica at a higher content. The crosslinking
densities of samples with name M0, M1, M2, M3, M4, M5 were 7.82 × 105, 8.06 × 105, 8.19 × 105,
8.22 × 105, 8.36 × 105 and 8.45 × 105 mol/cm3, respectively. The trend of crosslinking density is the
same as with the trend of MH and hardness. The hardness also increased with increased silica content.
The incremental increase of crosslinking density resulted in the decreasing of elongation at break
because of the prevention of the slip between each NR molecule. In addition, more energy was needed
to break the linkage between each rubber molecule as the result of increased tensile strength.

The SEM image results of the tensile fractured surface of the NR composites both in the absence
and presence of 3 phr of nanosilica were presented in Figure 7. These results indicated that the fractured
surface of the 3 phr silica-filled NR was observed to be rougher in comparison with the pristine sample.
Therefore, extra energy was required compared to the case of the smooth fractured surface of the
pristine NR. This result is in agreement with the tensile results shown in Figure 6.

Figure 7. SEM images of the fracture surface of pristine natural rubber and 3 phr silica filled
natural rubber.

The TEM images of both the natural rubber and 3 phr silica filled natural rubber are shown
in Figure 8. The pristine NR sample had no silica particles, while the silica particles existed in the
modified NR with nano scale from 20–60 nm.
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Figure 8. TEM images of pristine natural rubber (a) and 3 phr silica filled natural rubber (b).

The thermal degradation of both the pristine NR and the 3 phr nanosilica filled NR composites
was examined in terms of the weight loss (%) as a function of temperature, as shown in Figure 9.

Figure 9. TGA of cured natural rubber (NR) (black dot line) and 3 phr of nanosilica filled natural rubber
(red dot line).

Thermal degradation of the NR can be explained via various processes such as chain-scission
of the polymers, and breakage of the cross-linked portion. The silica filled NR composite exhibited
a 2.5% higher decomposition temperature in comparison with the pristine NR because of the existence
of H-bonds between silica particles and rubber chains with higher thermal stability. The thermal
degradation of both pristine and silica filled NR occurs through the degradation of isoprene units
at around 368 ◦C. The presence of nanosilica induced the higher residues of nanocomposite when
compared with pristine NR due to the presence of inorganic filler, which is more thermally stable
than NR. The TGA results demonstrate that the nanosilica filled NR showed only a very slightly
higher thermal stability than that for the NR. The initial temperature decomposition, the maximum
decomposition temperature, and residue of silica modified NR and pure NR were 268.2 ◦C, 368.2 ◦C,
1.1% and 266.8 ◦C, 366.3 ◦C, 3.7%, respectively. The entire thermal degradation of the nanocomposite can
be explained by the two-step process. First of all, the rubber chains and cross-linking were deteriorated
into smaller parts. In the second step, the smaller parts in the first step continuously degraded into
volatile products and disappeared. The residual char was higher for the nanosilica-filled sample.

Figure 10 shows the XRD patterns of vulcanized pure NR and NR/3 phr silica nanocomposite.
The broad diffraction peak around 20◦ is the noncrystalline structure of NR, while the diffraction peaks
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between 30◦–50◦ are assigned to ZnO particles in the vulcanizates. None of the samples show obvious
characteristic peaks of graphite or silica, indicating that silica particles are homogeneously dispersed in
the rubber matrix. These results indicated that the silica did not keep the amorphous structure when
embedded in natural rubber.

Figure 10. XRD spectra of vulcanized NR and NR/3 phr silica.

4. Conclusions

In this study, amorphous silica nanoparticles (between the sizes of 40–60 nm) were extracted from
hexafluorosilicic acid waste produced by the Vietnamese fertilizer industry via a precipitation process.
The production and utilization of the nanosilica by-product could become a reliable and sustainable
solution for dealing with waste water from fertilizer plants environmentally as well as economically,
regarding the waste water treatment. The resulting silica nanoparticles were then adopted as the filler
for NR. The tensile strength of 3 phr silica-added NR nanocomposites increased by 20.6% compared to
that of pristine NR. The elongation at break decreased with increased filler content and the hardness of
the filled sample increased with increasing nanosilica content. The filled sample also exhibited better
thermal resistance than the pristine sample due to the presence of nanosilica.
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Abstract: Micron-size white bamboo fibrils were fabricated from white bamboo and used as
a source for the production of highly porous and very lightweight cellulose aerogels for use as
a potential oil absorbent. The aerogels were fabricated through gelation from an aqueous alkali
hydroxide/urea solution, followed by a conventional freeze-drying process. The morphology and
physical properties of the aerogels were characterized by field emission scanning electron microscopy
and Brunauer–Emmett–Teller surface area analysis, respectively. Successful silanization of the
cellulose aerogel was confirmed by energy-dispersive X-ray spectroscopy, Fourier-transform infrared
spectroscopy, and water contact angle measurements. The fabricated silane cellulose aerogel exhibited
excellent absorption performance for various oil and organic solvents with typical weight gains
ranging from 400% to 1200% of their own dry weight, making them promising versatile absorbents
for a range of applications, including water purification.

Keywords: cellulose aerogel; oil absorbent; cellulose; white bamboo fibril; water pollution

1. Introduction

Water pollution caused by oil spillage related to the rapid development of the petroleum
industries have serious effects on the environment and human life [1–3]. To resolve this problem,
many methods have been proposed for water purification, such as water/oil separation [4–6],
photocatalytic degradation [7,8], and adsorption [9–11]. Among these technologies, the use of
porous absorbents with a hydrophobic surface is very promising for the rapid removal of oil from
the surface of water. Various types of materials used as absorbents for cleaning oil spills have been
fabricated. Oil absorbents can be sorted as inorganic minerals, synthetic organics, and natural organic
materials [12]. Inorganic materials, such as fly ash and exfoliated graphite have low oil absorption
capacity, whereas synthetic organic materials (i.e., polypropylene and polyurethane) possess high
affinity to oil and organic solvents but cause a waste problem after their use due to their very slow
degradation. Natural organic materials for oil absorption from plants (cellulose fibers) and animal
residues (chitin and chitosan) have attracted increasing attention because of their renewability, low-cost,
and biodegradability [13]. In addition, many kinds of natural materials, such as kapok fiber [14,15],
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cotton fiber [16], wool fiber [17], milkweed [18], and sawdust [19], have been exploited for the simple,
effective, and inexpensive treatments of oil spills. However, most of these are hydrophilic, resulting in
low oil sorption capacity. Therefore, there is still a need to find new environmental friendly absorbents
with high oil absorption capacity, good selectivity, and low-cost.

Aerogels are a highly porous solid that hold up to 99% by volume of air within their pores
and are known as the lowest density solid material [20]. These materials have become the most
promising absorbents owing to their lightness, high porosity, and large inner surface area. Aerogels
can be obtained from both inorganic sources, such as silica [21–23] and metal oxides [24], and organic
sources [25–27]. Generally, the mechanism of oil sorption by aerogels is considered to be governed
mainly by aerogel surface adsorption, absorption, and diffusion through the voids via interfiber
capillary action [28–30], and the amount adsorbed is known to be dependent on surface area and
porosity of adsorbents [31].

Concurrently, as an abundant, sustainable, renewable, and biodegradable resource of biopolymer,
various cellulose-based aerogels have been investigated [32–37]. However, because the untreated
cellulose aerogels have high hydrophilicity, they can absorb both oil and water during the absorption
processing [36]. Therefore, the surface modification is needed to improve the hydrophobicity and
absorption efficiency. The silanization processing also became one of the best ways for this aim [35,36].
Cellulose can be obtained from plants, such as bamboo. In Vietnam, bamboo is distributed widely
in the north and is mainly being used as a raw material for tradition products such as toothsticks,
chopsticks, floors, and some furniture. To the best of the authors’ knowledge, there are few reports
of the fabrication of aerogels from white bamboo and their application as both an absorbent for oil
and other toxic chemicals especially at the time when water pollution by oil and chemical spills is
becoming a serious problem caused by the huge development of the petrochemical industry.

In this study, bamboo was used as a source of micron-size white bamboo fibrils prior to fabricating
the aerogel. The aerogels were prepared in a simple way from the gels of micron-size white bamboo
fibrils (MWBFs) in an aqueous alkali hydroxide/urea solution, followed by conventional freeze-drying.
The resulting aerogel was rendered hydrophobic and oleophilic after being treated with a silane
compound using a common chemical vapor deposition process.

2. Experiments

2.1. Materials and Chemicals

Dendrocalamus membranaceus Munro (white bamboo, ~3 years) from Hoa Binh Province,
Vietnam was used as a micron-size fiber resource. Gama-methacryloxypropyltrimethoxysilane (MEMO
silane) was purchased from Evonik Industries (Ho Chi Minh, Vietnam). All other chemicals, including
alkali hydroxide, urea, and ethanol, were of reagent grade (Xilong Chemical Co. Ltd, Guangdong,
China). All aqueous solutions were prepared using distilled water.

