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Abstract: In recent years, the interest of the scientific community has become focused on the integra-
tion of circular economy principles by eliminating end-of-life concepts and forming zero-waste strate-
gies. The present paper suggests the possible application of innovative, eco-friendly, cost-effective,
and highly efficient ceramic materials with the partial implementation of aluminosilicate-based waste
in the form of wastewater sludge in advanced technology solutions. The specific objective was
to demonstrate the effective utilization of the investigated waste in the production of refractory
adhesives and/or sealants for Intermediate-Temperature Solid-Oxide Fuel Cells (IT-SOFCs). Different
physical–mechanical and chemical properties were determined along with the performance of leach-
ing tests, the thermal cycling procedure, and leakage tests in a single cell. Based on the maintenance
of mechanical integrity after thermal cycling and satisfying crystal and microstructural stability after
high-temperature treatment, it was concluded that the investigated materials may be considered
promising candidates for application as heat-resistant adhesives for connecting components in heat-
ing systems. However, they were not found to be applicable as sealants for IT-SOFCs in raw form
according to the failure of testing in a single cell. Still, requirements for this purpose could be met
after certain modifications of the composition and synthesis methodology, which presents the major
initiative for our further research in this field.

Keywords: wastewater sludge; high-temperature adhesives; IT-SOFC sealants; ceramics

1. Introduction

The level of industrialization is considered to be an important reflection of the grow-
ing economic power of a nation [1]. However, although it presents a vital indicator of
technological development, the rapid industrial revolution has a major harmful impact on
the environment due to millions of tons of potentially hazardous and toxic waste materials,
which are being generated in industrial processes each year on a global scale [1–4]. Waste
sludge from industrial wastewater treatment plants is one such ecologically undesirable
by-product, and is also regarded as one of the largest solid waste streams originating
from wastewater-related technological operations [5]. Owing to the rather problematic
chemical composition, industrial wastewater sludge has long been considered unsafe for
the environment [5–7]. Hence, very stringent environmental regulations and high-cost legal
practices are established for the purpose of avoiding the endangerment of the environment
due to the production of such a widely presented waste product [8,9].

Nowadays, there is a tendency in modern society, especially among the scientific
community, towards contributing to the sustainability and the transition of the current
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linear economy to a circular economy [10–13]. In this context, the fundamental goal is
based on the transformation of recyclable wastes into valuable raw materials, which may
be effectively used for different industrial applications. Accordingly, the reuse of industrial
by-products and other waste streams as alternative Supplementary materials can promote
sustainable development in different industrial fields and be beneficial from both economic
and environmental points of view [6].

In general, an extensive literature survey evidenced that wastewater sludge is being
widely investigated for a broad range of effective applications in numerous engineering
fields. It has been reported to possess great potential to be applied as a component of
construction materials [14–17], as an adsorbent for the removal of different pollutants
present in soil and water [13], as fertilizers and ameliorants for an enhancement of the
structure and properties of soil [13,18], and even as a potential sustainable biomass resource
for energy production [19–21]. However, most of the mentioned research studies have been
focused namely on municipal (sewage) wastewater sludge. Therefore, there is so far a lack
of scientific work aimed toward the potential application of sludge generated in plants
where wastewater from different industries is being processed.

With the recent advancements in the energy industry, the demand for materials that
can effectively operate under high temperatures has dramatically increased [22]. To the
best of our knowledge, there are no literature reports on such refractories, which can
be successfully manufactured with a certain addition of waste materials. In order to
cover this gap, for the first time, in this study, we suggest the utilization of waste sludge
generated by industrial wastewater treatment processes as a partial substitution for raw
materials in the production of unconventional ceramic adhesives or sealants for various
commercial applications. More specifically, a major focus is put on application as sealants
used in Intermediate-Temperature Solid-Oxide Fuel Cell (IT-SOFC) technology and as
high-temperature-resistant adhesives for providing connections in the structure of different
heating devices, such as furnaces and dryers. The effects of waste sludge addition were
thoroughly investigated in terms of the overall performance and commercial viability of
the obtained materials, depending on the intended purpose, through a determination of
the mechanical, thermal, and morphological properties.

Namely, IT-SOFCs represent a significant and prospective solution for exhausting
the conventional energy sources of our planet and also one of the most attractive “green”
technologies thanks to the high efficiency of energy conversion and ultralow emissions
of air pollution [23]. One of the biggest challenges for a better implementation of this
technology indeed lies in the development and fabrication of suitable sealants that can
effectively separate the fuel and the environment and allow the proper operation of the
cells [24]. On the other hand, the usage of heat-resistant adhesives has nowadays become
one of the most convenient and low-cost methods for the joining of materials employed in
the structure of heating equipment because it does not influence the natural condition of
adjoining materials and reduces the possibility for corrosion and costs of structure weight
and maintenance [25,26].

Accordingly, the main objective of the presented work was to successfully demonstrate
a novel approach for the fabrication of innovative, eco-friendly, cost-effective, and highly
efficient materials in advanced high-temperature technological solutions via the incorpora-
tion of the waste sludge in their composition. Basically, one of the principal initiatives was
aimed at providing research that would be in accordance with the principles of the circular
economy and sustainable development strategies.

