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The utilization of construction and demolition debris in industrial wastewater
treatment by sorption of Co?* and Ni?* ions was investigated. Selected waste
composites are cost-effective and locally available, still their sorption character-
istics and application are not sufficiently investigated. The samples of concrete,
facade, ceramic materials, and asphalt were characterized in terms of mineral
and surface composition, radioactivity, and stability at different pH values, as
well as pH values of suspension and filtrate and electrical conductivity of the fil-
trate. The sorption capacities were determined in batch experimental conditions
in one- and multi-component solutions. Characterization showed different crystal
structures and mineralogical compositions of components. The results of gamma
spectrometry confirmed the radiological safety of samples. Based on stability
testing results, waste materials are suitable for further utilization and do not pose
any risk to the environment. The overall sorption results suggested that cement-
based materials, in addition to high affinity for the tested ions, represent a
sorbent that binds contaminants firmly enough, reduces their mobility and bioa-
vailability, and are suitable for removing Co?* and Ni?* ions from wastewaters.

Key words: heavy metals, water treatment, debris, sorption

Introduction and motivation

Sources of industrial wastewater are numerous: agriculture, food and drink pro-
cessing, iron and steel industry, metal finishers, chemical manufacturing, mines and quarries,
industrial laundries, oil fractionation and gas processing, solid hazardous waste disposal, en-
ergy production, etc. Industrial wastewaters contain various organic and inorganic pollutants.
Heavy metals are among these pollutants. They might be toxic and/or carcinogenic, therefore,
harmful to humans and other living species. These ions are not as biodegradable as most or-
ganic substances. Some are essential for physiological processes in low concentrations but are
considered extremely toxic in higher concentrations (Fe, Zn, Mn, Cr, Cu, and Mo) [1]. How-
ever, numerous heavy metals are solely toxic and pose a substantial risk to humans and the
environment (Cd, Hg, Pb, Co, and Ni). The most common released heavy metals, that are
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dangerous environmental pollutants, are copper, cobalt, chromium, cadmium, nickel, lead,
manganese, and zinc [1].

The high costs of heavy metals removal from industrial wastewater, €.g. by sorption
on activated carbon [2], stimulate research into the development of cost-effective sorbents,
especially those that represent the final waste in production or after use.

Significant quantities of construction and demolition debris (C&DD) are generated
annually and are predominantly disposed of in municipal landfills, potentially polluting the
environment [3]. The C&DD consists of diverse materials such as concrete, ceramic, i.e. clay
products (various types of bricks and blocks), asphalt, wood, steel, and other metal products,
various plastic types, etc. These products include organic and inorganic substances that might
be dangerous to the environment and human health if they get into contact with soil, water-
courses, or the atmosphere. The EU produces about 900 million tons of C&DD annually, and
50% of generated C&DD is recycled. This might indicate that the construction sector is satis-
factorily circular, but the waste management practices surveys reveal that C&DD reuse is
mainly based on backfilling operations and low-grade recovery, e.g. utilization of recycled
aggregates in base and sub-base of road construction. Globally, there is a substantial tendency
to reuse recycled construction materials exclusively in the same branch of industry instead of
expanding the application to other sectors [4]. Hence, the development of efficient and cost-
effective methods for reduction of growing amounts of C&DD and examining the possibilities
of C&DD utilization in areas and processes outside the construction industry would be advan-
tageous. The treatment of industrial wastewater by sorption, is therefore seen as a promising
and important option.

