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Abstract
In this study, the applicability of waste concrete as a sorbent material for the liquid radioactive waste management was 
considered. The sample was properly characterized in terms of mineralogical and surface composition, particles morphol-
ogy, radioactivity, and of the behavior in aqueous solutions at different solid/liquid ratios and pH values. Since radioactive 
isotopes of Sr, Co and Ni are significant components of the liquid radioactive waste, sequestering of their ions from aqueous 
media was studied in single and multi-component batch sorption systems. The capacity of waste concrete decreased in the 
order  Ni2+ (0.54 mmol/g) > Co2+ (0.32 mmol/g) > Sr2+ (0.25 mmol/g). Concurrent sorption was analyzed using Simplex 
Centroid Experimental Design and the coefficients that correspond to the linear and interaction terms were obtained using 
a special cubic model. The presented results demonstrate the potential of waste concrete in the radioactive waste treatment 
and conditioning, due to its high sorption capacity and compatibility with the solidification matrices.
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Introduction

Concrete is a composite material made of aggregates and 
fluid cement which is, after water, the second most utilized 
substance in the world. The overall world production of con-
crete is roughly 3.8 billion cubic meters, which is approxi-
mately 1 tone per person per year (ECOSMART). Summa-
rizing the consumption of raw materials and energy for the 
production of new concrete, growing amounts of the waste 
concrete and the areas required for its disposal, the need for 
the concrete recycling was highlighted (Oikonomou 2005).

The utilization of crushed concrete as a component in the 
production of construction materials was explored exten-
sively, with an emphasis on the mechanical properties of 
freshly prepared concrete (Verian et al. 2018). However, 

considering the results achieved by implementation of the 
European Union strategy on waste recycling (EU Commis-
sion 2014), it was noticed that the utilization of the con-
struction and demolition waste (C&DW) was not explored 
enough in other sectors, such as in the development of sus-
tainable and effective water treatment technologies (Grace 
et al. 2016). The research focus in sorption technologies is 
nowadays notably shifted from natural to waste materials, 
which is justified in terms of reducing, reusing and recy-
cling the accumulated waste, and minimizing the exploi-
tation of natural raw materials. Various waste materials 
were tested as sorbents for the purification of heavy metal 
laden water. The usability of industrial sludge, ash, slag, 
bauxite residue, etc., was elaborated in the recent review 
paper (Ahmed and Ahmaruzzaman 2016). Furthermore, 
the applicability of agricultural waste, such as rice husk 
(Elhafez et al. 2017), rice straw, maize stalks, sugarcane 
bagasse (Abdel-Tawwab et al. 2017), functionalized sugar-
cane bagasse (Sarker et al. 2017) is also well documented. 
In contrast, C&DW has gained considerably less attention. 
Since the crushed concrete from the demolition of buildings 
and concrete structures comprise the largest fraction of C&D 
waste (Monier et al. 2011), its reuse has the greatest effect on 
reduced environmental stress. The studies of waste concrete 
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applicability so far referred to phosphorous removal from 
wastewaters (Liu et al. 2014), neutralization of acid mine 
drainage (Raclavská and Škrobánková 2008), and adsorption 
of Cu, Zn and Pb (Coleman et al. 2005). There are indica-
tions that crushed concrete may be an effective sorbent or 
filter media for the removal of contaminants from aqueous 
solutions, based on its alkaline nature and mineral compo-
nents (oxides, carbonates, silicates) with already recognized 
sorption potential (Uddin 2017). Hovewer, in order to fully 
assess its potential, a broad spectrum of contaminants should 
be included in further work (Grace et al. 2016).