2. Materials and Methods
2.1. Preparation of Samples

Waste sludge used for the preparation of adhesive and sealant samples (Figure 1) was
obtained as a mixture of two types of sludge in a 1:1 ratio, both originating from wastewater
treatment operations: one from a plant for lacquers and paints (LP sludge) and one from a
powdery-enamel plant (PE sludge).



Appl. Sci. 2023, 13, 9044 3 of 19

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 20 
 

2. Materials and Methods 
2.1. Preparation of Samples 

Waste sludge used for the preparation of adhesive and sealant samples (Figure 1) 
was obtained as a mixture of two types of sludge in a 1:1 ratio, both originating from 
wastewater treatment operations: one from a plant for lacquers and paints (LP sludge) 
and one from a powdery-enamel plant (PE sludge). 

 
Figure 1. Sample of waste sludge obtained from the wastewater treatment plants. 

Beside a sample of basic composition (not containing waste), labeled GC0, four addi-
tional samples with certain waste sludge percentages were prepared for a comparative 
study. Waste sludge was incorporated in the basic composition as a replacement for clay, 
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Firstly, the dry ingredients from the composition were mixed as shown in Figure 2, and 
then, binder (sodium silicate, i.e., water glass) and tap water were added until samples in 
the form of paste were obtained. 

 
Figure 2. Adhesive and sealant samples with different shares of waste sludge addition (GC0, GC5, 
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Figure 1. Sample of waste sludge obtained from the wastewater treatment plants.

Beside a sample of basic composition (not containing waste), labeled GC0, four ad-
ditional samples with certain waste sludge percentages were prepared for a comparative
study. Waste sludge was incorporated in the basic composition as a replacement for clay,
which presents one of the basic constituents in the original composition. The sludge-for-clay
replacement shares (by mass) were set in a wide range of 5–20%. Corresponding to the
waste share, the samples were designated as GC5, GC10, GC15, and GC20, respectively.
Firstly, the dry ingredients from the composition were mixed as shown in Figure 2, and
then, binder (sodium silicate, i.e., water glass) and tap water were added until samples in
the form of paste were obtained.
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Figure 2. Adhesive and sealant samples with different shares of waste sludge addition (GC0, GC5,
GC10, GC15, and GC20).

2.2. Thermal Cycling Test of the Prepared Ceramic Joint Specimens

A series of heating cycles were performed as a preliminary study in order to verify
the thermal stability of the samples in air atmosphere. A total of five different ceramic
joint specimens were assembled by placing a sample in the form of a 10 mm thick paste
between two ceramic bricks to create brick/glass–ceramic paste/brick “sandwich”-shaped
specimens, appropriate for further heat treatments. The formed raw ceramic joint specimens
were initially air-dried for 24 h at room temperature, which was required for the solvent
to evaporate and cause initial bonding. Thermal cycling in the period of four weeks was
carried out in a chamber furnace. The first day, ceramic joint specimens were heated to
200 ◦C for 2 h. Each day, the heating temperature was raised for 100 ◦C, while the dwelling
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time was prolonged for one hour, so, by the end of the first week, the samples were heated
to 600 ◦C for 6 h. In the next three weeks, annealing of the ceramic joint specimens was
performed at 600 ◦C for 6 h, 700 ◦C for 7 h, and 800 ◦C for 8 h, respectively, after which the
thermal cycling was completed. The heating rate of the furnace at each heating step in the
given joining process was 5 ◦C/min, while cooling was conducted at natural speed.

2.3. The Characterization of Raw and Sintered Samples
2.3.1. The Chemical Composition of Waste Sludge and Raw Samples

Heavy metal detection and removal are identified as important pretreatment steps
prior to reusing waste materials in different industries, especially if exposed to high tem-
peratures. Therefore, the chemical composition of the used waste sludge as well as of all
the obtained GC samples (GC0, GC5, GC10, GC15, and GC20) was examined.

The analytical procedure for quantifying the heavy metal and oxide content in the
investigated waste sludge consisted of converting solid-state waste material into liquid
form with the appropriate treatment and determination of the chemical composition using
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) on an ICP spec-
trometer Spectroflame (Spectro Analytical Instruments, Kleve, Germany). Only arsenic
concentrations were determined differently—by microwave digestion, according to the
EPA 3051A procedure. Afterward, the overall heavy metal content in the GC samples
containing different waste shares was obtained using mathematical calculations, taking
into account that all of the components in the basic composition, presenting commercial
products, were reported by manufacturers’ declarations to be fully ecologically accept-
able, i.e., to be totally free of any heavy metals. Lastly, measured concentrations were
compared with the maximum limits allowance according to the valid Rulebook on the
categories, testing and classification of waste (“Sl. Glasnik RS 56/2010”), as well as standards EN
12457/EN 16192:2011, which apply in the Republic of Serbia to the disposal of nonreactive
hazardous waste.