Industrial wastewater treatment

Industrial wastewater treatment includes processes used to treat water contaminated
by industrial or commercial actions before discharging into the environment or further reus-
ing. Wastewater treatment involves processes that include the consumption of large amounts
of energy, excessive sludge production, high operating costs, and usually the creation of un-
pleasant odors. Heavy metal wastewater treatment today is one of the major problems in the
environmental protection field. Conventional technologies for removing heavy metal ions
from solution include chemical precipitation, ion exchange, reverse osmosis, electrochemical
treatment, and sorption processes. Various studies have shown that the sorption process in-
volves one or more mechanisms of interaction between the solid surface and the species pre-
sent in the solution, based on chemical and physical processes or a combination thereof [5].
These phenomena imply many different mechanisms: surface adsorption caused by attractive
molecular forces, ion exchange, ion-pair formation, precipitation, specific sorption (usually a
combination of adsorption and precipitation), creation of hydrogen bonds or complex com-
pounds, or their combination. The mechanisms of sorption mostly depend on the physico-che-
mical properties of the material (sorbent) and ion (sorbate) nature. Depending on the type of
sorbent-sorbate interaction, sorption is based on physical or chemical interactions. Physical
sorption is characterized by a smaller amount of heat exchange and low activation energy,
thus at lower temperatures. On the other hand, sorption can also be caused by chemical fac-
tors, such as changes in redox potential, pH of the solution, or concentration of substances.
This further affects the process equilibrium in suspension or solution and the formation of
chemical bonds between ions in solution with active groups on the surface of the solid phase.
Sorption caused by chemical factors has significantly higher activation energy [5]. If the
sorbent and ion from the solution came into contact, the ion binds to the sorbent by some
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aforementioned mechanism. However, at the same time, the opposite process occurs, i.e. the
process of desorption. When the speeds of these two processes are equal, an equilibrium state
is established. After establishing equilibrium, it is possible to determine the sorption capacity
of a given sorbent under specified experimental conditions [6]. The results of sorption exper-
iments are usually represented by sorption isotherms that define the dependence of the sorbed
amount in the solid phase Qe [mmolion/gsorbent] 0N the concentration of applied cation Ce
[mmolion/Lsolution] in the liquid phase after reaching equilibrium at a constant temperature [6].

During the last decade, there has been a significant increase in interest in utilizing
waste materials and by-products as sorbents for purifying contaminated wastewaters. The re-
duction of raw materials and the increasing cost of synthesizing new materials contribute to
further research for more economically appropriate, locally available materials, especially ma-
terials derived from renewable resources, consuming less natural resources and energy for pro-
duction or those that represent the final waste after a production process or its useful life [3].

Previous studies with construction industry by-products, the analogs to C&DD com-
ponents, e.g. crushed concrete fines and brick dust, have indicated significant sorption potential
for the separation of pollutants from wastewaters. Brick dust, a by-product of the production of
ceramic blocks, is proven to be successful for Pb?*, Cd**, and Cs* sorption, as well as for ani-
ons As(III), As(V), Cr(VI), and U(VI) [7]. Additionally, the sorption properties comparison of
raw clay and broken brick powders revealed that bricks were more effective in Pb?*, Cd**, and
Zn*" removal [8]. Another research [9] found that crushed concrete fines from recycled aggre-
gate production were equally effective in Cu?’, Zn?*, and Pb?*" ions immobilization as a range
of low-cost by-products. The main objective of this study was to evaluate C&DD components
as sorbent materials for the heavy metals removal from industrial wastewater. According to
limited data on the utilization of C&DD in sorption processes, it has been concluded that the
research should focus on the efficiency of different components of C&DD. Namely, the com-
position of such materials cannot remain unchanged with the corresponding new materials or
by-products due to exploitation in different atmospheric conditions.

Materials and methods overview

Nine composite materials, i.e. components of C&DD, were collected at demolished
buildings at different locations in the city of Belgrade, Republic of Serbia. The C&DD com-
ponents used in the experiments were two types of concretes (C1 and C2), and bricks (B1 and
B2), hollow brick (B3), facade coating (F), a mixture of crushed roof (RT), ceramic tiles (CT),
and asphalt (A). One concrete sample (C1) originates from the ruins of the building, as well as
the sample of facade material, while the other concrete sample (C2) comes from the concrete
pathway, assuming a different composition and exploitation conditions than the sample of
wall concrete (C1) due to their different purposes. Bricks originate from the ruins of buildings
built around the 1930s (B1) and the 1970s (B2), while sample B3 is a hollow brick (block) of
a more recent period. Bricks from different construction periods were deliberately collected to
examine the potential difference in behavior during the experiments due to different ways of
brick production over a very long period of production of this traditional building material.
The RT and CT samples were selected from five locations as an already partially crushed non-
homogenized mixture. Asphalt sample A originates from the paved pathway. The C&DD
samples were homogenized and sieved to a fraction with particle size 0.3-0.6 mm [10-12].