One of the options of using crushed concrete could be 
linked to the treatment of liquid radioactive waste (LRW). 
LRW treatments include evaporation, ion exchange, sorp-
tion, precipitation and other methods to concentrate the 
radioactivity from large volumes of liquid phase to small 
amounts of solid waste, suitable for further solidification and 
disposal. The solidification of concentrated waste in matri-
ces, such as concrete (Koťátková et al. 2017), glass, plastics 
or bitumen (Ojovan and Lee 2005), is carried out in order to 
stabilize the radionuclide and to prevent their leaching at the 
disposal site. Accordingly, the materials used in LRW treat-
ments should be compatible with the solidification matrices. 
Given that the concrete, as well as other construction and 
demolition waste components, (like bricks, roof and ceramic 
tiles, asphalt, etc.) are mixable and compatible with several 
solidification matrices, the sorption properties of aged con-
crete sample deserve to be tested with respect to metal cati-
ons of the radioactive isotopes that are important pollutants 
in the LRW. In contrast to the intensive research on heavy 
metal removal, the sorption of radionuclides onto waste and 
by-products was rarely investigated, although several studies 
have indicated that a high rate of decontamination can be 
achieved by the use of such economical materials. Treated 
animal bones and bauxite residue were found to remove 
 Sr2+,  Co2+ and  Cs+ ions (Šljivić-Ivanović et al. 2015), sorp-
tion of  Cs+ was achieved using low cost oxidized charcoal 
prepared from bamboo (Khandaker et al. 2018), while acti-
vated carbon, prepared from coconut shells was effective for 
the decontamination of effluents that contained  Eu3+,  Ce3+, 
 Sr2+ and  Cs+ ions (Moloukhia et al. 2016). Recent studies on 
 Sr2+,  Co2+ and  Ni2+ removal by various C&D components 
such as facade, different types of bricks, concrete and asphalt 
pavements (Jelić et al. 2018), ceramic and roof tiles (Jelić 
et al. 2017), have indicated the highest sorption affinity of 
cement-based materials.

Considering the increasing interest in the utilization of 
the crushed waste concrete, and the gap in knowledge in 
terms of its applicability to the LRW treatment processes, 
the aim of this study was to investigate the sorption potential 
of a concrete sample collected from ruined buildings towards 
common constituents of LRW  (Sr2+,  Co2+,  Ni2+). The litera-
ture survey showed that the utilization of such construction 

material, aged for a few decades, was not considered in the 
water treatment so far.

Prior to sorption experiments, the proper characterization 
of the sorbent was performed, including the determination 
of crystalline phases, surface active groups, morphology of 
the particles and their elemental composition, radioactivity 
and chemical behavior of the material in the aquatic systems. 
The sorption of  Sr2+,  Co2+ and  Ni2+ was investigated in sin-
gle metal solutions, as well as in multi-component systems 
with variable cations concentrations and proportions, using 
experimental design methodology. Finally, the stability of 
loaded sorbent was explored using extraction methods.

Materials and methods

Collection, preparation and characterization 
of waste concrete

The concrete samples, used for walls construction, were 
collected in the city of Belgrade (Serbia) from the ruins of 
5 different buildings dating back to the 1970s. To obtain 
a representative sample, sub-samples were mixed, and the 
total amount of 1 kg was crushed, homogenized, milled and 
sieved to particle size between 0.3 and 0.6 mm. The material 
was spread over the area of 1 m2 and 50 g was taken ran-
domly from different points. Prior to characterization, this 
sample was washed with deionized water and dried at 373 K. 
The sample of waste concrete was characterized using X-ray 
diffraction (XRD), Fourier transformed infrared (FT-IR) 
spectroscopy, scanning electron microscopy with energy 
dispersive spectroscopy (SEM–EDS), and γ-spectrometry 
analysis. Furthermore, the waste pH was evaluated, as well 
as the stability of the material in the solutions of different 
pH. The following equipment and characterization proce-
dures were used:

• XRD analysis was performed using Ultima IV Rigaku 
diffractometer in the 2θ range between 4° and 65°, with 
a scanning step size of 0.02°, and at a scan rate of 5°/min. 
The present mineral phases were identified using ICDD 
data base (The International Centre for Diffraction Data 
(ICDD) 2012).

• FT-IR spectra were recorded using Nicolet IS 50 FT-IR 
Spectrometer, operating in the ATR mode (resolution of 
4/cm with 32 scans).

• The surface morphology and the composition were ana-
lyzed using the JEOL 5800 SEM coupled with EDS 
Oxford Inca. Before the analysis, the samples were 
coated by a thin gold film.

• The content of radionuclides was determined by the spec-
trometry of γ-emitters, using two HPGe p-type detectors, 
with relative efficiencies of 18 and 20%. The measure-
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ment time was 3000 s. The obtained output was analyzed 
using the GENIE 2000 program, and the results were 
given at the level of significance of 95%.

• Waste pH was determined using the modified US EPA 
9045D method for the determination of soil and waste 
pH (US EPA 2002). The pH values of investigated waste 
materials were determined for the different mass ratios of 
the powders in deionized water, namely 1:1, 1:10, 1:20, 
1:100 and 1:200. The suspension pH values were meas-
ured, as well as the pH values of corresponding filtrates. 
In addition, the electrical conductivity of the filtrates was 
measured.