2.3.2. The Phase Composition (XRD) of the Raw and Sintered Samples

The crystalline-phase composition of all the GC samples in raw form and after sintering
at 700 ◦C for 7 h was investigated by means of X-ray diffraction (XRD) analysis in order to
determine if the crystallinity of the samples changed after the exposure to high temperatures
during thermal treatment. XRD analysis was performed using an Ultima IV (Rigaku, Tokyo,
Japan) diffractometer with curved graphite monochrome and a scintillation counter. The
intensity of CuKα (λ = 1.54178 Å) radiation as an X-ray source was recorded in a 2θ range
of 5–90◦ using a scanning step size of 0.02◦ and scan rate of 5◦/min; for routine phase
analysis, a voltage of 40 kV and power of 40 mA were required for measurements. The
phase identification of the samples was performed using PDXL2 software (version 2.8.3.0.)
and the ICDD database [27].

2.3.3. Leaching Tests of the Raw and Sintered Samples

In order to determine the potential of the studied samples for leaching dangerous
concentrations of heavy metals into the environment, batch leaching tests according to the
DIN 38414-S4 standard method [28] were performed. The testing of heavy metal leaching
was conducted on the raw and sintered samples GC15 and GC20. The sintered samples were
subjected to 10 thermal cycles at 750 ◦C, being heated for 80 h in total. The concentration
levels of trace heavy metals were recorded by means of the ICP-OES method.

Dry samples with particles smaller than 1 mm in an amount of 5 g were put on a grate
placed inside a glass vessel. Then, 50 mL of demineralized water was poured into each
vessel, after which the obtained mixtures were placed in a shaker. The speed of rotation
was set to 150 rpm and the shaking lasted 24 h continuously. The samples were then filtered
through filter paper 4 times, after which they were additionally centrifuged for 10 min at a
rate of 150 rpm. Eventually, liquid parts of the samples, i.e., eluates, were examined.
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The examination of the obtained eluates consisted of measuring the pH values and
heavy metal content. The obtained heavy metal concentrations measured in the eluate
were compared with the maximum allowed values according to the valid Rulebook on the
categories, testing and classification of waste (“Sl. Glasnik RS 56/2010”), as well as EN 12457/EN
16192: 2011, which applies in the Republic of Serbia to the disposal of nonreactive hazardous
waste.

2.3.4. Dilatometry Analysis of Raw Samples

It is essential to examine the thermal expansion behavior of sealants or adhesive
materials which operate at high temperatures. In order to avoid thermal stresses that might
occur during thermal cycling, the coefficient of thermal expansion (CTE) of the samples
must be matched with the CTE values of the other adjoining components. Otherwise, crack
formation and damage to the joints will be caused.

The information on thermomechanical properties, i.e., the thermal expansion behavior
of all GC samples was collected by employing dilatometry analysis. During this experiment,
the linear dimensional change (expansion/shrinkage) of the GC sample was measured
with a highly accurate displacement sensing system (TMA dilatometer, Setsys, SETARAM
Instrumentation, Caluire, France). For the purpose of performing these tests, powdery GC
samples were initially compacted at 200 MPa into small cylinders with a 6 mm diameter
tool using a uniaxial press (Laboratory Hydraulic Press, 54/1114 Group Struson, Xiamen
Tmax Battery Equipments Limited, Xiamen, China) so that solid samples were obtained.
The measurements were taken from room temperature (RT) to 800 ◦C at a heating rate of
5 ◦C/min with a retention time of 6 h at 800 ◦C.

2.3.5. The Mechanical Properties of the Sintered Samples

The characterization of the mechanical properties consisted of flexural strength, frac-
ture toughness (crushing strength), and microhardness determination. Measurements of
flexural and compressive strength were conducted on solid samples obtained by pouring
the GC samples in the form of viscous paste into molds of desired dimensions and heating
at 800 ◦C.

The operating temperatures of the heating equipment in which the examined ad-
hesives were to be applied did not exceed 400–500 ◦C; therefore, it was not necessary
to set the sintering temperature to any higher than that. However, since these composi-
tions were also examined for their application as sealants for IT-SOFCs that operate at
temperatures between 500 ◦C and 800 ◦C, the sintering temperature was set to be 800 ◦C.
Moreover, thermal stability tests were previously conducted on temperatures up to a maxi-
mum of 800 ◦C, so practically, it is unknown whether these materials would be stable at
higher temperatures.

For the purpose of flexural strength (modulus of rupture) determination, cylindrical
solid samples of all GC compositions with dimensions Φ5.5 mm × H30 mm were prepared
and a three-point bending test method using a Universal Testing Machine (Model: Instron
1185, Instron, Boston, MA, USA) with a crosshead speed of 1 mm/min was performed in
accordance with the Chinese national standard GB/T3001-2007 [29]. Cylindrical samples
were initially air-dried at room temperature for 24 h and then heat-treated at 800 ◦C for
8 h prior to the measurements. The distance between the supports in the test was set to
be 20 mm. For the calculation of flexural strength values (σ) of the samples, the following
equation, Equation (1), was applied:

σf = (L*F)/(π R3), (1)

where σf is the flexural strength of the sample (MPa); F is the flexural force leading to the
sample failure (N); L is the distance of the supporting pin (<mm); and R is the radius of the
cross section of the sample (mm).