2.2. Preparation of Micron-Size White Bamboo Fibrils

The MWBF was fabricated from raw white bamboo using both a steam explosion following
alkaline treatment technique and the mechanical extraction method (microgrinding). Raw white
bamboo (~3 years old) was first cut into bamboo culms of 50–60 cm in length using a saw machine,
and placed into an autoclave with over-heated steam at 175 ◦C and 0.7–0.8 MPa for 60 min. The steam
was then released suddenly for 5 min and the cycles of sudden steam release were repeated 9 times.
Subsequently, samples were immersed in a 2% NaOH solution at 70 ◦C for 5 h to ensure the complete
removal of the cell walls. The roller looser was then used to extract the slabs into small fibers. Finally,
they were washed with fresh water until they were neutralized, and dried in an oven for 24 h at 105 ◦C.
The resulting fibers were dispersed in water with a fiber content of 10 wt.%. They were then cut
into pulp fibers using a food mixer. The pulp fibers were passed 15 times between static grind and
rotating grind stones revolving at 1500 rpm (MKCA6-3, Masuko Sangyo Co. Ltd., Saitama, Japan).
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The obtained MWBF (water slurry with 90% water) was treated with ethanol to remove the water and
filtered using a vacuum pump to obtain a sheet of MWBF. The filtered sheet of MWBF was stirred with
an additional amount of ethanol using a stirrer at 5000 rpm for 15 min. The morphology of the MWBF
was examined by scanning electron microscopy (SEM) (JEOL, Tokyo, Japan), as shown in Figure 1.
The SEM in Figure 1 indicates that the diameter of cellulose fiber is in range from 90 nm to 0.2 μm,
but its length is in the order of tens of micron.

μ

μ

Figure 1. Picture of white bamboo (A), micron-size white bamboo fibrils (MWBFs) (B), and SEM image
of MWBFs (C).

2.3. Preparation of Cellulose Aerogel

The solvent mixture of NaOH/urea/H2O (7:12:81 w/w) was precooled to approximately 5 ◦C.
The desired amount of MWBF samples (1.5, 2, and 2.5 wt.%) was then dispersed immediately into the
solvent system under vigorous stirring at this low temperature until a semitransparent or transparent
gel was achieved, depending on the MWBF concentration. At the final stage, the gel was vacuumed to
remove the air bubbles. The specimen thickness was controlled to approximately 2 cm using a beaker
as a mold and then immersed into ethanol to obtain the 5 wt.% solution. A 100 mL of aqueous
10 wt.% H2SO4 solution was then added at ambient temperature for coagulation. The resulting
cellulose hydrogels were washed with excess distilled water to remove the residual chemical reagents.
The sample was then frozen in a freezer at −80 ◦C for 24 h and freeze-dried using a FTS Systems
Dura-Stop Digital Control Stoppering Tray Dryer to obtain the desired cellulose aerogel (CA).

2.4. Fabrication of Silane Treated Cellulose Aerogel

A thermal chemical vapor deposition technique was used for surface modification of the cellulose
aerogel. A Petri dish containing MEMO silane was placed in a vacuum desiccator together with the
aerogel samples. The desiccator was sealed and vacuumed to 0.01 MPa, and then heated in an oven at
110 ◦C for various periods of time to determine the optimal conditions for the silanization reaction.
Subsequently, the silane-coated cellulose aerogel (SCA) sample was kept in a vacuum oven for 30 min
to remove the excess unreacted silane and by-products.

2.5. Characterization

All the tests were carried out in triplicate and the average results are reported. Initially, the densities
of the cellulose aerogels were calculated by measuring the mass and volume of the aerogels. The mass
was measured using an analytical balance, Fisher Scientific Accu-225D, with accuracy of 0.1 mg.
The volume was determined by measuring the dimensions using a digital Vernier caliper. Average
density was estimated after 5 measurements for 3 different aerogels [26]. The porosity was calculated
using Equation (1):

Porosity (%) =

(
1− ρa

ρc

)
× 100 (1)

135



Materials 2019, 12, 1407

where ρa is the density of the aerogel and ρc is the density of MWBF (1.59 g/cm3).
The BET specific surface area was determined by a N2 physisorption method using Gemini VII

2390 equipment (Micromeritic Instrument Co., Norcross, GA, USA). The wettability of the SCA was
evaluated by measuring the water contact angle. Images of distilled droplets on the SCA surface were
taken with a digital camera (Cannon 20D and Nikkon 105 mm 1:2.5 lens, Bangkok, Thailand) and
imported into the measurement software. The volume of the droplet was fixed using a 5-mL cylinder.
The software is licensed image processing and analysis in Java (ImageJ) [38] and included low-bond
axisymmetric drop shape analysis (LB-ADSA). The mean of the three measurements performed at
different surface locations are reported as the water contact angle. The Fourier-transform infrared
(FTIR) spectra of the cellulose aerogel (CA) sample before and after silanization were recorded on
IRAFFINITY-1S equipment (Shimadzu, Kyoto, Japan) at room temperature. The microstructure and
elemental analysis of the uncoated and coated CA were examined by field-emission scanning electron
microscopy (FE-SEM) (JEOL JSM-7600F, Tokyo, Japan) equipped with an energy-dispersive X-ray
spectroscope. The sample was coated with a thin layer of platinum by sputtering.

To investigate its compressive properties, a cylinder sample with a diameter of 20 mm and a height
of 13 mm was compressed to 80% of its original height by using a universal testing machine (Instron,
100 kN, Norwood, MA, USA) with a compressing speed of 10 mm. min−1. Five samples were tested to
calculate the average value.

2.6. Oil/Solvent Absorption Capacity Measurements

The absorption capacity of SCA for various oils and organic solvents was determined by dipping
a piece of SCA directly into the liquid (oil or solvent) for a certain time. The wet sample was then
removed from the liquid and weighed after the aerogel surface has been blotted with filter paper to
remove the excess surface oil/solvent. The test was repeated several times until the absorption process
reached equilibrium. The absorption capacity (Q) was calculated from the mass gain using

Q (%) =
W −W0

W0
× 100 (2)

where W0 and W are the weights of the SCA before and after absorption, respectively.
The pseudo-first-order model (Equation (3)) and pseudo-second-order model (Equation (4)) were

used to evaluate the absorption kinetics, where k1 (h−1) and k2 (g·g−1·%−1·h−1) are the adsorption
rate constants of the pseudo-first-order equation and the pseudo-second-order equation, respectively.
In addition, both Qm and Qt are absorption capacities at equilibrium conditions and at time t, respectively.

ln
Qm

Qm −Qt
= k1t (3)

t
Qt

=
1

Qm
t +

1
k2Q2

m
(4)

To examine their reusability, the oil/organic swollen samples were squeezed by hand to remove
the absorbed solvent. The weights of the aerogels before organic adsorption, after adsorption, and after
squeeze for removal of organic were measured during each cycle. Five samples were tested for
each experiment.

3. Results and Discussion

3.1. Cellulose Aerogel Characteristics

By altering the concentration of the MWBF dispersion from 1.5 to 2.5 wt.%, aerogels with
different porosities were prepared using a freeze-drying method. Under freeze-drying conditions,
a slight shrinkage was observed in these aerogels compared to their initial hydrogel dimensions.
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The experiments showed that the dispersion with 2.5 wt.% MWBF had very high viscosity, making
it difficult to remove the air bubbles, resulting in a poor physical property. Table 1 lists the physical
properties of the obtained cellulose aerogel.

Table 1. Physical properties of cellulose aerogels.

Sample
Cellulose

Content (%)
Coagulation

Solution
Density
(g/cm3)

Porosity
(%)

Surface Area
(m2/g)

Cellulose
aerogel

1.5
Ethanol 0.085 94.46 –

Sulfuric acid 0.116 92.42 13.419

2
Ethanol 0.131 91.41 –

Sulfuric acid 0.135 91.19 9.046

2.5 Ethanol 0.144 90.58 8.155

As shown in Table 1, the densities of the cellulose aerogels ranged from 0.085 to 0.144 g/cm3,
and all cellulose aerogels exhibited very high porosity (>90%). On the other hand, the specific surface
area exhibited the low values from 8.155 to 13.419 m2/g. Actually, this is quite common for aerogels
obtained through a freeze-drying process. The main point here is that the typical porosity of such
system is on the macron-scale, and hence the resulting specific surface area value is modest. The similar
trend was also reported by Wang et al. [39]. Figure 2 shows the microstructure of a cross-section of the
cellulose aerogel at different magnifications. The cellulose aerogels possessed a highly open porous
honeycomb-like structure with a pore size distribution varying over a wide range from several to tens
of micrometers. In addition, a network of interconnected uniform cellulose fibers appeared on the
surface of the pore wall.

 

Figure 2. Field-emission scanning electron microscopy (FE-SEM) images of cellulose aerogel 2 wt.%
(a,b) and cellulose aerogel 1.5 wt.% (c,d).
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3.2. Mechanical Properties of Aerogel

The typical compression stress–strain curve of CA with different cellulose content is shown
in Figure 3.

Figure 3. Typical compression stress–strain curves of cellulose aerogel (CA) with various
cellulose concentration.