• The effect of solution pH onto  Ca2+,  Sr2+,  Co2+ and 
 Ni2+ ions leaching from the waste concrete sample was 
defined, based on the reaction with deionized water, 
whose pH was previously adjusted to 2, 6 and 8. This 
experiment was conducted at solid/liquid ratio of 1:200, 
on an orbital shaker, for 24 h at the ambient temperature. 
Afterwards, the suspensions were filtered and pH values 
of the clear solutions were measured as well as the con-
centrations of the released ions.

Sorption experiments

Sorption isotherms from single metal solution

Sorption isotherms were defined for  Sr2+,  Co2+ and  Ni2+ 
ions, at 293 K. 20 cm3 of appropriate  Sr2+,  Co2+ and  Ni2+ 
solutions were shaken with 0.1 g of sorbent at 10 rota-
tions per minute for 48 h. Solutions were prepared using 
the nitrate salts of investigated cations (Merck, p.a.). The 
initial cation concentrations were varied in the range 
 10−4–7 × 10−3 mol/dm3. Initial pH values of the solutions 
were in the range 5–5.6 and they were applied without any 
additional pH adjustments.

Sorption from multi‑component solutions

Concurrent sorption of  Sr2+,  Co2+ and  Ni2+ ions from two 
and three-component solutions was investigated. These 
experiments aimed to explore the sorbent performance in 
systems that correspond better to the real wastewater, which 
is commonly a mixture of different pollutants. Proportions 
of cations in the mixtures were considered as independent 
variables, whereas the sorption capacities, expressed as 
sorbed amounts of cations per 1 g of sorbent, were cho-
sen as the system responses. The mixture simplex centroid 
experimental design methodology was applied to define the 
mathematical relationships between the mixtures’ composi-
tion and the sorption capacities. The minimum number of 
runs for this experimental design is  2q–1 = 7, where q is the 
number of components. These runs correspond to 3 one-
component solutions, 3 equimolar two-component solutions 

and 1 equimolar three-component solution (in the center of 
the simplex). The design can be expanded with axial points, 
which represent three-component solutions with the coor-
dinates (1/6, 1/6, 2/3), (1/6, 2/3, 1/6), and (2/3, 1/6, 1/6), 
giving the total of 10 experimental runs. The increase of the 
number of experimental runs enables more accurate data 
description and more reliable conclusions regarding multi-
component sorption.

The design matrix generation, data interpretation and 
analysis of the obtained results were performed using the 
Minitab software.

Stock solutions for these experiments were prepared by 
dissolving the adequate masses of nitrate salts in deionized 
water, in order to obtain the solutions with the total cation 
concentration of 3 × 10−3 mol/dm3 and the molar ratios of 
cations specified by the matrix (Table 1). Other experimental 
conditions were the same as in the isotherm sorption study. 
After the equilibration, the suspensions were filtered and 
pH values of filtrates were measured as well as the residual 
metal concentrations. All sorption experiments were run in 
duplicate.

Characterization of the loaded sorbent

Possible changes in the surface morphology and composi-
tion of the sorbent induced by metal sorption were explored, 
and the strength of bonds established with different metal 
cations. For such analyses, loaded sample was prepared by 
equilibrating 1 g of sorbent with 20 cm3 of equimolar three-
component solution, with the total concentration of 3 × 10−3 
mol/dm3. The other conditions and solid/liquid separation 
were described previously.

The solid residue was examined by SEM–EDS analysis 
in the same way as the raw material, and additionally sub-
jected to an extraction analysis, to evaluate and compare 
the stability of retained cations. 1 g of loaded sorbent was 

Table 1  Experimental design 
matrix

Experi-
mental run

Molar proportions 
of cations in the 
mixtures

Sr Co Ni

1 2/3 1/6 1/6
2 0 1/2 1/2
3 1/3 1/3 1/3
4 0 1 0
5 1/2 0 1/2
6 1/2 1/2 0
7 1/6 1/6 2/3
8 0 0 1
9 1 0 0
10 1/6 2/3 1/6
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initially mixed with 8 cm3 of 1 mol/dm3  MgCl2 for 1 h, to 
separate the cations bonded by ion-exchange (F1). After the 
centrifugation, the solid residue was treated with 8 cm3 of 
1 mol/dm3 sodium acetate  (CH3COONa) solution which pH 
was adjusted to pH = 5 with acetic acid  (CH3COOH). Fol-
lowing 5 h of agitation at room temperature, the suspension 
was centrifuged again to obtain the carbonate contained/acid 
soluble fraction of metal cations (F2). These two extraction 
steps were adopted from Tessier sequential extraction proce-
dure (Tessier et al. 1979), commonly used for the estimation 
of metal distribution in soils and sediments. The leached 
amounts of metals were measured in separated liquid phases.