Crushing-strength (fracture toughness) measurements were conducted on cylindri-
cal solid samples of all GC compositions with dimensions of Φ6 mm × H6 mm. The
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test method using the Universal Testing Machine (Model: Instron 1185) with a speed
of crosshead of 1 mm/min is presented in Figure 3. The samples were initially cured
at ambient temperature (20 ◦C) for 24 h and then heated at 800 ◦C for 8 h before test-
ing. For the calculation of crushing-strength values (σc), the following formula was used
(Equation (2)):

σc = F/S, (2)

where σc is the crushing strength of the sample (MPa); F is the maximum load at which the
sample breaks apart (N); and S is the pressed area of the sample (mm2).
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For the measurements of microhardness both, the raw and sintered GC samples were
pressed at 200 MPa and prepared for the tests in the form of pellets (solid samples). All
of them were cylindrically shaped with dimensions of Φ16 mm × H2 mm. Sintered solid
samples were prepared by heating at 800 ◦C for 8 h. In order to obtain plane-parallel
surfaces for the test, the obtained solid samples were polished employing SiC paper with
a P2000 grain size. The indentation test method (Vickers hardness test) was applied for
an evaluation of the microhardness of the solid samples. The experiments were carried
out using a Buehler Micromet Microindentation Hardness Tester (Model Micromet 5101,
Buehler, Lake County, United States). For each raw and sintered GC solid sample, three
measurements were performed and average values were calculated. Since the raw solid
samples were estimated to be very soft, a small load of 0.25 N was applied in the tests,
while for the sintered samples, the load was set to be higher, 0.5 N. The time of indentation
was 15 s.

2.4. The Performance of Materials for Potential Application as IT-SOFC Sealants
2.4.1. The Phase Composition (XRD) and Morphology (FESEM) of the Raw and
Sintered Samples

Reactivity tests consisted of exposing all the GC samples to CO2 gas, one of the
commonly used fuels in the operation of IT-SOFCs. In order to investigate potential
undesirable chemical reactions and alterations that might occur between the gas and some
of the sealant constituents in the common operating conditions of the fuel cell device, the
characterization of the crystalline-phase composition (XRD)of all sintered samples before
and after exposure to CO2 gas at 700 ◦C and morphology investigations (FESEM)of raw
samples as well as samples sintered at 700 ◦C and exposed to CO2, were carried out. In
this manner, it was possible to justify the applicability of the studied compositions in
IT-SOFC systems and to secure the safe conduction of the following Open Circuit Voltage
(OCV) test.

XRD analysis was performed according to the same procedure previously described in
Section 2.3.2 of the paper. The surface morphology and microstructure of the polished cross-
sections were determined with Field-Emission Scanning Electron Microscopy (FESEM)
using the microscope model TESCAN VEGA TS 5130MM (TESCAN, Brno, Czech Republic).
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Prior to observation, the samples were precoated with a several-nanometers-thick layer of
gold. The FESEM images were recorded at a magnification ×2.00 kx with an accelerating
voltage of 20 kV.

2.4.2. Open Circuit Voltage (OCV) Test—Leakage Detection of a Single Laboratory
Fuel Cell

For the purpose of the OCV (Open Circuit Voltage) test, which basically confirmed
the functionality of IT-SOFC sealants in realistic working conditions, a sample of the basic
composition (GC0) was deposited in slurry form on the edges of the electrolyte and the
tube of the laboratory fuel cell in order to secure a gas-tight connection. Afterward, the
sealed fuel cell device was heated in a chamber furnace in accordance with the curing
protocol needed for the sealant to reach its full toughness and hardness (2 h of heating at
each temperature: 90, 260, and 370 ◦C). This protocol applies to the commercial sealants
used for this purpose, which is why it was implemented in this test as well.

Provided that the first single-cell test with sample GC0 ended successfully, further
tests employing other samples (GC5, GC10, GC15, and GC) were performed.

3. Results and Discussion
3.1. The Results of the Thermal Cycling Test of Ceramic Joint Specimens

After the completion of the thermal cycling test with a duration of over 100 h, it was
found that all the prepared ceramic joint specimens withstood high temperatures without
significant visible alterations, cracks, or breakage, as shown in Figure 4. After a detailed
observation, it was assumed that all of them remained completely undamaged and the
ceramic bricks remained well bonded. This test clearly indicated good thermal stability
and reliability in all the GC samples at temperatures up to 800 ◦C with satisfactory bonding
ability, which is mandatory for their application either as thermoresistant adhesives for
heating-device connections or as sealants for IT-SOFCs. Accordingly, the studied sam-
ples were considered to be completely safe from the aspect of thermostability for further
examination.
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Figure 4. Ceramic joint specimens before (a) and after (b) thermal cycle of 100 h at temperatures in
the range of 200–800 ◦C.

Nevertheless, on sample GC10 (Figure 5), some slightly larger waste sludge particles
were clearly visible due to the darker color, which indicated that a sieving of the components
was needed in order to obtain a more uniform, finer material and a homogenous mixture
with fully defined characteristics. Moreover, this was especially important since the values
of mechanical properties of adhesive and sealant materials tend to decrease with increasing
particle size [30]. Moreover, the sealants for IT-SOFCs generally consist of microsized
particles [31,32]. Therefore, prior to sample preparation, all the components in the GC
compositions were additionally sieved through a 63 µm laboratory test sieve and further
experiments were conducted with samples containing particles of a size below 63 µm.
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Figure 5. Sample GC10 applied between ceramic bricks after thermal cycling, with larger waste
particles on the surface indicating insufficient homogeneity.