The investigations included a detailed waste characterization in order to verify the
C&DD sample’s effective and safe usage. Therefore, samples were characterized in terms of
mineral composition by XRD analysis, surface functional groups by FT-IR spectroscopy, ra-
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dioactivity by spectrometry of gamma emitters, stability at different pH values (at 2, 6, and 8),
as well as the measurement of pH values of suspension and filtrate, and electrical conductivity
(EC) of the filtrate according to modified US EPA 9045D method. The sorption capacities
were determined in batch experimental conditions in one- and multi-component solutions, to-
gether with mixtures used for simulation of C&DD [10-12]. In sorption experiments, Co*" and
Ni?" ions were used, as the particular representatives of heavy metals.

Experimental observations

Sample characterization

The XRD analysis of the samples showed different crystal structures and mineralog-
ical compositions. The XRD spectra of concrete samples C1 and C2 showed that these sam-
ples are primarily composed of quartz, while sample F, in addition to quartz, contains musco-
vite and calcite [10, 11]. Although freshly prepared concrete samples contain by-products of
Portland cement hydration processes, such as calcium silicate hydrate (C-S-H) and other ce-
mentitious compounds, calcium aluminate hydrate and calcium aluminosilicate hydrate, age-
ing of concrete under atmospheric conditions causes decalcification and polymerization of sil-
icates [13]. Accordingly, the absence of common peaks for these materials in the tested sam-
ples was expected. In addition, the presence of calcium carbonate in cement-based materials
can be attributed to the partial carbonation of portlantide, i.e. the reaction of CO» from the air
with calcium hydroxide in concrete [14]. Sample B1 consists mainly of anorthite, calcium sil-
icide, wollastonite, mullite, and elemental iron. Sample B2 contains quartz, sanidine, and
anortite. Unlike the previous two samples, B3 contains quartz as the only crystalline phase
[10]. The XRD analysis shows that the RT tile sample contains quartz and albite, while quartz
and calcite were detected in the CT ceramic tile sample [12]. In addition, peaks originating
from silver chromium tin selenide sulfide were observed in the spectrogram of the CT sample.
The presence of these phases can be explained by the presence of silver and tin in the colors
used, and the use of additives, the so-called chromium and tin-based opacifiers (milky white
visual effect) [15]. The main crystal structures in asphalt sample A are calcite, dolomite, and
quartz. These minerals are primarily derived from aggregates (sand and gravel).

The FT-IR spectrograms of all samples indicated mostly the presence of Si-O sur-
face groups. Peaks characteristic of carbonate groups [10-12, 16] were detected in the spectra
of both concrete, facade, ceramic tiles, and asphalt. In general, the surface groups identified
by FT-IR analysis correlated well with the mineral composition of the samples detected by
XRD analysis.

Gamma spectrometry demonstrated that the samples were safe for further use from a
radiological aspect [10-12].

Equilibration of C&DD samples with solutions with initial pH values of 2, 6, and 8
revealed some similarities in the behavior of the tested materials. The final pH values repre-
sent a direct consequence of the mineral composition of C&DD and the period of exploitation
of the investigated materials. The increase in pH of the solution during contact with C&DD
samples for each initial pH value can be attributed to the dissolution of some of its compo-
nents [10-12].

Determination of the pH value of C&DD is necessary to assess its corrosive proper-
ties and potential negative impact on the environment. Since the reference pH value of the
waste class without assigned hazard category (H15), according to Annex 7 of the Regulation
on categories, testing, and classification of waste [17], is in the range of 6 and 13, the meas-
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ured pH value was within the allowed limits. According to the modified US EPA 9045D
method, waste is corrosive if the pH of the suspension is less than two or higher than 12 [18].
Except in the case of suspended sample C1 in a solid/liquid ratio of 1:10 (or greater), disposal
and continued use of the tested materials cannot pose a risk to the environment. The EC val-
ues were below the maximum allowed values for surface water quality, class I by the Serbian
legislature [19]. Based on the results of stability testing and determination of pH and EC val-
ues of filtrates, it was concluded that the tested waste materials are suitable for use and do not
pose a risk to the environment.

Sorption capacities onto C&DD components

Sorption isotherms of Co?* and Ni*" ions onto C&DD samples are shown in figs. 1
and 2 [10-12].