Measurement techniques

The pH measurements were performed using a WTW 
InoLab pH-meter, while electrical conductivities of filtrates 
were measured by a WTW InoLab Cond 7110. Before the 
measurements, both devices were calibrated using the origi-
nal standard solutions purchased from the manufacturer.

The concentrations of  Sr2+,  Co2+,  Ni2+ and  Ca2+ ions 
were determined using a Perkin Elmer 3100 Atomic Absorp-
tion Spectrometer (AAS). For the instrument calibration, 
standard solutions were prepared from a single element 
Perkin Elmer standard (1000 mg/dm3). The calibration was 
re-checked after each 10 samples. To diminish the interfer-
ing effects of coexisting cations, matrix matched standard 
solutions were prepared for the analyses of multi-component 
solutions. The initial concentrations of  Sr2+,  Co2+,  Ni2+ in 
starting solutions were measured, as well as their concen-
trations after the sorption experiments. Sorbed amounts of 
cations were calculated as the differences between the initial 
and the residual concentrations.

Results and discussion

Characteristics of waste concrete

The crystalline mineral phases in waste concrete that were 
identified using the XRD technique were quartz and calcite 
(Fig. 1a). Furthermore, FT-IR spectroscopy was applied for 
the recognition of functional groups on the sorbent surfaces 
which are the potential sorption sites. In the vicinity of 3500 
1/cm, the –OH vibrations can be observed. Detected Si–O 
vibration bands at 970, 770, 690 and 525 1/cm, and Si–O–Si 
and O–Si–O vibrations at 460 1/cm are in agreement with 
the  SiO2 phase detected by the XRD (Nasrazadani et al. 
2010). In addition, the vibration peaks characteristic for 
carbonates was found at 870 1/cm and 1420 1/cm (Dimović 
et al. 2009), while the features of  AlO6 groups (Fernn-
dez-Carrasco et al. 2012) were observed at 680, 640 and  
450 1/cm.

SEM–EDS analysis has provided an insight into morphol-
ogy and elemental composition of the sample (Fig. 2). At 
lower magnifications, the irregularly shaped aggregate par-
ticles can be observed. The previous SEM investigation of 
fresh concrete sample showed that hydration products make 
the network structure which is porous and tortuous (Cui et al. 
2015). In contrast, the images obtained at higher magnifica-
tions showed diminished porosity of aged concrete, which 
can be attributed mainly to the carbonation process. Namely, 
the diffusion of atmospheric  CO2 induces precipitation of 
carbonates near the pore surface, causing their obstruction. 
The influence of the carbonation level (Cui et al. 2015) and 
acids deposit (Fan and Luan 2013) onto the morphology of 
concrete particles was previously investigated. Both studies, 
conducted to explain the process of aging under different 
environmental conditions, have asserted that the surface of 

(a)

(b)

Fig. 1  a XRD pattern (Q-quartz, Ca-calcite) and b FT-IR spectra of 
the investigated waste concrete sample
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aged samples became smoother and less porous with the 
increasing exposure time.

The analysis of surface composition by EDS technique 
has revealed high oxygen content followed by silica and 
calcium, and minor amounts of aluminum, iron, potassium, 
sulphur, sodium and magnesium (Fig. 2d).

Summarizing the results obtained by different techniques, 
it can be concluded that the investigated waste concrete rep-
resents the mixture of Si, Al, Fe oxides and carbonate com-
pounds, predominantly calcium carbonate. This chemical 
composition is in compliance with the composition of com-
ponents in cement production, i.e., oxides of calcium, silica, 
iron and aluminum and the sulphate carrier (usually gypsum 
 CaSO4·2H2O) (Achternbosch et al. 2003). The main source 
of quartz is sand added in the concrete preparation pro-
cess. Furthermore, the hydration products of cement paste 
are different silicates, which under atmospheric conditions 
undergo decalcification and silicate polymerization (Black 
et al. 2008), while the detected carbonates are products of 
the portlandite carbonization (Kontoleontos et al. 2013). The 
other elements are components of used raw materials.

Building materials may contain significant amounts of 
natural radionuclides 238U, 232Th and 40K, due to their pres-
ence in raw minerals. The activity of 226Ra and 232Th in 
the waste concrete was determined by their decay products: 
214Bi (609, 1120 and 1764 keV), 214Pb (295 and 352 keV) 

and 228Ac (338 and 911 keV), respectively. The activities of 
40K and 137Cs were determined from their 1460 and 661 keV 
c-energy, respectively.