3.2. Results of the Characterization of Raw and Sintered Samples
3.2.1. Results of the Chemical Composition of the Waste Sludge and Raw Samples

The results of chemical composition regarding heavy metal concentrations are pre-
sented in Table 1. According to “Standard Sl. Glasnik 56/2010” as well as EN 12457/EN
16192: 2011, which applies in the Republic of Serbia, in the investigated waste sludge
sample, the content of certain heavy metal ions exceeded the maximum values allowed
for the classification of waste as nonhazardous; therefore, it can be classified as hazardous
waste.

Table 1. Chemical composition of the waste sludge—content of heavy metals.

Concentrations, mg/kg, in Waste Sludge

Parameter LP Sludge PE Sludge LP+PE Sludge (1:1) Ref. Values

Hg <0.15 <0.15 <0.15 0.2 */2 **
Sb 0.85 85.5 43.175 0.7 */5 **
Se <0.2 2.5 <1.35 0.5 */7 **
Cu 20.5 2050 1035.25 50 */100 **
Zn 37 175.5 106.25 50 */200 **
Ni 8 186 97 10 */40 **
Cd 2.5 6 4.25 1 */5 **
Pb 10 37 23.5 10 */50 **
As 2.5 <0.5 <1.5 2 */25 **
Cr 8 22 15 10 */70 **
Mn 600 4855 2727.5 -
Tl <0.05 2.5 <1.275 -
Fe 18,750 13,250 16,000 -
Co 3.5 2330 1166.75 -

According to “Standard Sl. Glasnik 56/2010”: * values refer to the disposal of nonreactive hazardous waste in landfills
for nonhazardous waste in fields that are not used for disposal of biodegradable waste. ** values refer to disposal in landfills
for hazardous waste.

However, based on guidelines prescribed by the Rulebook on restrictions and prohibitions
on the production, placing on the market and use of chemicals as well as by the Rulebook on
the categories, testing and classification of waste, restrictions on the utilization of raw waste
materials as an additive for industrial products in the energy industry have not been
defined yet on the basis of the concentration of heavy metals.

The waste sludge chemical composition in terms of the oxide content is shown in
Table 2. The obtained oxide proportion confirms that the waste sludge material was
of aluminosilicate composition with a non-negligible admixture of iron oxides and a
rather large share of volatile organic matter. Moreover, alkali oxides are present in a great
proportion, especially sodium oxides.
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Table 2. Constituents in the composition of waste sludge—oxide content.

Content of Oxides (wt, %) in Waste Sludge

Component Al2O3 SiO2 Fe2O3 Na2O K2O CaO MgO SO3 P2O5

LP sludge 2.68 1.971 4.35 3.56 2.609 0.167 0.133 0.095 2.255
PE sludge 16.67 10.78 11.01 19.29 3.792 3.455 0.697 0.856 8.57

LP+PE sludge (1:1) 9.675 6.3755 7.68 11.425 3.201 1.811 0.415 0.475 5.413

As can be observed from the results of the chemical composition determination of
all the GC samples, given in Table 3, the content of Cu ions in the samples GC15 and
GC20 exceeded the maximum concentration limits allowed for the classification of waste
as nonhazardous according to the Rulebook on categories, testing and classification of waste
(“Standard Sl. Glasnik 56/2010”), as well as EN 12457/EN 16192: 2011, which applies in
the Republic of Serbia to the disposal of nonreactive hazardous waste. However, the Cu
content of GC15 was practically within acceptable limits if we consider the permissible
error of measurements (±2.5%).

Table 3. Analysis results of heavy metal content in adhesive and sealant samples containing waste.

Concentration, mg/kg, in Adhesive and Sealant Sample Composition

Parameter GC5 GC10 GC15 GC20 Ref. Values

Hg <0.15 <0.15 <0.15 <0.15 0.2 */2 **
Sb 0.7038 1.4076 2.1114 2.8152 0.7 */5 **
Se <0.022 <0.044 <0.066 <0.088 0.5 */7 **
Cu 16.8746 33.7492 50.6238 67.4984 50 */100 **
Zn 1.7319 3.4638 5.1957 6.9276 50 */200 **
Ni 1.5811 3.1622 4.7433 6.3244 10 */40 **
Cd 0.0693 0.1386 0.2079 0.2772 1 */5 **
Pb 0.383 0.7660 1.149 1.532 10 */50 **
As <0.0245 <0.0490 <0.0735 <0.098 2 */25 **
Cr 0.2445 0.4890 0.7335 0.978 10 */70 **
Mn 44.4582 88.9164 133.3746 177.8328 -
Tl <0.0245 <0.0490 <0.0735 <0.098 -
Fe 260.8 521.6000 782.4 1043.2 -
Co 19.0343 38.0686 57.1029 76.1372 -

According to “Standard Sl. Glasnik 56/2010”: * values refer to the disposal of nonreactive hazardous waste in landfills
for nonhazardous waste in fields that are not used for disposal of biodegradable waste. ** values refer to disposal in landfills
for hazardous waste.