The highest binding efficiency of Co?" was achieved mainly using cementitious sam-
ples C1 and C2, and slightly by sample F [10, 11]. The maximum sorption capacity experimen-
tally determined for the F sample was 0.12 mmol/g, while for samples C1 and C2, it amounted
even 0.32 and 0.27 mmol/g, respectively [10, 11]. The RT sample showed a lower sorption ca-
pacity of 0.065 mmol/g, while the sorption capacity on the CT sample was more than twice as
higher and amounted to 0.17 mmol/g [12]. Samples B1, B2, B3, and A showed the lowest
binding tendency to Co?" ions, with maximum sorption capacities of 0.03 mmol/g for sample
B3, 0.05 mmol/g for sample B1, and 0.06 mmol/g for samples B2 and A [10], fig. 1.
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Figure 2. Sorption isotherms of Ni%* ion
onto C&DD samples

Figure 1. Sorption isotherms of Co?* ion
onto C&DD samples

The most efficient sorption of Ni** ions was onto sample C1 with the sorption ca-
pacity of 0.55 mmol/g, as well as on sample F where the sorption capacity of 0.30 mmol/g
was reached, fig. 2. The obtained results are in accordance with the high sorption capacities of
C-S-H materials according to Co?" and Ni** ions [10, 11]. However, sample C2 showed sig-
nificantly less sorption with a maximum sorbed amount of 0.13 mmol/g [10]. The lowest
maximum sorbed amount was observed for samples of bricks, roof and ceramic tiles, and as-
phalt (B1, B2, RT, CT, and A), with sorption capacities below 0.13 mmol/g [11]. Unlike the
Co?" ion, the sorption of Ni?" onto sample B3 proved to be more efficient compared to other
brick samples and reached a maximum capacity of about 0.17 mmol/g [10].

The obtained results match with the related studies, which showed that different
SiO> samples have a variable affinity for Co?" and Ni?* ions. In a study of the sorption of Co**
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and Ni** ions onto quartz, it was determined that the sorption capacity of both ions was ap-
proximately 0.10 mmol/g [20]. Low sorption capacities of 1.68-10~ mmol/g were determined
in the case of hydrated silicates [21], as well as in the case of fly ash (0.1 mmol/g), whose
composition dominates silicon dioxide [22].

According to Co?" and Ni?" speciation diagrams against solution pH [23], the for-
mation of insoluble Ni(OH), and Co(OH), starts at pH 8. Therefore, based on obtained final
pH values of Co?" and Ni?" ions sorption onto C1, C2, B1, and CT, as well as sample A in the
case of Co?" ions, which were close to precipitation threshold, the precipitation process is a
possible mechanism of these ions removal [10-12].

Sorption from multi-component solutions with different sorbate ratios was relatively
insufficiently investigated. Literature data show that the coexisting cation can cause both an-
tagonistic and synergistic effects in the entire sorption process, depending on the composition
of the solution, as well as the type of sorbent used [24]. It was found that the only significant
sorbed amount of Co?" ions from the equimolar two-component Co-Ni solution was achieved
in the C1 sample with a sorption capacity of 0.18 mmol/g. The Ni*" ion behaved very similar-
ly to the Co?* ion: in an equimolar two-component Co-Ni solution, the Ni** ion showed satis-
factory sorption on sample C1 with a capacity of nearly 0.18 mmol/g.

Cementitious materials showed the highest sorption capacities and the strongest in-
teraction with investigated cations, confirmed by sorption experiments on individual compo-
nents. Based on the comparison with other waste sorbents, the obtained sorption capacities for
the components of C&DD showed a quite satisfying affinity of these materials to the corre-
sponding metal ions [10].

However, it must be taken into account that sorption capacity is not only strongly
associated with material properties but also with numerous process parameters (solid/liquid
ratio, pH, sorbent particle size, etc.) [25], hence the literature values are not straightforwardly
comparable. Particles with smaller sizes have more developed specific surface areas and, thus,
higher sorption capacity. In particular, it should be noted that in this study, sorbent materials
with minimal mechanical treatment in terms of particle homogenization, i.e. relatively large
granulation 0.3-0.6 mm, were used. Therefore, it can be expected that the specific surface area
and, consequently, the sorption efficiency will increase as the particles of the given sorbents
decrease. It is also important to emphasize that no additional pre-treatments, thermal or chem-
ical, have been carried out on tested sorbents, which could also increase the sorption capaci-
ties of the tested C&DD [10-12, 26].

Sorption capacities onto simulated C&DD

According to the available data, three types of C&DD of the most likely composi-
tion are simulated in the sorption experiments, tab. 1. In real C&DD, it is impossible to pre-
cisely know its basic composition and the participation of other composite building materials
as an ingredient. However, these three types of composites as a mixture with the highest share
of the three basic components of C&DD were used to predict the sorption of two-component
cation solutions in the case of competitive sorbents. This is especially important because these
experiments are closest to realistic conditions.