The radiological analysis has revealed 18 ± 4, 17 ± 6 and 
290 ± 50 Bq/kg of 226Ra, 232Th and 40K. Additionally, a very 
small activity came from 137Cs (3 ± 1 Bq/kg). The obtained 
activities are close, even lower, than those reported for con-
crete samples used in Sweden (Döse et al. 2016) and Israel 
(Kovler 2017). Moreover, the average activity concentrations 
of Ra, Th and K are higher in concrete samples produced in 
EU countries (60, 35 and 392 Bq/kg, respectively) (Trevisi 
et al. 2012). Consequently, the waste concrete sample does 
not pose a radiological risk for the environment.

Waste concrete pH values, measured in the suspensions 
and clear filtrates, as well as the electrical conductivities 
of filtrates, were highly dependent on the solid to liquid 
ratio (Fig. 3). The increase in measured parameters with the 
increase in solid content was observed. Suspensions with 
the solid/liquid ratio higher than 1:20 (i.e., solid concen-
tration, > 50 g/dm3) had pH > 12 and can be classified as 
corrosive according to the EPA recommendations (US EPA 
2002), while less concentrated suspensions were alkaline 
(pH > 11), but non-corrosive.

The tests of waste concrete stability in the aquatic envi-
ronment showed that excessive amounts of  Ca2+ ions were 
released in the acidic solution of initial pH 2 (approximately 

Fig. 2  SEM images of the concrete sample under different magnification: bar length a 200 μm, b 100 μm and c 50 μm and d EDS spectra of the 
surface presented in b 
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4–5 times higher in respect to the amounts released at pH 
6 and pH 8). Relatively low and similar amounts of  Ca2+ 
released in near neutral pH range indicate high stability of 
the sample under such pH conditions. Following waste con-
crete mixing with the aqueous solutions, the concentrations 
of  Sr2+,  Co2+ and  Ni2+ were below their detection limits, 
regardless of the initially adjusted pH. Furthermore, the final 
pH of 6.7 was recorded after the reaction of the waste mate-
rial with solution having initial pH 2, while initial pH values 
of 6 and 8 have increased to 10.5. These experiments signify 
the alkaline nature and buffering properties of the material.

Sorption isotherms

The effect of initial metal concentration onto amounts 
sorbed at equilibrium was investigated in batch experi-
ments. The constructed sorption isotherms signify differ-
ent affinity and capacity of the waste material for inves-
tigated sorbates (Fig. 4). Considering the highest initial 

(a)

(b)

Fig. 3  a Effect of solid/liquid ratio in concrete/water suspensions 
onto suspension pH (filled square), filtrate pH (filled circle) and elec-
trical conductivity (open square). b Effect of initial pH values onto 
final pH values (bars) and released amounts of  Ca2+ ions (filled cir-
cle)

(a)

(b)

(c)

Fig. 4  a Sorption isotherms, b final pH values and c sorption effi-
ciency for: (filled square)  Sr2+, (filled circle)  Co2+ and (filled triangle) 
 Ni2+ ions
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metal concentration, the sorption capacities were found to 
increase in the sequence: 0.25 mmol  Sr2+/g > 0.32 mmol 
 Co2+/g > 0.54 mmol  Ni2+/g.

The sorption of  Sr2+ ions was negligible until the initial 
concentration was higher than  10−3 mol/dm3, and such low 
affinity is most probably a result of the competitive effect of 
 Ca2+ ions released from the sorbent material. On the other 
hand, with further increase in initial  Sr2+ concentration, 
sorption efficiency of waste concrete continuously increased 
in the investigated concentration range. The  Sr2+ isotherm 
corresponds to the shape of the S-type isotherm, for which 
the alteration of sorption mechanism is anticipated (Giles 
et al. 1974). In this case, the isotherm can be divided into the 
first horizontal section with very low  Sr2+ sorption due to the 
competition with  Ca2+ ions, and the second part where  Sr2+ 
concentration became high enough to effectively compete 
with  Ca2+ ions for the sorption sites.

Quite the opposite,  Co2+ and  Ni2+ sorption isotherms had 
defined plateaus, which correspond to the saturation point 
of the material. The characteristic sharp increase in  Ni2+ 
and  Co2+ sorption in a lower concentration range indicates 
the H-type isotherm shape, i.e., high affinity sorption (Giles 
et al. 1974). The presence of  Ca2+ ions in the solution did 
not affect the sorption of  Co2+ and  Ni2+ species, which is 
in accordance with previous studies (Šljivić-Ivanović et al. 
2015).