Therefore, only the sample labeled as GC20 did not meet the mentioned criteria for
heavy metal content and is not ecologically acceptable to be used for commercial purposes.
The maximum percentage of the clay-for-sludge replacement that can be achieved without
affecting the stringent requirements concerning heavy metal content (in this case, Cu) in
the composition is up to 15%. Therefore, the sample with the highest waste sludge content
that satisfied the mentioned criteria and the most promising candidate for application as
a ceramic adhesive or IT-SOFC sealant is GC15. However, additional tests are required
to determine the leachability of certain heavy metals in the samples (these results will be
presented in Section 3.2.3). If these measurements confirm no dangerous leaching values,
these compositions could also be considered acceptable from an environmental point
of view.

3.2.2. Results of the XRD Analysis of the Raw and Sintered Samples

For a determination of the crystal-phase composition of all the GC samples in raw
form and after sintering at 700 ◦C for 7 h, XRD analysis was carried out, and the obtained
diffractograms are displayed in Figure 6.
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GC10, GC15, and GC20, respectively.

The mineralogical composition of the samples was determined by identifying the
crystal phases of the following clay minerals: quartz, as the most abundant; then albite;
minerals from the group of zeolites; and wollastonite. It was observed that the identified
mineral phases had high structural order, which is indicated by sharp and high-intensity
peaks. The slightly higher background present in the angular range of 5–30◦ 2θ of the
raw samples’ diffractograms most likely represents a slightly higher content of organic
and amorphous phase in these samples. Moreover, narrow, high-intensity, and clearly
defined peaks of quartz and zeolite minerals in the raw samples indicate a good structural
arrangement of these phases, while wollastonite’s peaks have some lower intensities, which
most likely indicate the content of this phase is a little lower. The structural arrangements of
the identified minerals remained unchanged during thermal treatment at 700 ◦C; also, new
phases were not identified. However, considering the obvious alignment of the baseline in
the diagrams, it can be said that thermal treatment led to the disappearance of the organic
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phase since a better structural arrangement in the angular range of 5–30◦ 2θ occurred in
the sintered samples.

3.2.3. Results of the Leaching Tests of the Raw and Sintered Samples

From the obtained results of ICP analysis in Table 4, it can be observed that the
concentrations of all examined elements in the samples GC15 and GC20 were lowered
after being thermally treated at 750 ◦C for 80 h, except for Cr. The increased mobility
of Cr after the sintering process can be explained by the fact that, unlike Hg and Cd,
Cr is considered nonvolatile and tends to reside in the material after being sintered at
certain temperatures [33]. Moreover, some studies have reported that heat treatment might
promote the Cr leaching behavior of samples, which, therefore, might exhibit relatively
higher Cr leaching accumulation after exposure to high temperatures up to 750 ◦C [34].

Table 4. Results of leaching test for raw and sintered samples GC15 and GC20.

Concentration, mg/kg, in Adhesive and Sealant Samples’ Composition

Parameter GC15 Raw GC20 Raw GC15 Sint GC20 Sint Ref. Values

pH before test 10.91 10.92 11.71 11.52 -
pH after test 10.67 10.67 10.9 10.39 -

Al 132.4 104.1 257.1 120.1 -
As 3.282 3.29 0.02452 0.2154 2 */25 **
Ca 64.96 58.45 769.1 616.1 -
Cd 0.008039 0.008372 1UDV UDV 1 */5 **-
Co 0.1895 0.2401 0.008266 0.02789 -
Cr 0.09819 0.1081 10.11 10.25 10 */70 **
Cu 2.395 2.761 0.4003 0.7381 50 */100 **
Fe 12.18 13.63 0.3947 2.701 -
Hg 0.001594 0.000053 0.000661 0.000223 0.2 */2 **
K 187.3 198.2 62.92 92.2 -

Mg 17.66 16.44 34.25 35.56 -
Mn 0.4034 0.4925 0.009729 0.08828 -
Mo 1.89 2.659 2.86 3.452 10 */30 **-
Na 25770 26420 693.1 2532 -
Ni 0.1875 0.1983 UDV 0.01233 10 */40 **
P 1514 1802 0.4047 52.39

Pb 0.9608 1.265 0.07941 0.2532 10 */50 **
S 792.7 839.4 299.7 323.3
Se 0.192 0.2617 0.009627 0.01374 0.5 */7 **
V 1.248 1.242 0.9937 1.106

Zn 0.1989 0.3054 UDV 0.02292 50 */200 **
1UDV- under detection values. According to “Standard Sl. Glasnik 56/2010”: * values refer to the disposal of nonreactive
hazardous waste in landfills for nonhazardous waste in fields that are not used for disposal of biodegradable waste. ** values
refer to the disposal in landfills for hazardous waste.

However, the values of leached Cr do not practically pass the limitation if we consider
a permissible measurement error of ±2.5%. Also, the leached concentrations of As for the
raw samples exceed the maximum allowed concentration values for the classification of
waste as nonhazardous, according to the Rulebook on Categories, Testing and Classification of
Waste (“Standard Sl. Glasnik 56/2010”), as well as EN 12457/EN 16192: 2011, which applies
in the Republic of Serbia to the disposal of nonreactive hazardous waste. Nevertheless,
after exposure to high temperatures, which are inevitable in the operating environment
of refractory ceramic adhesives and IT-SOFC sealants, these concentrations decreased to
acceptable values below the prescribed limits.