Figure 3 could be explained by two stress regions with increasing cellulose content. The first region
appeared before 60% strain and can be characterized by slowly increasing stress, while the second
region appeared at above 60% strain with rapidly increasing stress. The stress of CA obtained from 1.5,
2.0, and 2.5 wt.% of cellulose concentration at 60% strain was 1.37± 0.01; 1.55± 0.01, and 1.83± 0.02 MPa,
respectively. At 80% strain, the stress of corresponding cellulose aerogels increased to 2.99 ± 0.02,
3.41 ± 0.01, and 4.01 ± 0.02 MPa, respectively. These results mean that the stress increased with
increasing cellulose concentration as a result of higher crosslinking density. In addition, the slope
of stress–strain curves was also increased with increasing cellulose content in the CA. The slope of
stress–strain corresponded to the compressive modulus and the internal structure of aerogel. The high
crosslinking density also was considered as a reason of increment of the compressive modulus above.

3.3. Silane Modification of Cellulose Aerogel

As hydrophilicity is the inherent nature of cellulose due to its hydroxyl groups, a silane coating
was carried out for cellulose aerogels to make them both hydrophobic and oleophilic. To achieve this,
a simple thermal chemical vapor deposition procedure was performed for the aerogel with MEMO
silane at 110 ◦C in a vacuum desiccator, as described in the above. To become “active”, the silane must
first be hydrolyzed. The reaction of the silicon end of the molecule was initiated by the hydrolysis of
the alkoxy group, usually after exposure to ambient moisture to form a silanol that releases alcohol
as follows:

−Si(OCH3)3 + H2O→ −Si(OH)3 + 3 CH3OH

Once in the silanol state, the silane can be condensed on the aerogel surface, forming a direct
covalent bond with the surface. The silanization process of the interior surface of as-prepared cellulose
aerogel and silanized cellulose aerogel was shown in Figure 4.
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Figure 4. Silanization processing.

As shown in Figure 5, the open porous microstructure of the cellulose aerogel was preserved
after coating. In addition, there was no change in the surface of the cellulose aerogel after coating,
which might be due to the very thin silane coating layer.

 

Figure 5. FE-SEM images of cross-section of CA and silane-coated cellulose aerogel (SCA).

Successful silanization on the surface of the cellulose aerogel was confirmed by FTIR spectroscopy,
as shown in Figure 6. The FTIR spectrum of SCA showed four new peaks compared to the spectrum
of the uncoated aerogel. The absorption bands at ~731 cm−1 and ~1269 cm−1 were attributed to the
stretching and bending vibrations of the C–Si linkage, respectively. This confirmed the condensation
of silane on the CA surface. In addition, the peak at 1720 cm−1 on the SCA spectrum was assigned to
the characteristic vibrations of the carbonyl group of MEMO silane attached to the aerogel surface.
The absorption band at ~815 cm−1 was attributed to the vibration of the Si-O-Si linkage, which might
have formed due to the self-condensation of the silanols.

Figure 6. FTIR spectrums of cellulose aerogel and cellulose aerogel (CA) silanization with MEMO
silane (SCA).
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Silanization was confirmed by energy dispersive X-ray spectroscopy (EDX). The EDX spectrum of
the uncoated CA revealed carbon and oxygen peaks but no silicon peak. After silanization, EDX showed
peaks for carbon, oxygen, and silicon, as shown in Figure 7.

. 
 

(a) (b) 

Figure 7. Energy dispersive X-ray spectroscopy (EDX) spectrum of (a) cellulose aerogel (CA) and (b)
cellulose aerogel silanization with MEMO silane (SCA).

3.4. Surface Wettability of Silane-coated cellulose aerogel

Water contact angle measurements were also carried out on the uncoated and coated aerogel
to study their surface wettability. The uncoated CA sample absorbed the distilled water droplet
immediately in the test so no measurable contact angle was recorded. In contrast, high contact angles
are observed for the MEMO silane-coated aerogel, as shown in Figure 8, proving the hydrophobicity of
the material.

Figure 8. Measurements of water contact angle of cellulose aerogels after different coating processes.

Table 2 shows the improvement of the water contact angle of cellulose aerogels from 114.1 ± 5.26◦
to 132.3 ± 4.68◦ when the silanization time was increased from 6 to 12 h, indicating the high
hydrophobicity of the obtained SCA. No increase in water contact angle was observed with further
extended reaction times.
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Table 2. Change of coated cellulose aerogel’s water contact angle with silianation time.

Silanization Time (h) Contact Angle (◦)
6 114.1 ± 5.26
9 125.5 ± 4.68

12 132.3 ± 6.92
17 131.8 ± 5.18

3.5. Oil/Solvent Absorption Capacity of SCA and Its Recycleability

Owing to their low density, high porosity, and surface hydrophobicity, the silane-treated cellulose
aerogels may be an ideal candidate for the selective absorption of oils and organic solvents from water.
To examine the oil/solvent absorption behavior of MEMO silane-coated cellulose aerogel, several oils
and organic solvents, such as toluene and gasoline were used.

Figure 9 shows the first minutes of the waste motor oil sorption process. The material absorbed the
motor oil easily while floating in water, indicating high capacity absorption of the aerogel. After 5 min,
there was no trace of waste motor oil on the water, showing that the sorption was completed successfully.
Figure 10 shows the sorption kinetics of the oils and solvents on the silane-coated cellulose aerogel.
The absorption rates were quite high at the very first stage and saturation was achieved after 75 h for
all types of oils and solvents.

Figure 9. Waste motor oil absorption test of the silanized cellulose aerogel with MEMO silane.

Figure 10. Absorption kinetics of oils and organic solvents on the silane-coated cellulose aerogel.

The experiment showed the linear relationship for both ln (Qm/(Qm−Qt)) and t/Qt versus absorption
time, t, for two representative adsorbates: vacuum oil and waste motor oil as shown in Figure 11.
These results mean that the adsorption kinetics of the SCA followed the pseudo-first-order and
pseudo-first-order equation quite similarly.
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Equations (3) and (4) were used to calculate the absorption rate constants k1, k2, and correlation
coefficient R2 from Figure 11 as seen in Table 3.

The results in Table 3 indicated that the R2 value of the pseudo second-order model of vacuum oil
is higher than that of the pseudo first-order model. While the R2 value of the pseudo second-order
model of waste motor oil is lower than that of the pseudo first-order model. These results mean that
the pseudo second order model can predict better the oil absorption behavior for vacuum oil and
the pseudo first order model is better for waste motor oil in this work. The absorption processing of
vacuum oil is faster than the absorption of waster motor oil because the k1 and k2 values of vacuum oil
is higher than those of waste motor oil.

Figure 11. Pseudo-first-order and pseudo-second-order absorption linear fitting of the vacuum oil and
waste motor oil onto SCA.

Table 3. Summary of the maximum oil absorption capacities and the absorption rate constants of the
SCA using the pseudo-first-order and pseudo-second-order models.

Adsorbate
Maximum Absorption Capacity Pseudo-First-Order Pseudo-Second-Order

Qm (%) k1 R2 k2 R2

Vacuum oil 831 ± 12.2 0.0874 0.9921 1.27 × 10−5 0.994
Waste motor oil 968 ± 18.6 0.0707 0.9956 8.99 × 10−5 0.9815

Figure 12 shows the maximum absorption capacities of the oils and organic solvents on the
silane-coated cellulose aerogel. The results showed that the absorbent had sorption capacity ranging
from 631 ± 15.9% to 1081 ± 20.1% by weight gain. The high oil/solvent absorption capability of
the silane-coated cellulose aerogel can be attributed to its highly porous structure and hydrophobic
silane coating.
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Figure 12. Absorption capacities of silane-coated cellulose aerogel for various oils and organic solvents
as indicated by weight gain.

Because the weight gain of aerogel is related to the density of the respective oils and organic
solvents, it can be normalized by dividing the oils and organic weight gain by the density of each
respective oil and organic solvent. The results are reported in Figure 13. As shown in Figure 13,
the highest absorption capacity was found for toluene and gasoline probably because these organic
solvents possess the lowest viscosity. A lower viscosity would facilitate the penetration of solvent into
the porous network of the aerogel more easily, leading to a higher oil/solvent absorption capacity.

Figure 13. Absorption capacities normalized by the density of the respective oil or organic solvent.

Furthermore, for the recyclability test, the used absorbent was directly squeezed by hand and
reused to absorb the oil and organic solvent. The absorption capacities of SCA for ten cycles are shown
in Figure 14.
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Figure 14. The cyclic adsorption capacity of sample SCA for gasoline and toluene.

After ten cycles, the adsorption capacity of the SCA for representative gasoline decreased from
916% to 862%. For toluene, the adsorption capacity decreased from 1081% to 989 % after ten cycles.