The equilibrium pH values were found to decrease with the 
increase in initial metal concentration, and ranged between 
10.3 and 6.7 for  Sr2+, 10.9 and 6.6 for  Co2+, and between 10.8 
and 6.5 for  Ni2+. Considering the experiments conducted with 
lower initial concentrations of  Co2+ and  Ni2+ (lower than  10−3 
mol/dm3), pH values at equilibrium were ≥ 9. The hydroly-
sis of  Ni2+ ions starts at pH 8, whereas the precipitation of 
insoluble hydroxide reaches its maximum at pH 10. Similarly, 
the hydrolysis and precipitation of Co(OH)2 occur in the pH 
range 8–12. The initial, almost vertical section of  Co2+ and 
 Ni2+ isotherms coincides with equilibrium pH values above 
the precipitation threshold, which indicates that the removal of 
 Co2+ and  Ni2+ ions by waste concrete under these conditions 

was primarily carried out through the precipitation. With a 
further increase in initial cation concentration, the equilibrium 
pH values were 6–7. The decrease in pH with an increase in 
sorption is an indication of the specific cation sorption, i.e., 
the formation of inner-sphere complexes between a hydrated 
cation from the solution and active surface centers, accompa-
nied with the  H+ release.

In terms of the process efficiency, the overall  Co2+ and  Ni2+ 
removal was 23.8–100%, and 40.7–100%, respectively. It is 
important to note the high efficiency of waste concrete (more 
than 90%) in removing these ions up to the initial concentra-
tions of  10−3 mol/dm3. On the other hand, the efficiency of 
 Sr2+ removal was considerably lower (< 30%).

The sorption capacities of investigated waste concrete were 
reasonably high and comparable with the capacities of other 
investigated inorganic waste materials and mineral sorbents 
(Table 2).

Multi‑component sorption

The coexisting chemical species can hinder or promote the 
sorption of the particular ion. Accordingly, the performance 
of the waste concrete was explored in more complex, multi-
component systems, using experimental design methodology. 
Sorbed amounts of the investigated cations are presented in 
Fig. 5, as a function of solution composition defined in Table 1.

Special cubic model can be used for the description of data 
obtained by the simplex centroid design. For three-component 
solution, this general model can be represented as:
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Table 2  Sorption capacities 
of different natural minerals 
and inorganic waste materials 
toward investigated cations

a Not available

Sorbent Sr (mmol/g) Co (mmol/g) Ni (mmol/g) Refs.

Waste ceramic tiles 0.035 0.17 0.12 [31]
Waste roof tiles 0.030 0.065 0.10 [31]
Raw red mud 0.31 0.52 0.46 [32, 33]
Chabazite n.aa 0.099 0.076 [34]
Clinoptilolite n.a 0.025 0.008
Natural clinoptilolite 0.132 0.058 n.a [35]
Natural Fe-oxide coated sand n.a n.a 0.017 [36]
Fly ash zeolite 4A n.a 0.23 0.15 [37]
Waste concrete 0.25 0.32 0.54 This study
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be obtained. After testing the general model (Eq. 1), as well 
as the models derived from Eq. 1, like linear and quadratic 
model, it was obtained that  Sr2+ and  Ni2+ sorption were best 
described by the linear models, while  Co2+ sorption model 
included two-way interaction terms. The chosen confidence 
interval was 0.95, giving that statistically significant terms 
were those with p < 0.05.

Including only statistically significant terms, the follow-
ing equations were derived:

These equations imply that sorption of investigated cati-
ons is directly proportional and principally affected by their 
own concentration in the multi-component solution. Signifi-
cant interaction was found only in the case of  Co2+ sorption 

(2)
Concrete − Sr = 0.082151Sr + 0.006431Co − 0.008789Ni

(3)
Concrete − Co = − 0.001552Sr + 0.221311Co

+ 0.011582Ni + 0.576376Sr − Co

(4)
Concrete − Ni = 0.04441Sr − 0.01226Co + 0.31937Ni

from the mixture, i.e., the interaction between  Sr2+ and  Co2+ 
ions enhanced the efficiency of  Co2+ removal. Otherwise, 
the presence of  Sr2+ diminished  Co2+ sorption,  Ni2+ nega-
tively influenced  Sr2+ sorption, but also  Co2+ affected  Ni2+ 
sorption. According to the numerical values of the coeffi-
cients in the Eqs. 2–4, both positive and negative effects 
of coexisting cations were at least one order of magnitude 
lower in respect to the most dominant effect.