Samples of wall concrete (C1), older brick (B1), and asphalt (A) with granulation
0.3-0.6 mm were mixed in three different proportions, giving three types of simulated C&DD.
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Table 1. Composition of simulated C&DD

C&DD type C1 sample [%] B1 sample [%] A sample [%]
C&DD1 50 40 10
C&DD2 60 30 10
C&DD3 30 60 10

Sorption experiments with simulated C&DD were performed with equimolar two-
component solutions of Co?* and Ni** ions of a total concentration of 2-1073 mol/L. It follows
that the individual concentrations of each cation were 110~ mol/L.

Of all mixtures, the C&DD2 sample showed the most efficient sorption due to the
largest amount of wall concrete (60%), which also showed the highest sorption affinity for
both tested ions, Co?* and Ni?" in sorption experiments from one-component solutions.

The diagram in fig. 3. shows that the sorption of Co?" and Ni?** ions on all variants of
the simulated C&DD is satisfying and ranges from 11.5-18.0%. However, the sorption of
Co?" onto C&DD2 that achieved a maximum amount with a sorption capacity of
0.034 mmol/g still was reduced in relation to

the sorption from the equimolar two-component 18] o o
solution on the C1 sample, where a satisfactory & ; .,//: (r\:u%*
sorption capacity of Co*" ions was obtained é idl
with a value of 0.18 mmol/g. A similar situation 2 ]
was observed in the case of Ni** ions sorption g 4!
onto the C&DD2. These ions have the highest § 8]
sorption capacity of all applied ions sorption on @ 4]
simulated C&DD, approximately 0.041 mmol/g 4]
in the case of the C&DD2 sample. However, its 5]
sorption is also lower than in the experiments of o
C&DD1 C&DD2 Cc&Dw3

competitive sorption from a two-component
equimolar solution, where the value of nearly
0.18 mmol/g on the C1 sample was obtained.
Since the sorption of both investigated ions on
all types of simulated C&DD was lower, the potential competitiveness and antagonistic ef-
fects of the sorbents themselves in the suspension cannot be ignored, which might be a pro-
posal for further analyses.

Simulated debris

Figure 3. Sorbed amounts [%] of Co?* and Ni%*
ions on simulated C&DD

Obtained results significance and conclusion

Based on the obtained results, the use of C&DD and its components in industrial
wastewater treatment represents a promising method. Compared with the literature values of
sorption capacities for some low-cost sorbents from other studies, tab. 2, the obtained sorption
capacities for C&DD components show a satisfactory affinity of these materials for given cat-
ions. In general, cement-based materials showed particularly good sorption characteristics.

The highest binding efficiency of Co?" ions was achieved using samples C1, C2, and
F. The maximum sorption capacity experimentally determined for sample F was 0.12 mmol/g,
while on samples C2 and C1, it was 0.27 and 0.32 mmol/g, respectively. Also, the sorption
capacity on the CT sample was substantial and amounted to 0.17 mmol/g.

Ton Ni?* during sorption on sample C1 reached a sorption capacity of 0.55 mmol/g
and on F sample 0.30 mmol/g. However, sample C2 showed significantly less sorption with a
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maximum sorbed amount of 0.13 mmol/g. Sorption of Ni*" ions on sample B3 was more effi-
cient than on other brick samples, with a maximum capacity of approximately 0.17 mmol/g.

Table 2. Sorption capacities of some investigated waste-based sorbents

Waste-based sorbents Cor” S[()I;plggll; fla]lpacity N SFgﬁg&f%paCity Reference
Fly ash 0.007-0.017 [27]
Zeolite synthesized from fly ash 1.240 1.532 [28]
Activated carbon prepared from apricot stone 0.504 [26]
Rinsed red mud 0.372 [25]
Treated animal bones 0.070-0.490 [16]
Concrete, C1 0.320 0.550 [11]
Concrete, C2 0.270 0.130 [10]
Facade, F 0.120 0.300 [10]
Brick, B1 0.050 <0.130 [10]
Brick, B2 0.060 <0.130 [10]
Hollow brick, B3 0.030 0.170 [10]
Rooftiles, RT 0.065 <0.130 [12]
Ceramic tiles, CT 0.170 <0.130 [12]
Asphalt, A 0.060 <0.130 [10]