4. Conclusions

This paper reported the fabrication of a low density (0.084 g/cm3) and highly porous (94.5%) green
aerogel for the cleaning of oil and organic solvents from micron-size white bamboo fibrils (MWBF)
with a very simple alkaline/ urea mixture solution method followed by a common freeze-drying
process. FT-IR and EDX characterization were used to examine the surface morphology and chemical
compositions of the silane-modified cellulose aerogel. The coating with MEMO silane for oil absorption
purposes made the cellulose aerogel highly hydrophobic with water contact angles larger than
132.3 ± 6.92◦ and exhibited high absorption capacities of 1091 ± 19.6%, 1237 ± 17.6%, and 1247 ± 21.1%
by weight gain for waste motor oil, diesel, and gasoline, respectively. Based on these results,
the modified aerogels can be used to clean up oil spills and toxic chemicals in aquatic environments
with the recyclability over 10 times.
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Abstract: This paper is part of a research line focused on the reduction of the use of cement in the
industry. In this work, the study of work methodologies for the manufacture of green cementitious
grout mixtures is studied. Grout is widely used in construction and it requires an important use of
raw materials. On the other hand, the steel industry faces the problem of the growing generation
of slag wastes due to the increase in steel manufacturing. The green grout aims to achieve the dual
objective of reducing the demand for cement and improve the slag waste valorization. Slag is not
introduced as an aggregate but through the direct replacement of cement and no additives. The
research seeks a product where we can use steel slag intensively, guaranteeing minimum resistance
and workability. Results with substitutions between a 25% to 50% and water/cement ratio of 1 are
presented. In particular, the suitability of different slags (two Ladle Furnace Slag (LFS) and one Blast
Furnace Slag (GGBS)) in the quality of the final product are analyzed. The feasibility of replacing
cement with slag and the importance of the origin and pretreatment are highlighted.

Keywords: cementitious grout; green grout; cement; slag substitution; valorization; circular economy

1. Introduction

One of the most important challenges that society faces is to achieve a balance between the
consumption of raw materials and our need for development. The future evolution of the industrial
activity must include criteria of both efficiency and reuse of waste. The dimension of transformation
must be limited to a sustainable environment where the global needs could be satisfied without
severely compromising those of future generations (Brundlandt Report, 1987) [1]. To achieve this
sustainable environment, actions must be taken in the reduction of harmful gas emissions (greenhouse
effect) and the reduction of the use of natural raw materials.

One way to reduce the use of raw materials is to lead our efforts toward objectives such as those
proposed in the circular economy theory, being aware that we inhabit a world with finite resources.

Therefore, the essence of the circular economy is to optimize the reuse of the generated resources
and introduce them back into the production chain. This process, known as waste valorization [2], has
become more and more important and today is a field of research with great potential.

Our efforts are focused on the construction industry, in particular, in the process of manufacturing
cement-based materials. It is a fundamental element due to its role as a binding component in different
mixtures. In order to reach a sustainable environment, the production of cement should be reduced.
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One of the reasons is to minimize the extraction of limestone, but more significant is the reduction of
energy consumption and on greenhouse gas emissions.

Throughout the entire process, the estimated CO2 release during clinker manufacture is around
0.7 to 0.9 tons per Portland cement ton, which means that the cement industry generates between 7 and
9% of CO2 worldwide. The decrease of these emissions is the trigger of the notable research interest
in making progress toward reducing the industry’s dependence on cement [3–6]. As an alternative
to the use of cement, its partial replacement by other materials is proposed. At this point, the idea of
valorization of existing waste in the industry itself becomes important.

Steel slag is a byproduct of steel manufacturing, which is obtained by the chemical reactions that
take place in the processes of metal formation. It is a complex solution of silicates and oxides produced
during the separation of the molten steel from impurities. The properties of the slag produced during
steel making depends on many factors, mainly the manufacturing process. According to Setie et al. [2],
four types of steel slag can be distinguished: electric arc furnace (EAF) slag, blast furnace slag (GGBS),
basic oxygen furnace slag (BOFS), and ladle furnace slag (LFS) [7–9].

The EAF is a strong, dense, nonporous aggregate that is cubical in shape, has good resistance to
polishing, and has an excellent affinity to bitumen. Therefore, EAF are more suitable for engineering
purposes. The EAF slags can be also divided in two types: oxidizing or black (EAFS) and reducing or
white (LFS). In a usual manufacturing process of steel, the EAFS produced is in the order of 110–130
kg per metric ton, and the LFS white one is about 20–30 kg per metric ton.

The increase in steel consumption supposes a proportional increase in the generation of this slag’s
waste. The strategies of waste valorization of the slags are diverse but not sufficient to achieve in
practice a real reuse of these. Either by regulatory or economic problems. The steel slags are used in
many areas, from fertilizers to civil industry. In the European Union, it has been used as an additive to
make up the cements. The slag properties make them very appropriate for aggressive environments.
Slags improve their resistance against salt water and sulphates (maritime facilities). In the last few
decades, research efforts have been focused on its use as additives or as aggregate substitutes with arid,
both fine and coarse, or as a substitute of arid as a bituminous binder in the pavement layer [10–20].

In the literature, we can find some recent and interesting works about cementitious grouts
containing supplementary materials. In 2015, Celik et al. [21] investigate the mixture of rice husk ash
in cement-based grout, the rheological properties of the mixture result in the increase in apparent
viscosity. Amahjour et al. [22] (2002) or Pastor et al [23] (2016) add fly ash and silica fume to increase
mechanical strength.

There are also studies where the substitutions of blast furnace slag are made in small percentages
but always with chemical additives. Azadi et al. [24] (2013) worked with chemical additives to optimize
the grout. They used sodium silicate (Na2SiO3) to increase resistance, sodium carbonate (Na2CO3)
to reduce bleeding, or triethanolamine (TEA) to promote injection. In 2017, Zhang [25] introduced
sodium silicate for quick adjustment.

An interesting research in this area is that done by Krishnamoorthy et al. [26]. In this study a
cementitious grout containing supplementary cementitious materials (SCM) (fly ash, silica fume, GGBS)
are presented. The results on flow characteristics, strength, and durability show that cementitious
grouts containing SCM can be used successfully to repair concrete structures. They reach percentage
substitution of 20 to 40% of GGBS slags with water/cement ratios of 0.25 to 0.40.

Huang [27] presented the study on cement ash slurries containing polypropylene (PP), fiber, and
super plasticizer. With the addition of PP fiber, better resistance against cracking, sulphate attack, and
volume changes was observed, but resulted in a higher viscosity and permeability. Bastien et al. [28]
studied the properties of cement slurries with a low ratio of cement and water with superplasticizer
and a low proportion of precipitated silica (3% by weight of cement). The rheological properties were
also investigated. It is possible to obtain slurry mixtures with zero bleeding, good fluidity, and high
compressive strength that meet the requirements for the use of post-tensioning.
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Shannag [29] studied cementitious grouts, adding silica fume and natural pozzolan to achieve
high performance. This incorporation results in a high fluidity, zero bleeding, high strength, and
satisfactory shrinkage.

The literature indicates that the desirable properties for the grouts are that they must possess good
fluidity, reduction of bleeding, initial setting time that is not too short, adequate strength, and durability.

Our line of research seeks to advance in the study of the technical feasibility of replacing cement
with slag from the steel industry [30], both for the production of green concrete [7,31] and green
cementitious grout.

However, there are many factors involved, as the properties of the resulting product related not
only mechanical properties, but also durability, that are correlated with the characteristics of the slag
used and its proportion.

This paper presents the results obtained in a set of tests for the manufacture of green grouts in
a substitution dosage that varies between 0 and 50%. The substitutions have been made on cement
Portland (CEM I). Unlike Portland CEM III and IV cements, which already have slag incorporations in
their manufacture [32,33], our objective is to evaluate the possibility of working the cementitious grout
with recycled material directly [34]. In particular, each mixture has been subjected to a test campaign
of a slump test, compressive and bending tests, and exudation test. As mentioned, it is part of a wide
“program intended to elaborate a standard to guide the use of steel slag as cement substitute” [7,31].

In the resulting discussion, the optimized simplification of the parameters of the model is
considered when admitting that each phase of the material is subject to a similar tension that eliminates
the influence of the form, the size, and the disposition of the phases. Therefore, the only factors that
this approach considers are the concrete’s resistance properties in relation to the replacement of some
of its components by slag. The models are complicated, taking into account the case that the cement
paste is the connection phase, where the inclusions form a disconnected phase [35].

A fundamental parameter to analyze will be the different behavior obtained (quality of the Green
Grout) according to the characteristics of the slag. Two key aspects, the origin of the slag (dependent
on the type of steel produced) and the treatments to which the slag have been subjected becomes
determinant. In this research, slag from different origins within the country have been studied. The
results obtained, such as those presented in a previous work for the case of concrete [7], are very
positive and show the feasibility of the mixture.

On the following section, the materials analyzed are described. Then, a brief overview of the tests
performed is made. In the next section, results are presented and discussed. Finally, the fundamental
conclusion and lines of future research are summarized.

2. Materials

This article focuses on the progress made in replacing material in cementitious grout mixtures.
This material has a wide presence in civil constructions. Two of the applications where this research
presents potential applicability are the jet grouting, for the improvement of soil, and the execution of
deep foundations such as micropiles. In the jet grouting process, the slurry is injected into the soil
pores in order to fill and create cohesion, which increases the resistance characteristics or, equivalently,
improves its mechanical properties [24,36]. Therefore, the rheological properties of grouts are directly
related to the pumping capacity to penetrate holes and cracks [21].

One of the fundamental parameters in cement-based grout is the water/cement ratio by weight.
Depending on the application, different relationships are recommended. In applications of foundation
by injection, the cementitious grout needs to behave like a fluid able to penetrate the soil or rock so the
ratio will vary between 0.6 and 2. In sealed works, it varies between 0.5 and 1. Figure 1 presents a
schematic of these recommendations.
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Figure 1. Schematic water–cement ratio (W/C) depending on the application.