In addition to the concentrations of all the leached elements for the examined GC
samples, the pH values measured before and after the leaching tests of the examined GC
samples are given in Table 4.
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3.2.4. Results of the Dilatometry Analysis of the Raw Samples

The dilatometry analysis curves of percentage linear changes in all the compacted GC
samples from RT to 800 ◦C are presented as a function of temperature in Figure 7a and as a
function of heating time in Figure 7b. Shrinkage and expansion occur sequentially with the
increase in temperature from RT to 800 ◦C, after which shrinkage can be observed due to
prolonged heating at 800 ◦C.
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The dilatometry plot clearly shows that waste percentage addition in the compositions
slightly reduced the temperature corresponding to the onset of shrinkage. However,
each GC sample, while being heat-treated at 800 ◦C for 8 h, exhibited very little linear
dimensional change, where the shrinkage or expansion was in the order of magnitude of
only around 0.5%. This can be explained by the above-discussed phase composition of the
GC samples. Namely, according to the performed XRD analysis, several crystal phases of
clay minerals were identified: quartz, as the most abundant, but also albite, wollastonite,
and zeolite minerals. As is commonly known, one of the main characteristics of quartz from
the thermal point of view is its low thermal expansion coefficient (CTE = 5 × 10−7/◦C), i.e.,
exceptional thermal stability at temperatures up to 1100 ◦C [35]. Wollastonite is similar:
it has a very low expansion rate (CTE = 7 × 10−6/◦C) and good thermal shock resistance
after heating up to 800 ◦C [36]. Also, pure albite is reported to be thermally stable below a
temperature of 1000 ◦C [37]. Moreover, temperatures at which structural changes in most
zeolite minerals take place are at 800 ◦C or above [38].

3.2.5. Results of the Mechanical Properties of the Sintered Samples

As can be seen from Figure 8, the lowest values of flexural and compressive strength
were recorded for the sample with the greatest share of incorporated waste sludge, GC20.
Moreover, it can be observed that both the flexural and compressive strength of the solid
samples decreased uniformly at the higher waste sludge content. Indeed, the reduction in
the flexural and compressive strength of the solid samples could be possibly related to the
lower final density of the samples along with the higher concurrent matrix microcracking
at the higher magnitude of waste sludge particles.

Expectedly, the results of the Vickers hardness test show that the sintered samples
displayed much higher values compared to the raw ones. The lower Vickers microhardness
(HV) of the raw samples could be related to their lower density. Moreover, the HV of
the samples improved in concordance with the increase in the waste content share in the
samples, which indicates that waste addition had a positive impact on the microhardness
of the obtained samples in this case. The HV values for both the raw and sintered solid
GC samples are presented in Table 5. The unit of hardness given by the test is known
as the Vickers Pyramid Number (HV). A graphical representation of the obtained values
expressed in Si units (GPa) is shown in Figure 9.
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Table 5. Microhardness of samples before and after thermal treatment for 8 h at 800 ◦C.

Sample No. HV0.025, HV [HV0.025]sr, HV Sample No. HV0.05, HV [HV0.05]sr, HV

GC0
raw

1 19.5
19.4 GC0

sintered

1 56.8
59.572 19.6 2 59.7

3 19.1 3 62.2

GC5
raw

1 25.2
25.23 GC5

sintered

1 66.6
69.372 25.3 2 71.9

3 25.2 3 69.6

GC10
raw

1 26.2
25.83 GC10

sintered

1 77.0
77.22 25.8 2 79.3

3 25.5 3 75.3

GC15
raw

1 25.8
26.27 GC15

sintered

1 77
79.02 26.8 2 79.3

3 26.2 3 80.7

GC20
raw

1 28.4
28.63 GC20

sintered

1 91.7
91.92 28.8 2 90.0

3 28.7 3 94.0
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Even though there are no particular required normative values which have been
suggested in previous research for the mechanical properties of high-temperature industrial
adhesives or IT-SOFC sealant materials, it is clear that certain mechanical capabilities
must be provided for the sake of preventing gas leakages and the adhesion of the device
components during operation, as well as for surviving harsh conditions and stresses that
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might occur at the high operating temperatures of these devices. Basically, these materials
should be able to provide satisfying robustness and reliability to the overall system.

According to the extensive literature review, it can be noticed that the compressive
and flexural strength as well as the microhardness of the studied samples were signif-
icantly lower than those reported in the literature for different SOFC ceramic sealant
materials [31,32,39–41]. Therefore, the presently studied materials would probably not be
such good candidates for application in SOFC technology, except if some additives were
added to improve these properties.

However, for the purpose of bonding, i.e., filling the gaps between the components of
heating devices, there are no such strict requirements concerning the mechanical properties
of the material since it is usually applied in a very thick layer, which can retain the in-
tegrity and withstand potential thermal stresses. Moreover, considering that the previously
conducted thermal cycling test was completed without damage to or the disintegration
of the prepared ceramic joint specimens, these obtained results of flexural and compres-
sive strength might be considered satisfactory for the application of the studied materials
as high-temperature ceramic adhesives for providing good connections in the heating
equipment structure.