Q, for Co?* and Ni2* ions

Co2*
£ Ni2*

A A A5,

B2 B3 RT CT A CDD1CDD3
CDD2
Labels of samples and simulated debris

O

Figure 4. Comparative presentation of Co?

and Ni%* sorbed amounts from two-component
solutions on C&DD components and simulated
C&DD

Sorption experiments of two-component
solutions of applied ions on simulated C&DD
of different compositions showed lower sorp-
tion capacities than those obtained for the same
initial concentration of individual cations in
competitive sorption experiments. The sorption
of both tested ions on all types of simulated
C&DD is lower than the sorption from one-
component equimolar solutions on samples C1,
B1, and A used to prepare simulated C&DD
samples. Due to the possible potential competi-
tiveness and antagonistic effects of the sorbents
in the suspension, further investigation of the
sorption process of these types of suspensions
is necessary. However, the sorption capacities
of some individual components of C&DD, fig.

4, obtained in sorption experiments from two-component solutions, showed lower values de-
spite a higher concentration of applied ions than in sorption experiments on simulated C&DD.
Additionally, bearing in mind that segregation is a demanding and expensive process, the
sorption onto C&DD represents a far viable solution.
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The results suggested that cement-based materials, in addition to high affinity for the
tested ions, represent a matrix that binds contaminants firmly enough, reduces their mobility
and bioavailability, and are suitable for removing Co?" and Ni*" ions. Due to the strong
sorbent/sorbate bond, the spent sorbent would not pose a hazard to the environment and could
be safely disposed of in a municipal landfill if it has no further use-value. Furthermore, the
used sorbent, i.e. the sorbent/sorbate system, can be added to freshly prepared concrete or as-
phalt and, as such, could pose the starting material in civil engineering. Nevertheless, a possi-
ble practical application should be preceded by the leaching of contaminants and optimization
of the amount of sorbent used in the processes of ion immobilization; thus, the required me-
chanical properties would not be impaired.

The obtained results should be seen as a basis for further development of technolo-
gies and applications that utilize C&DD in the treatment and remediation of contaminated in-
dustrial wastewater. Considering the industrial wastewaters represent multicomponent solu-
tions, further research as close as possible to real conditions is needed.

Acknowledgment

The research presented in this paper was done with the financial support of the Min-
istry of Education, Science and Technological Development of the Republic of Serbia, within
the funding of scientific research work at the University of Belgrade, Vinca Institute of Nu-
clear Sciences (Contract No. 451-03-68/2022-14/200017) and the University of Belgrade, In-
novation Center of Faculty of Mechanical Engineering (Contract No. 451-03-68/2022-
14/200213).

References

[1] Nies, D., et al., Molecular Microbiology of Heavy Metals, Springer, Berlin, Germany, 2007

[2] Fu, F., et al., Removal of Heavy Metal Ions from Wastewaters: A Review, Journal of Environmental
Management, 92 (2011), 3, pp. 407-418

[3] Mymrin, V. A, et al., Construction Material from Construction and Demolition Debris and Lime Pro-
duction Wastes, Construction and Building Materials, 79 (2015), Mar., pp. 207-213

[4] *** Eurostat, Statistics Explained, Waste Statistics, http://www.ec.europa.eu/eurostat/statistics-
explained/index.php/Waste_statistics

[5] McBride, M., Environmental Chemistry of Soils, Oxford University Press, Oxford, UK, 1994

[6] Limousin, G., et al., Review Sorption Isotherms: A Review on Physical Bases, Modeling and Measure-
ment, Applied Geochemistry, 22 (1994), 2, pp. 249-275

[7] Bradl, H. B., Adsorption of Heavy Metal Ions on Soils and Soils Constituents, Journal of Colloid and In-
terface Science, 277 (2004), 1, pp. 1-18

[8] Shahat, M., et al., Adsorption of Lead, Cadmium and Zinc Ions from Industrial Wastewater by Using
Raw Clay and Broken Clay-Brick Waste, Asian Journal of Chemistry, 25 (2013), 8, pp. 4284-4288

[9] Coleman, N.J., et al., Interactions of Aqueous Cu?*, Zn?>" and Pb*" Ions with Crushed Concrete Fines,
Journal of Hazardous Materials, 121 (2005), 1-3, pp. 203-213