Ten different mixes were designed by substituting a 30%, 40% and 50% of cement by slags (%
in weight) obtained from three different blast furnaces in Spain, according to previous works with
concrete [7,31]. Table 1 shows the cement and slag chemical composition (data provided by the
supplying company). Table 2 presents the nomenclature used for the mixtures.

Table 1. Cement and slag chemical composition (data provided by the supplying company).

Slag Origin/Chemical
Composition

SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O

% % % % % % %

Cement 20–22 4–10 55.62 4 2 0.3 0.3
Slag GGBS (S1) 35.9 11.2 40 0.3 7.7 0.2 0.4
Slag LFS 1 (S2) 22.28 9.37 56.94 0.84 7.37 0 -
Slag LFS 2 (S3) 15.85 16.53 57.56 0.83 7.7 - -

Table 2. Cementitious grout mixtures composition.

Mix Denomination Slag Substitution

S0 - 0%
S1_30 GGBS 30%
S1_40 GGBS 40%
S1_50 GGBS 50%
S2_30 LFS 1 30%
S2_40 LFS 1 40%
S2_50 LFS 1 50%
S3_30 LFS 2 30%
S3_40 LFS 2 40%
S3_50 LFS 2 50%

The used cement was Portland Cement CEM I 42.5 R (EN 197-1 [37], Holcim, Málaga, Spain). This
cement was selected due to the absence of any kind of additive that could mask the results. It was
used as reference pattern. Density: 3150 kg/m3. Specific surface area: >280 m2/kg. The water–cement
ratio used was 1.

Three different slags are used (S1, S2 and S3). The first of them, S1, was a ground granulated blast
furnace slag (GGBS) with mechanical processing. It presented a maximum grain size of 0.063 mm,
density of 2910 kg/m3, and specific surface area of 462 m2/kg. On the other hand, S2 and S3 types
were unprocessed ladle furnace slag (LFS) from two different steel mills. The only process they were
subjected to was sieving in the lab with a 0.063 mm sieve. The fraction obtained through sieving was
23% and 15% by weight, respectively.

Chemical composition of the slags and cement used in the grouts mixtures is shown in Table 1.
This chemical composition was proportionated by the slag supplier companies and it refers to the slags
before the sieving process when needed in the laboratory.

As can be seen in Table 1, the chemical composition of the different slags varied for each of them,
especially the percentage of SiO2 and CaO.
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The materials employed in this work did not include any type of additive because the objective of
the research was to determine how the different slags behaved as substitutes of the binder without
being affected by any additional parameter.

3. Tests Description

The mixes described in previous section were subject to different standard tests. The objective
of these tests was to evaluate how cement-slag substitution may affect the main properties such as
consistency, workability, and mechanical capabilities (compressive and flexural strength).

The batching was prepared according to the European standard used in the manufacture of
cement grouts: EN 447 [38]. The laboratory conditions were 24 and 26 ◦C (temperature) and 40%
relative humidity. An electric mixer of robust construction was used, with two speeds of rotation, with
a mixing paddle with an anchoring system according to EN 196/1 [39].

Using the dispensing hopper, the Portland cement was incorporated into the mixing bowl with the
slag where it was mixed for 90 s, then the water was added, again mixing for 180 s (Figure 2). For each
of the mixtures, nine prismatic test specimens of 4 × 4 × 16 cm3 were prepared. Each one according
to the EN 12390-2 standard [40] for hardened concrete where the methods for the manufacture and
curing of specimens destined for the performance of resistance tests are described.

 
Figure 2. Exudation tests.

3.1. Flow Cone Test

The test for the flow of grout mixtures (flow cone method) was determined according to the norm
EN 445 [41]. The test determines the time of efflux of a specified volume of fluid cement grout through
a standardized flow cone.

Before beginning, the inside of the cone was moistened by filling the cone with water. The water
was drained from the cone one minute before the test. The grout was poured slowly to prevent trapped
air. The quantity tested was one liter of mix. Once full, the stopwatch was started, and simultaneously,
the stopper was removed. The recorded result was be the time in which the entire grout passed
through the cone.

3.2. Flexural Strength Test

The test was carried out at 7, 28 and 90 days for all the test pieces (nine prismatic test specimens
for each mixture) according to EN 196-1 [39] and EN 196-7 [42] standards for cements. The test machine
was equipped with a bending device incorporating two steel support rollers and a third steel loading
roller of the same diameter and equidistant from the other two. The length of these rollers was between
45 and 50 mm. The load was applied continuously and without sudden shocks. The force did not
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begin to be applied until the load roller and the support rollers rest firmly on the specimen. The rate
increase R was 16 N/s, according to the expression:

R =
2
3
× S·d1·d2

2
l

× N
s

(1)

where d1 and d2 are the dimensions of the square section of the specimen and l = 3 × d is the distance
between the rollers in millimeters.

The force signal was provided by an adjustable load cell to the upper, lower, or base bridge. It was
formed by a strain gauge Wheatstone bridge, adhered to a structure. The force captured by the load cell
was, due to its location, the same as that of the specimen under test; that is, there was a direct coupling
between the test piece and the load cell. The machine was controlled by a computer through an
ETIWIN control software, with ENAC (National Accreditation Entity in Spain) calibration certificate.

3.3. Compressive Strength Test

The test was performed at 7, 28, and 90 days as a bending test according to standards EN 196-1 [39]
and EN 196-7 [42]. The number of specimens tested was 18 and an average value was calculated.
According to Neville [43], the compressive strength of the modified cubic specimen would be 5%
higher than the standard cubic specimen. An average value was obtained from this study because
only two specimens per flexural strength test were performed.

The test was carried out with the same machine, model ETIMATIC-Proetisa H0224 (Production of
Technical and Industrial Equipment, Madrid, Spain). The applied pressure was at an invariant rate of
0.5 MPa/s. The compressive strength is given by the expression:

fc =
F

Ac
(2)

where fc is the compressive strength in MPa, F is the maximum breaking load expressed in N, and Ac

is the cross-sectional area of the specimen given in mm2.

3.4. Exudation Test

This test gives the exudation of the grout. It was carried out according to EN 445 [41] (Figure 2).
Exudation was measured as the volume of water remaining on the surface of the mix that was kept
protected from evaporation. The variation in volume was measured as a difference in percentage
of the volume of the grout between the start and the end of the test. The test mainly measured the
volume variation caused by sedimentation or expansion. A transparent tube, approximately 60 mm in
internal diameter and around 1 m in length, was used. The tube was placed in a vertical position with
the top end open. It ensured a rigid fixation that prevented any movement or vibration. The grout
was poured into the tube with a constant flow to ensure that no trapped air remained. The tube was
filled to a height, ho. The ambient temperature of the laboratory was 18.1 ◦C and the grout acquired a
temperature of 18.3 ◦C. The start time t0 and the height h0 were recorded. The height of the cement
grout, hg, was recorded at intervals of 15 min during the first hour, and then at 2 h, 3 h, and 4 h. The
height of the exuded water, hw, was recorded at the same time as the measurements of the grout were
made. Possible heterogeneities that could be seen in its appearance through the transparent tube were
recorded. The volume variation was:

hw/ho × 100% (3)

4. Interfacial Transition Zone Review

Before presenting the data, the basic principles of mixing models based on the interfacial transition
zone are reviewed (ITZ) [44]. This model usually applied to concrete assumes that the material is
idealized as a composite of mortar and aggregate, where any arbitrarily small volume contains both
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mortar and aggregate in fixed proportions [45]. The same hypothesis can be applied to the cementitious
grout, which properties will be very influenced by the microstructure. This can be classified into three
phases: aggregate, cement paste, and the interfacial transition zone (ITZ). ITZ has a critical role. This
transition zone has a size comparable with the size of cement grains.

The effects of varying the percentage of slag substitution affects the state of the structure and
causes an improvement in fluency. This leads us to expect an increase in the mechanical strength
of the hardened grout. There are few studies on this phenomenon, due to it being difficult to find
suitable definitions. It is a new diffuse distribution of the particles in the grout. The global grain
size does not change, but the permeability evolves. If locally transported particles do not migrate
further, an obstruction occurs that accompanies an overpressure. In short, the substitution of cement
by slag results in a redistribution of the fine particles without modification of the total solid volume of
the specimen.

Below, the formulation of these models are summarized. The partial densities for the three
constituents are given by the following expressions:

ρs = ρs(1 −ϕ) (4)

ρw = ρwϕ(1 − c) (5)

ρc = ρcϕ c (6)

Where ρs, ρw, and ρc are the real densities of the skeleton, water, and fluidized cement paste,
respectively. The porosity, ϕ, defines the proportion of the holes in relation to the total volume. “c” is
the concentration in the cement paste of the ITZ zone. It represents the total volume of the particles
transported from the skeleton by the filtering forces in the void volume. The fraction of the mass of the
fluidized solid is:

cm = cρw/(cρw + (1 − c)ρc) (7)

Applying the mass conservation equations to each phase, Equation (8) presents the variation of
mass for solid phase, Equation (9) for liquid phase, and Equation (10) for fluidized solid:

∂ρs

∂t
+∇.(ρsvs) = ms (8)

∂ρw

∂t
+∇.(ρwvw) = 0 (9)

∂ρc

∂t
+∇.(ρcvc) = mc (10)

where “m” represents the typical variation of the mass of that constituent (mw = 0), “t” is the time and
∂ is the gradient operator. Assuming that all the particles transferred from the skeleton re-enter the
fluid, the following mass can be established:

mc + ms = 0 (11)

It will be assumed, on the other hand, that the slag transported via filtration in the slurry moves
with the same speed as the particles near the ITZ zone. This relationship translates the particular
nature of the phenomenon that is considered in the framework of this study. There is, for example, no
chemical reactions that cause a divergence between the mass transported from the solid skeleton per
unit of time and that which is transformed into cement paste at the same time. The previous hypothesis
also assumes that the ITZ does not significantly modify the proportions between the different phases
that constitute the initial sample. Therefore, the initial variation and the temporal evolution of ρs

(density of the solid skeleton) remain negligible. This means, in particular, that this phenomenon does
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not develop considerably and causes little variation in the initial properties of the fluidized cement
paste in, for example, its density.