An analysis of variance (ANOVA) was used for the deter-
mination of statistically significant parameters, based on 
correlation coefficients, Fisher and p-test values (Table 3). 
The proposed Eqs. 2–4 explain about 58.3% of  Sr2+, 91.0% 
of  Co2+ and 69.0% of  Ni2+ sorption data. These equations 
can be graphically presented by the construction of ternary 
contour plots (Fig. 6).

Competing effects between different cations are depend-
ent on their bonding mechanisms, which rely on both the 
cation and the sorbent properties. Negative influence of  Co2+ 
ions onto  Ni2+ sorption and the suppressed  Co2+ sorption 
in the presence of  Sr2+ ions were also detected using waste 
roof tiles as their sorbent (Jelić et al. 2017). In addition, 
 Co2+ sorption by waste ceramic tiles was diminished in the 
presence of  Ni2+ (Jelić et al. 2017).

The polyacrylic acid grafted and non-grafted activated 
carbon felts were tested as sorbents for the purification of 
simulated wastewater containing equimolar amounts of  Sr2+, 
 Ni2+ and  Co2+ ions (Ferreira Esmi et al. 2014). Taking into 
consideration the calculated values of competition coeffi-
cients, the authors concluded that the presence of  Sr2+ ions 
did not affect the sorption of  Co2+ and  Ni2+ ions, while coex-
istence of  Co2+ and  Ni2+ influenced their sorption behavior 
due to the competition for similar sorption sites. Many other 
materials, such as red mud, calcined animal bones (Šljivić-
Ivanović et al. 2015) and synthetic hydroxyapatite (Ma et al. 
2010), exhibited higher affinity for  Co2+ species in reaction 
with the mixture of  Co2+ and  Sr2+ ions.

Previously reported analyses of the sorption processes 
based on the mixture design methodology for the mixtures 
of Pb(II), Cu(II) and Ni(II) ions (Lei et al. 2014), and the 
results presented in this paper, signify that the competition 
in multi-component solutions can be satisfactorily described 
and modeled using the statistical approach.
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Fig. 5  Sorbed amounts of  Sr2+,  Co2+ and  Ni2+ ions from multi-com-
ponent solutions by waste concrete. The numbers on X-axis refer to 
the specific composition of the solution given in Table 1

Table 3  ANOVA regression 
analysis for  Sr2+,  Co2+ and  Ni2+ 
sorption from multi-component 
solutions onto concrete sample

* F value
** p value

Sorbate R2 Regression Linear terms Quadratic terms

F* p** F p F p

Sr2+ 58.27 4.89 0.047 4.89 0.047
Co2+ 91.07 20.39 0.002 17.12 0.003 12.79 0.012
Ni2+ 69.01 7.79 0.017 7.79 0.017
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Characterization of the loaded sorbent

The loaded sorbent was prepared using solid/liquid ratio 1:20 
and equimolar three-component solution with the total ini-
tial concentration of 3 × 10−3 mol/dm3. Under these experi-
mental conditions, due to the applied high sorbent mass, 
100% of  Ni2+ and  Co2+ ions and 61.5% of  Sr2+ ions were 
sorbed. Calculated sorbed amounts were 0.012 mmolSr2+/g, 
and 0.02 mmol/g for  Ni2+and  Co2+ ions. The values were 
lower than those obtained using the same solution of metals 
but different solid/liquid ratio 1:200 (Section “Multi-com-
ponent sorption”). The sorbed amounts expressed per gram 
of a sorbent material are generally lower when higher mass 
of sorbent is used, due to the dissipation of concentration 
gradient (Kumar and Porkodi 2007). SEM analysis (Fig. 7) 
of waste concrete sample after metal sorption showed the 
absence of morphological changes. The agglomerates were 
of the irregular shape, while under higher magnification 
micropores were observable.

The peaks of Co and Ni have appeared in the EDS spec-
trum of loaded waste concrete, revealing their similar con-
centrations of 0.27 and 0.33%, respectively. The presence of 
Sr in the sample could not be confirmed by the EDS analy-
sis, probably due to a lower sorption capacity and overlap-
ping of its characteristic maximum at 1.806 keV with more 
intense peak of Si at 1.739 keV.

Sr2+,  Co2+ and  Ni2+ loaded concrete sample was sub-
jected to extraction analysis which is a practical method to 
assess the leachability of metals under different conditions. 
Subsequent utilization of selected reagents allows separa-
tion of metals into operationally defined fractions: F1-ion-
exchangeable and F2-acid soluble (carbonate and specifi-
cally sorbed ions).