[10] Jelic, 1., et al., The Applicability of Construction and Demolition Waste Components for Radionuclide
Sorption, Journal of Cleaner Production, 171 (2018), Jan., pp. 322-332

[11] Sljivic-Ivanovic, M., et al., Exploring Innovative Solutions for Aged Concrete Utilization: Treatment of
Liquid Radioactive Waste, Clean Technologies and Environmental Policy, 20 (2018), 6, pp. 1343-1354

[12] Jelic, 1., et al., Utilization of Waste Ceramic and Roof Tiles for Radionuclide Sorption, Process Safety
and Environment Protection, 105 (2016), Jan., pp. 348-360

[13] Black, L., et al., Surface Carbonation of Synthetic C-S-H Samples: A Comparison between Fresh and
Aged C-S-H Using X-Ray Photoelectron Spectroscopy, Cement and Concrete Research, 38 (2008), 6,
pp. 745-750

[14] Kontoleontos, F., et al., Dry-Grinded Ultrafine Cements Hydration: Physicochemical and Microstructur-
al Characterization, Materials Research, 16 (2013), 2, pp. 404-416.



Jeli¢, I. V., et al.: Application of Composite Construction and Demolition ...
10 THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 1-10

[15] Peterson, J., et al., The Craft and Art of Clay, 5" ed., A Complete Potter’s. Handbook. The Overlook
Press., N. Y., USA, 2012

[16] Dimovi¢, S., et al., Comparative Study of Differently Treated Animal Bones for Co?* Removal, Journal
of Hazardous Materials, 164 (2009), 1, pp. 279-287

[17] *** RS Off. Gazette, Regulation on Categories, Testing, and Classification of Waste, Official Gazette of
the Republic of Serbia, No. 56/2010, 2010

[18] ***, US EPA, SW-846, Reference Methodology: Method 9045D, Soil and Waste pH, (Chapter 6).
Washington, DC, USA, 2002

[19] *** RS Off. Gazette, Regulation on Limit Values of Pollutants in Surface and Groundwater and Sedi-
ment and Deadlines for their Achievement. Official Gazette of the Republic of Serbia, No. 50/2012,
2012

[20] Kabata-Pendias, A. The Sorption of Trace Elements by Soil-Forming Minerals, CRC Press Inc., Boca
Raton, Fla., USA, 1985

[21] Pathak, P., et al., Nickel(II) Sorption on Hydrous Silica: A Kinetic and Thermodynamic Study, Journal
of Radioanalytical and Nuclear Chemistry 268 (2006), 3, pp. 467-473

[22] Pehlivan, E., et al., Application of Fly Ash and Activated Carbon in the Removal of Cu?* and Ni** Ions
from Aqueous Solutions, Energy Sources, Part A: Recovery, Utilization and Environmental Effects 30
(2008), 13, pp. 1153-1165

[23] Park, Z., et al., Sorptive Removal of Cobalt, Strontium and Cesium onto Manganese and Iron Oxide-
Coated Montmorillonite from Ground Water, Journal of Radioanalytical and Nuclear Chemistry 292
(2012), 2, pp. 837-852

[24] Sljivic-Ivanovic, M., et al., Study of Simultaneous Radionuclide Sorption by Mixture Design Methodol-
ogy, Industrial & Engineering Chemistry Research 54 (2015), 44, pp. 11212-11221

[25] Smiljani¢, S., et al., Rinsed and Thermally Treated Red Mud Sorbents for Aqueous Ni?* Ions, Chemical
Engineering Journal 162 (2010), 1, pp. 75-83

[26] Kobya, M., et al., Adsorption of Heavy Metal Tons from Aqueous Solutions by Activated Carbon Pre-
pared from Apricot Stone, Bioresource Technology 96 (2005), 13, pp. 1518-1521

[27] Bayat, B., Comparative Study of Adsorption Properties of Turkish Fly Ash: I. The Case of Nickel(II),
Copper(II) and Zinc(II), Journal of Hazardous Materials, 95 (2002), 3, pp. 251-273

[28] Qiu, W., et al., Removal of Lead, Copper, Nickel, Cobalt, and Zinc from Water by a Cancrinite-Type
Zeolite Synthesized from Fly Ash, Chemical Engineering Journal, 145 (2009), 3, pp. 483-488

Paper submitted: July 5, 2022 © 2023 Society of Thermal Engineers of Serbia.
Paper revised: November 14, 2022 Published by the Vinéa Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: December 9, 2022 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/