5. Results and Discussion

In this section, the main results obtained are presented and discussed. The results obtained in
each test are summarized for the proposed mixtures (Table 2). In general, the results between them
were analyzed based on the reference mixture without any substitution (S0). The results were also
compared with the works of Krishnamoorthy et al. [27]. The results presented in this paper had a
higher percentage of substitution and a higher W/C ratio in addition to introducing the use of LFS
slag. However, the similar evolution of the parameters studied for GGBS slag was checked.

5.1. Flow Cone Test Results

Flow cone test results are shown in Figure 3. It can be observed that there were no significant
differences among the mixtures. The flow cone test results were always within an interval from 8.5
to 9 s. The main implication here is that the use of these types of slags as substitute of cement in
cementitious grout had no significant effect in the fluidity of the resultant mix, at least in substitution
percentages of up to 50%.

Figure 3. Flow cone test results.

This is an important conclusion because these new mixtures will not present disadvantages in
their application with respect to the original ones while being able to take advantage of the same
implementation technologies.

5.2. Flexural Strength Test Results

Flexural strength test results are shown in Table 3 for 10 mixtures at 7, 28, and 90 days. In Figure 4,
the data are grouped according to time and percentage of substitution for each slag type. Figure 5 also
allows for analyzing the behavior of each mixture with respect to the reference. Each result curve (MR)
is non-dimensioned with respect to the corresponding value of S0 (MRS0).

None of the mixes with slag substitution achieved the flexural strength reference (S0) at 7 days.
However, at 28 days, the MR difference was reduced between S0 and two of the slag types (S1
and S2). One of the effects observed with slag was that the hardening process of the mixture was
modified and delayed. As it has been observed in concrete mixtures incorporating GGBS slags as
partial cement replacement, the strength at early stages was lower in comparison with traditional
concrete. The results obtained in this work are in accordance with the results shown in previous works
(Parron-Rubio et al. [7]).

154



Materials 2019, 12, 1166

No direct correlations were identified for each type of slag and its improvement with respect
to MR.

Table 3. Flexural strength results.

Mixes 7 28 90 % Strength Gain at 90 Days

S0 2.45 3.36 3.92 -
S1_30 1.80 2.65 4.07 3.8%
S1_40 1.70 3.28 4.28 9.18%
S1_50 1.65 3.46 4.63 18.1%
S2_30 1.44 2.90 4.29 9.4%
S2_40 1.70 3.5 3.69 −5.9%
S2_50 1.35 2.61 3.60 −8.2%
S3_30 1.17 2.39 2.21 −43.6%
S3_40 0.88 1.83 1.46 −62.8%
S3_50 0.51 1.16 1.29 −67.1%

Figure 4. Results of flexural strength test (MR)(MPa).

Figure 5. Flexural strength evolution (MR/MRS0).

155



Materials 2019, 12, 1166

S1 mixtures showed a higher flexural strength than S2 and S3 mixtures. In the literature, there are
some works that indicate that pozzolanic materials with a high SiO2 content have better mechanical
properties than pozzolanic materials with a low content of SiO2 [7,46]. This can be the reason why S1
mixtures showed the highest flexural strength due to their highest SiO2 content in comparison with S2
and S3 slags.

It seems that each slag had a particular dosage that optimized its behavior in the test. The S1_40
mix showed the best performance overall in this test, obtaining a flexural strength gain of up to 18.6%
at 90 days with the 40% substitution.

S1 slags were unique in presenting an increase in flexural strength at 90 days for every substitution
fraction (S1_30, S1_40, and S1_50). On the other hand, S3 slag showed poor results for this test. As it
can be observed in Figure 4, flexural strength loss for this type of slag appeared at 7, 28, and 90 days.
It seems that in this type of slag, the hardening stopped after 28 days. Actually, our conclusion is
that from there it is maintained. We do not consider that the small decrease observed in Figure 4 is
representative of any behavior, but is the consequence of some distortion of results.

5.3. Compressive Strength Test Results

Compressive strength test results are shown in Table 4 for 18 test specimens at 7, 28, and 90 days.
In Figure 6, the data are grouped according to time and percentage of substitution for each slag type
(S1, S2, and S3). Figure 7 also allows for analyzing the behavior of each mixture with respect to
the reference. Each result curve (Rs) is non-dimensioned with respect to the corresponding value
of S0 (Rss0).

Table 4. Compressive strength results.

Mixes 7 28 90 % Strength Gain at 90 Days

S0 6.29 8.89 12.52 -
S1_30 4.40 6.98 13.25 5.8%
S1_40 4.38 8.66 14.97 19.6%
S1_50 4.50 11.41 16.90 35.0%
S2_30 3.20 6.41 9.27 −26.0%
S2_40 3.98 8.08 9.09 −27.4%
S2_50 3.15 6.27 7.34 −41.4%
S3_30 2.23 4.42 4.42 −64.7%
S3_40 1.65 3.33 3.17 −74.7%
S3_50 1.02 2.05 1.98 −84.2%

Figure 6. Results of compressive strength test (Rs)(MPa).
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Figure 7. Compressive strength evolution (Rs/Rs(S0)).

As for the flexural strength results, none of the mixes obtained a compressive strength gain at
7 days with respect to the reference grout mixture. The behavior at 28 and 90 days of the different
mixes differed depending on the type of slag and the slag–cement substitution percentage.

The compressive strength of S1 slag grew as the substitution percentage increased. The behavior
of the 40% mixture was similar to the 30%. The best compressive performance is attributed to the 50%
mixture, which obtained a strength gain at 28 and 90 days of 28.35% and 35%, respectively.

The behavior of S2 slag at 7 days was similar for every substitution percentage and was about 30%
less than the reference grout mixture at the same age. S2 mix obtained strength loss at 28 days for every
substitution percentage, with the 40% mix (S2_40) the one performing the best, followed by the 30% mix
and 50% mix. However, the results for 90 days show a relationship between substitution percentage
and compressive strength, with the latter being greater as the substitution percentage decreased.

The compressive strength loss obtained using L3 mixes, at every stage and percentage substitution,
was significant. Furthermore, the loss was greater as the substitution percentage increased. As in the
case of the flexural strength, the mixtures with GGBS slags showed a higher compressive strength than
LFS slags.

Krishnamoorthy et al. [27] presents results of variation of compressive strength with GGBS slags.
They test them from porous concrete blocks containing a mixture of supplementary cementitious
materials including fly ash, GGBS, and silica fume. One of them was prepared with a grouting
mixture of ordinary Portland cement, 40% GGBS as aggregate, water–cement ratio of 0.35, and 1%
superplasticizer. Although it is a different product, we can observe a similar slight improvement in the
compressive strength.

5.4. Exudation Test Results

The results of the exudation test are shown on the Figure 8.
It can be distinguished in the figure that the mixture without substitution of cement by slag

was the one that showed a higher percentage of water exudation at 240 min, obtaining a value of
almost 30%.

GGBS (S1) mixtures had low values of exudation at early stages up to 120 min and obtained the
lowest percentages at 240 min, except for the S2 mixture with 50% substitution.

LFS1 (S2) slag showed an exudation behavior similar to the reference mixture, although they
obtained water exudation percentages superior to those of the rest of the slags.
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Regarding the percentage substitution, the results clearly show that with higher substitution
percentages, the exudation decreased.

 

Figure 8. Exudation test.

6. Conclusions

In this paper, experimental results obtained from grouts with cement substitutions by slags in a
dosage of up to 50%, W/C ratio of 1, and no additives are presented. The results for different white
slags are studied (GGBS and LFS). All the specimens have been tested for exudation, compressive
strength, and flexural strength to analyze the feasibility of the mixture for industrial applications.
According to the results described in previous sections, the following conclusions can be highlighted:

In general, the mixtures obtained show an improvement in factors such as fluency and viscosity.
The slags had a lower density than cement and cause a mixture more fluid. This was an improvement
in application where this factor was important.

The mechanical response was less homogeneous and depended greatly on the origin of the slag,
as expected. Improvements were observed in the results of compression and bending strength for
mixtures with S1 slags (10% in bending and 35% in compression test). However, slag types S2 and S3
gave rise to mixtures with losses of resistance of 85% in compression with respect to the reference. This
was due to the lower content of SiO2 in slags S2 and S3 (LFS) in comparison with S1 slag (GGBS). It
has been proven that there was a great difference between slags according to their origin, not only for
its composition, but also for the treatment received prior to mixing. Therefore, each generator of slag
waste required a study of the goodness of its product in terms of its use as a cementitious substitute.
However, the tests seemed to indicate that an adequate treatment increased the potential valorizing of
the waste in question.