The tests of waste concrete stability in aqueous media 
(Section “Characteristics of waste concrete”) showed that 
 Sr2+,  Co2+ and  Ni2+ ions potentially contained in the sample 
do not dissolve even at initial pH 2. The sequential extrac-
tion of cement clincker also confirmed the high stability 

of contained Co i Ni ions (Lu et al. 2016). Therefore, the 
release of metals from the loaded sorbent within the extrac-
tion phases F1 and F2 results from the applied sorption pro-
cess and the percentages of desorption are calculated with 
respect to the sorbed amounts.

The distribution of metals presented in Fig. 8 illustrates 
their association with different waste concrete fractions. 
7.1% of  Sr2+ and even less quantities of sorbed  Co2+ and 
 Ni2+ (2.9 and 4.9%, respectively) were extracted in the scope 
of the ion-exchangeable fraction. Furthermore, in F2 phase 
36.8% of  Sr2+ was extracted simultaneously with equivalent 
amounts of sorbed  Co2+ and  Ni2+ ions (15.0%).

Between investigated cations,  Sr2+ displayed the high-
est tendency for both F1 and F2 fractions, in accordance 
with its general affinity for the ion-exchange, incorporation 
in carbonate and formation of outer-sphere complexes with 
silica surface (Brown and Parks 2001). Furthermore,  Ni2+ 
and  Co2+ ions have high tendency to form stronger chemi-
cal bonds with Fe, Mn oxides or organic compounds (Bradl 
2004), resulting in lower relative amounts in F1 and F2 
phases. The results obtained imply the highest mobility of 
 Sr2+ ions in conditions of increased ionic strength and acid-
ity; however, as the total amounts of sorbed  Sr2+ ions were 
lower compared to  Co2+ and  Ni2+, the absolute amounts of 
metals that could potentially be leached are similar.

Future investigations and the fate of the spent 
sorbent

The characterization of raw and metal loaded aged concrete 
sample and the investigation of equilibrium of the sorption 
process have revealed a high potential of investigated waste 
material for the removal of contaminants. Therefore, waste 
concrete can be considered as a cost-effective alternative to 
ion-exchange resins and other commercial sorbents used for 
the separation and concentration of the contaminants. Fol-
lowing the LRW treatment, the conditioning of the loaded 
waste concrete can be done via solidification in cement or 

Fig. 6  Ternary contour plots of a  Sr2+, b  Co2+ and c  Ni2+ sorbed amounts onto waste concrete
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glass matrices (Koťátková et al. 2017). Solidified forms are 
candidates for permanent disposal; however, it is necessary 
to explore the effect of added spent waste concrete onto 
mechanical properties of the final products and to apply 

leaching tests for the assessment of possible long-term envi-
ronmental risks.

Conclusion

Utilization of waste from the construction and demolition 
sector in the removal of contaminants from water has a 
great significance in implementing the concept of circular 
economy, fostered by the European legislation. In the present 
study, the suitability of crushed waste concrete as a sorbent 
material for decontamination of LRW was assessed, through 
its physicochemical characterization and quantifying sorp-
tion potential of common radioactive contaminants. As a 
result of concrete aging, quartz and calcium carbonate were 
found to be the main crystalline phases in the investigated 
sample, taken from the demolished buildings sites. Alkaline 
nature and mineral composition of aged concrete proved to 
be a good basis for  Ni2+,  Co2+ and  Sr2+ ions separation. Out 
of investigated species,  Sr2+ ions exhibited least effective 
and least competitive sorption, and the highest potential to 
be leached from the loaded sorbent. Given that the waste 
needs to be in solid form and resistant to leaching before 
disposal, crushed concrete saturated with radionuclides can 
be mixed and solidified in several matrix materials, such 
as cement or glass. The chemical compatibility of waste 

Fig. 7  SEM images of  Co2+,  Ni2+ and  Sr2+ loaded waste concrete sample obtained under different magnifications: bar length a 200  μm, b 
100 μm and c 50 μm and d EDS spectra of the surface presented in b 
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Fig. 8  Distribution of metal cations sorbed by waste concrete from 
equimolar tree-component solution (total concentration of the mix-
ture 3  ×  10−3 mol/dm3, solid/solution ratio 1/20). Black bars—ion-
exchangeable fraction (F1), white bars—acid-soluble fraction (F2), in 
relation to the total sorbed quantities
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concrete with solidification matrices must be emphasized 
as an advantage over other high capacity sorbents, which 
permanent disposal may be problematic. Testing the removal 
efficiency of radionuclides from the real LRW in order to 
optimize the process conditions, assessment of the per-
formance of solidification matrices and safety of disposal 
should be in the focus of future research.
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