Being in accordance with the previously confirmed excellent thermophysical behav-
ior, the obtained values of the overall mechanical characteristics of all the examined GC
samples were found to be sufficient for application as efficient ceramic adhesives in high-
temperature industrial systems, such as heating devices. The results of all the tested
mechanical features corroborated the established thermal and chemical stability and fa-
vorable physical performances, and indeed, they may assure that these materials would
provide satisfying robustness and reliability in a high-temperature system (e.g., heating
device) in which they are applied as adhesives.

3.3. Results of Material Performance for Potential Application as IT-SOFC Sealants
3.3.1. Results of the XRD and FESEM Analyses of the Raw and Sintered Samples

In order to verify their chemical stability in contact with IT-SOFC fuel at operating
temperatures, the raw and sintered GC samples were analyzed before and after exposure
to CO2 gas at 700 ◦C in terms of the crystal-phase composition (XRD) and microstruc-
tural characteristics (FESEM). The resulting XRD diagrams and FESEM images are given
in Figure 10.
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Figure 10. XRD diffractograms of all sintered samples (GC0, GC5, GC10, GC15, and GC20, respectively)
before and after exposure to CO2 gas at 700 ◦C (left) and FESEM images of raw samples (a) and
samples sintered at 700 ◦C and exposed to CO2 (b), simultaneously (right).
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From the XRD results, it can be noticed that all the sintered GC samples did not exhibit
significant changes in crystal-phase composition after exposure to the CO2 environment.
Identical phases with rather narrow and sharp peaks were detected. However, an additional
loss of amorphous phase and better structural arrangement in the angular range of 5–30◦

2θ were observed in the sintered samples, especially GC0 and GC10, after the reactivity
test’s completion.

According to the SEM images presented in Figure 10, there was no evident, noticeable
difference in the microstructure of the raw samples and the samples submitted to the
reactivity test. Agglomerates of about 20–50 µm in diameter and irregularly shaped grains
of about 5 µm in diameter were dominant in the structure of the samples exposed to gas CO2
at 700 ◦C. In most samples, the presence of microporosity was observed after conducting
the tests. Despite the existence of visible pores, these samples showed satisfactory strength
and compactness, which means that the porosity was superficial and that the grains were
actually tightly bound within the sample.

3.3.2. Results of the Open Circuit Voltage (OCV) Test—Leakage Detection of a Single
Laboratory Fuel Cell

A single laboratory fuel cell with the applied sealant sample before and after the
performed OCV test is shown in Figure 11. As can be clearly noticed, the sealant did not
retain structural integrity after the treatment since large cracks occurred and the sample
completely disintegrated. Therefore, hermetic sealing between the ceramic components of
the cell, i.e., the electrolyte and the fuel tube, cannot be provided.
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This experimental failure indicated that the studied glass–ceramic material is not suit-
able for very complex and precision-demanding IT-SOFC technology. Also, this statement
is in accordance with the previous assumption that the obtained results of mechanical
properties of these samples are insufficient for this application. However, certain modifica-
tions, in view of the procedure of preparation or the sharing and selection of components,
might result in achieving rugged and stable joints between the ceramic parts of the fuel cell.
Therefore, the major future aspects of this research should be aimed at finding a proper
solution for the application of such modified waste-containing materials as sealants in
IT-SOFC technology and thus expanding their usability to this industry as well.

4. Conclusions

Novel, eco-friendly, cost-effective, and highly efficient glass–ceramic materials with
different partial implementations of aluminosilicate-based waste sludge were prepared
and investigated for potential application in advanced technology solutions: as high-
temperature ceramic adhesives and as IT-SOFC sealants. The effects of the waste addition
on the composition of samples were studied in terms of reliability, thermal and chemical
stability, as well as physical and mechanical properties.

The excellent performance of the obtained samples in joining bricks after the com-
pletion of the thermal cycling test initially made them promising candidates for high-
temperature applications considering good thermal stability and bonding ability. Via a
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leaching test, the samples were confirmed as ecologically acceptable with values of heavy
metal concentrations below those legally allowed. The physical–mechanical properties of
the samples were found to be sufficient for their application as industrial ceramic adhe-
sives since satisfying robustness and reliability in the system can be provided, as already
confirmed by a previously performed thermal cycling test. The successfully conducted
reactivity test followed by XRD and SEM characterizations corroborated the absence of
potential undesirable chemical reactions and alterations that might occur between the
gas and some of the potential sealant constituents at common temperatures of fuel cell
operation. However, regarding the failure of the OCV test and the inability to maintain
structural integrity after being applied in the laboratory SOFC device in operation at
700 ◦C, it was found that these materials are not applicable as sealants for IT-SOFC technol-
ogy. Despite this, there is indeed great potential for these materials to become effective and
reliable for this purpose as well, after some modification concerning the composition and
preparation methodology, which could be the major focus of further research in this field.
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Belgrade, Serbia for the dilatometric measurements, and Ivana Cvijović-Alagić, Institute of Nuclear
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