In the conventional slurry, the aggregate was the least deformed; therefore, this was where the
tensions were concentrated. They were then transferred to the ITZ. The green grouts (with cement
substitution by slag) had a lower density rate. This increased the speed of the mechanism of the
conservation equation of the mass. This filled the microstructural spaces, facilitating the adherence
between the aggregate and the cement paste inside the transition.

In addition, the resultant cement grout was a sustainable material with a lower cost in comparison
with traditional cement grouts.

The fundamental conclusion of this study was to verify the feasibility of obtaining mixtures with
cement substitution by slag. A 50% reduction in the cement used in the mix was achieved, and at
the same time, the viability of the grout was maintained. The fluidity obtained allows for use in
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applications where there can be an intensive use of this grouts, such as jet-grouting for mixtures S1
and S2, or ground improvements for S3 mixtures

Higher cement substitution levels using slag waste may also be possible but this would require
further investigation.

GGBS slags improved the mechanical and workability capabilities of the resulting mixture. The
LFS slags studied in this work can be employed in other types of works where a high strength is not
required. Therefore, this conclusion presents an opportunity to improve waste slag valorization if we
progress in the high-level percentage of substitution with slags in ordinary products such as grouts
or concrete.
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Abstract: A rapid and effective method is necessary in the disposal of severely radioactive contaminated
soil waste. Simulated Ce-bearing radioactive soil waste was immobilized by self-propagating
high-temperature synthesis (SHS) within 5 min in this study. The main work includes the rapid
synthesis of soil waste forms, the analysis of phase composition, microstructure and chemical durability.
These results show that the simulated nuclide Ce was successfully immobilized into the pyrochlore-rich
waste matrice, whose main phases are SiO2, pyrochlore (Gd2Ti2O7) and Cu. The normalized leaching
rates of Si and Na on the 42nd day are 1.86 × 10−3 and 1.63 × 10−2 g·m−2·d−1, respectively. And the
normalized leaching rate of Ce also remains at low level (10−5–10−6 g·m−2·d−1) within 42 days.

Keywords: Radioactive soil waste; Gd2Ti2O7 pyrochlore; SHS; CeO2; Immobilization

1. Introduction

In recent years, nuclear power has been developed rapidly in the world due to its advantages of
high efficiency, economy and low carbon emissions. However, the harm caused by the byproduction
of nuclear energy, mainly nuclear wastes, can hardly be ignored, especially high-level radioactive
waste (HLW) [1]. The radioactive nuclides in HLW, such as 137Cs, 90Sr, 239Pu, 235U, etc., possess the
characteristics of long half-life, high toxicity, and high heat generation [2,3]. When these radionuclides
enter the soil, the situation becomes more complicated because the presence of soil will increase the cost
of disposal [4,5]. Furthermore, soil contaminated by highly radioactive nuclides may pose a long-term
threat to organisms due to ecological cycling [6,7].

For radioactive contaminated soil, sand is an inseparable main substance and must be cured
together with radionuclides. At present, there are mainly physical landfill and bioremediation methods
for the treatment of radioactive contaminated soil. The physical landfill is a time-consuming project,
which will destroy the ecosystem of disposal area. At the same time, it may cause further pollution due
to leakage during transportation [8]. The bioremediation method requires a long period of restoration,
and the growth of plants is limited by climate and geology [9]. In addition to the above methods,
vitrification is an effective technology for the immobilization of long half-life wastes, especially for soil
wastes contaminated by high radioactive nuclides [10,11]. Particularly, borosilicate glass is the most

Materials 2019, 12, 1163; doi:10.3390/ma12071163 www.mdpi.com/journal/materials163



Materials 2019, 12, 1163

widely studied and utilized vitrified waste form in the world because of its good radiation resistance,
corrosion resistance, and chemical stability [12]. Regrettably, the glass matrice may decompose in
geological repositories due to high temperature and high pressure [13,14]. Furthermore, the relatively
low thermal stability of vitrified waste forms is also a potential limitation [15]. Compared with glass
matrice, ceramic solidified bodies have the advantages of low expansion rate, excellent mechanical
properties, and good chemical stability. Subsequently, Synroc has been proposed as a potential
alternative host matrix for HLW immobilization based on the isomorphism substitution theory [16–20].

Self-propagating high-temperature synthesis (SHS) is a technology that uses the energy released by
exothermic redox reactions to synthesize the final products [21–23]. SHS technology possesses certain
technical and cost advantages in the treatment of contaminated soil. According to the characteristics of
radionuclides, the composition and proportion of a SHS reaction system can be well designed. In addition,
quick pressing (QP) is also introduced to obtain compact samples [24]. Zirconolite-rich matrice and
titanate-pyrochlore with excellent chemical durability can also be prepared by SHS/QP [25–30]. SHS/QP
technology can synthesize high density ceramic matrix in several minutes, which was considered as
a potential method to deal with environmental issues. In this study, Gd2Ti2O7 pyrochlore waste matrix
was synthesized by SHS for the disposal of simulated radioactive soil waste. Ten wt.% CeO2 was
regarded as a simulate of tetravalent actinide [31]. Silica sand was utilized as the heat insulation material
and pressure transfer medium during the SHS/QP process. A series of characterizations were carried out
to understand the solidifying mechanism of obtained waste forms. In addition, the aqueous durability
was evaluated using the standard Product Consistency Test (PCT) method [32].

2. Materials and Methods

The composition of original soil is listed in Table 1. The soil (200 meshes) and simulated
radionuclide Ce4+ (CeO2, Aladdin Industrial Inc., purity ≥ 99.99%)) were mixed with the weight ratio
of 9:1. The SHS reaction was prepared according to the following chemical equation [28]:

4CuO + Gd2O3 + 2Ti = Gd2Ti2O7 + 4Cu (1)

The raw materials of CuO, Gd2O3, and Ti (purity ≥ 99.9 wt.%) were purchased from Aladdin
Industrial Inc. (Shanghai, China). Different contents of simulated radioactive soil wastes (0 wt.%,
5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, 25 wt.%) were mixed with the raw materials of SHS reaction
(labelled as Cu-0, Cu-5, Cu-10, Cu-15, Cu-20, and Cu-25, respectively). Pretreatment of powder
samples is similar as the previous study [28].

Table 1. Soil composition in this study.

Composition SiO2 Al2O3 Fe2O3 CaO K2O MgO Na2O TiO2

Content (wt.%) 66.32 16.57 5.87 4.67 2.86 1.66 0.81 0.74

The SHS/QP process is shown in Figure 1. The self-propagating combustion reactions were
ignited by tungsten wire, which was located at one side with tight contact of the green body and
heated by a direct current of about 50 A. The SHS reactants were ignited at high temperature,
and the combustion wave automatically propagated to the unreacted region until the reaction’s
completion. Before densification, the W/Re 5/26 thermocouple was placed in the center of the samples
to measure the reaction temperature of Cu-0 to Cu-25 specimens. The unpressurized samples were
crushed into fine powders for X-ray diffraction analysis (XRD; X’Pert PRO, PANalytical B.V., Almelo,
The Netherlands).
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Figure 1. Diagrammatic sketch of the self-propagating high-temperature synthesis/quick pressing
(SHS/QP) process.

For densification, the ignited sample was compressed by 50 MPa with 60 s dwelling time after
proper combustion delay time. The SHS-ed compact sample was cut and polished to characterize the
microstructure and elemental distribution using field-emission scanning electron microscopy (FESEM;
Zeiss Ultra-55, Oberkochen, Germany) and energy-dispersive X-ray spectroscopy (EDX, ULTRA 55,
ZEISS, Oberkochen, Germany). The chemical durability of waste form was tested by the Product
Consistency Test (PCT) standard. The concentrations of Na and Si in leachate were determined by
inductively coupled plasma (ICP) analysis (iCPA 6500, ThermoFisher, Waltham, MA, USA), while
that of Ce was obtained by inductively coupled plasma-mass spectrometry (ICP-MS) analysis using
an Agilent 7700× spectrometer (Agilent, Santa Clara, CA, USA). The normalized release rates were
calculated as the following formula:

NRi =
Ci·V

fi·SA·t (2)

where Ci is the concentration of element i in the solution, V is the volume of the leachate (m3), SA is the
surface area of powder specimen (m2), f i is the mass fraction of element i in the sample (wt.%) and t is
the leaching duration (d). The SA/V ratio is about 2000 m−1, which is derived from the standard test
method for The Product Consistency Test (ASTM c 1285-02) [32]. In this standard, the waste particles
are assumed to be spherical and the average particle diameter is 1.12 × 10−4 m for −100 (0.149 mm)
to +200 (0.074 mm) meshes particles. Therefore, the average particle area and volume are calculated
as 3.90 × 10−8 m2 and 7.25 × 10−13 m3, respectively. The average particle mass is calculated to be
1.96 × 10−6 g. Thus, there are 1 g/1.96 × 10−6 g = 5.11 × 105 particles in 1 g powder waste form
with −100 to +200 meshes particles. Thus, the total surface area of 1 g powder with −100 to +200
meshes particles is calculated to be 1.99 × 10−2 m2. As long as the density and particle size of waste
form remain comparable during the leaching tests, this parameter will remain at a constant value and
doesn’t need to be calculated every time.

3. Results and Discussion

3.1. Temperature and Powder XRD Analysis

The combustion process of the designed SHS reaction takes about 10 s after tungsten wire
ignition. The center temperature of all samples in SHS reactions are measured and depicted in
Figure 2. With the increment of soil wastes, the center temperatures of Cu-0, Cu-5, Cu-10, Cu-15, Cu-20,
and Cu-25 samples decrease from 1679 to 1052 ◦C in Figure 2. The center temperature of the Cu-0
sample is the highest at 1679 ◦C, while the Cu-25 sample with the maximum soil content exhibits
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the lowest temperature at 1052 ◦C. Apparently, the increase of soil wastes led to the decrease of SHS
reaction temperature.

 

Figure 2. Real temperature curves of all samples during SHS reaction.

The XRD patterns in Figure 3 show that the specimens with soil waste (Cu-5 to Cu-25 samples)
are composed of Cu, SiO2, and Gd2Ti2O7 (PDF No. 23-0259), while the sample without soil waste
only contains Gd2Ti2O7 pyrochlore. From Cu-5 to Cu-25 specimens, the main phase of all samples
is Gd2Ti2O7 pyrochlore, demonstrating that the increase of soil wastes does not change the phase
composition. In Figure 3, the content of Cu in these SHS-ed samples increases with the increment of
soil content, but Cu is hardly found in the Cu-0 sample. Because the temperature of Cu-0 reaction
is the highest, the Cu melts and condenses into bulky grains during the high temperature reaction.
With the decrease of reaction temperature, the size of copper particles decreases. Meanwhile, all
SHS-ed samples were ground into powder for XRD testing, where the granulated Cu was sifted out
directly. By contrast, the content change of SiO2 has no regular pattern, which may be affected by
the heat insulator silica sand. However, unknown phases appear in the Cu-25 sample, which may
be related with the large amount of simulated radioactive soil. Therefore, the Cu-20 specimen was
selected for further analysis.

 

Figure 3. X-ray diffraction (XRD) patterns of all SHS-ed samples.
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3.2. Raman Analysis and Microstructure Characterization

Raman spectroscopy was carried out to further analyze the crystal structure and internal bonds
of pyrochlore. Raman spectroscopy is an important technique, especially in systems where oxygen
displacement induces structure transformation, such as distinguishing fluorite from pyrochlore in
pyrochlore ceramics [33]. Different from the A2B2O7 fluorite structure with only one F2g vibration
mode, the pyrochlore structure contains six Raman modes (A1g, Eg, and 4F2g). Typical wavenumbers of
pyrochlore phase at room temperature are 520 cm−1 (A1g), 330 cm−1 (Eg), and 200, 310, 450, 580 cm−1

(4F2g) [33,34]. For Ti-pyrochlore, the most prominent characteristic of Raman spectra are the intensive
band at 320 cm−1 and the A1g band at 520 cm−1. The band around 320 cm−1 includes Eg + F2g modes
with very close frequency, which is mostly attributed to O–A–O bond vibration. The A1g band at
520 cm−1 is believed to be related to A–O stretching [35,36].

The Raman spectra of Cu-0, Cu-10, and Cu-20 samples are shown in Figure 4. The six Raman
active vibration modes (A1g, Eg and 4F2g) are explicitly assigned. In addition, the Si–O stretching
vibration at 1100 cm−1 and the Si–O–Si symmetric bending vibration near 700 cm−1 are also included.
The Raman spectra peaks of three specimens are similar except for some changes in strength, which
means the pyrochlore structure of Gd2Ti2O7 remains unchanged. In particular, the characteristic F2g

(200 cm−1 and 455 cm−1) bands are well defined in the Cu-0 specimen. On the contrary, the vibration
intensity of Eg + F2g modes (320 cm−1) and A1g mode (520 cm−1) increase significantly in the Cu-10
and Cu-20 samples. It is evident that this drastic change is due to the addition of simulated radioactive
soil. On the basis of previous literatures [33–36], we preliminarily speculate that some ions in the
simulated radioactive soil (possibly containing Ce) occupy the A and B sites of pyrochlore structure,
resulting in steep changes of oxygen ions’ environment and peak intensity of Raman spectra.

 
Figure 4. Raman spectra of the Cu-0, Cu-10, and Cu-20 samples.

As shown in Figure 5, the microstructure and elemental distribution of the compact Cu-20
specimen are exhibited in the SEM and elemental mapping images. It can be found that the pores
mainly exist in the ceramic matrix rather than the copper phase. It may be argued that the melting
point of copper (1083.4 ◦C) is lower than the combustion temperature of the Cu-20 sample. Therefore,
gas can easily be discharged from the copper into the ceramic matrix. The Cu-20 sample consists of four
phases, labeled as A, B, C, D in Figure 5a. According to Figure 5b–f and XRD analysis, we speculate
that the A region is copper, the B region should be Gd2Ti2O7, the C region is SiO2, and the D region
represents TiO2. The impurity TiO2 phase is produced from the raw materials of the reaction system
and the original soil. However, no TiO2 exists in the previous XRD result of Cu-20. It is possible that
the diffraction peaks of TiO2 are not obvious because of its low content.
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Figure 5. (a) SEM image of Cu-20 specimen, and element mapping images of (b) O, (c) Si, (d) Ti, (e) Cu,
(f) Gd.

The EDX elemental spotting analysis of the Cu-20 sample is presented in Figure 6. The EDX
spotting image of “B” phase in Figure 6a is presented in Figure 6b. Combined with the XRD and EDX
mapping results, the existence of Gd, Ti, Ce, and O in the EDX spotting spectra indicates that the
“B” phase is Ce doped Gd2Ti2O7 pyrochlore phase. The average elemental quantities are acquired by
taking at least five points of “A” area as listed in the inserted table of Figure 6b, which results in the
chemical formulation of Gd1.96Ti1.94Ce0.09O7. Meanwhile, a small amount of Ce is also found in the
soil phase according to Figure 6c, indicating that the simulated nuclide Ce of radioactive soil waste can
exist in both the pyrochlore phase and soil phase. At the same time, most of the elements in original
soil are retained in the soil phase. Figure 6d shows that only Ti and O are present in the D region,
which confirms that the D phase is TiO2.
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Figure 6. Energy dispersive X-ray spectroscopy (EDX) elemental spotting analysis: (a) Representative
SEM image of the Cu-20 sample, (b) EDX spectrum and elemental composition of the labeled “B” area
in (a), (c) EDX spectrum of region C in (a), (d) EDX spectrum of region D in (a).

3.3. Chemical Durability Measurement by PCT Leaching Test

The leaching performance of nuclear waste forms is a significant indicator for estimating the
chemical stability [37]. The 1–42 days normalized elemental leaching rates of Si, Na, and Ce of the
Cu-20 sample are depicted in Figure 7. With the extension of soaking time, the normalized leaching
rates of Na and Si show a downward trend from 1 to 14 days. Then, NRNa and NRSi exhibit slight
ascension within 14–28 days, and finally both of them reach the lowest values in 42 days. The day 1
and day 42 NRSi values are 2.04 × 10−2 and 1.86 × 10−3 g·m−2·d−1, which represent excellent stability.
The lowest value of NRNa is 1.63 × 10−2 g·m−2·d−1 after 42 days of leaching. This rule is not applicable
for Ce, whose leaching rate has no definite regulation. The NRCe varies from 7.20 × 10−5 g·m−2·d−1

of 42 days to 2.20 × 10−6 g·m−2·d−1 of 7 days, which is about five orders of magnitude lower than
the NRNa values. The NRce values vary irregularly but remain at a low level (10−5–10−6 g·m−2·d−1).
Compared with our previous research results [38], the leaching rate of Si is slightly lower in this study.
The NRNa of the Cu-20 sample is similar to that of borosilicate glass-ceramics [39]. Nevertheless, the
leaching performance of simulated nuclide in Cu-20 sample is significantly lower than that of typical
vitreous products [40].

 

Figure 7. Normalized leaching rates of Si, Na, and Ce from day 1–42.
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4. Conclusions

In summary, a series of Gd2Ti2O7-based waste forms containing 5–25 wt.% simulated radioactive
contaminated soil have been successfully synthesized by SHS in 5 min. The obtained products are
multiphase composite materials composed of SiO2, Gd2Ti2O7, and Cu. Furthermore, the simulated
nuclide Ce exists in pyrochlore and soil phases simultaneously, which indicates that Ce migrates partly
from soil to pyrochlore phase during the SHS reaction. The solidified body of Cu-20 sample exhibits
high stability. The 42 days NRSi and NRNa are as low as 1.86 × 10−3 and 1.63 × 10−2 g·m−2·d−1,
respectively. And the 1–42 days NRCe values also remain at a low level (10−5–10−6 g·m−2·d−1). Based
on the analysis of phase composition, microstructure, and chemical durability, the application potential
of SHS technology in the rapid disposal of radioactive soil wastes is revealed.
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