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Abstract— The removal of radionuclides from liquid 

radioactive waste (RW) represents an important environmental 

and technological challenge. In recent years, increasing attention 

has been focused on the utilization of inexpensive sorbents derived 

from waste and by-products. In this study, a comparison of the 

textural properties and sorption efficiency of waste construction 

and demolition components towards radionuclide ions was 

performed. Textural characterization of the materials was 

performed using BET, BJH, and t-plot analyses in order to 

determine the specific surface area, pore volume, and pore size 

distribution. The results revealed significant differences in the 

textural properties of the investigated materials, with specific 

surface areas of approximately 48 m2/g for waste concrete (WC), 9 

m2/g for waste brick (WB), and 1 m2/g for waste asphalt (WA). 

Correspondingly, WC exhibited the highest sorption capacities, 

reaching up to ≈0.55 mmol/g for Ni2+ in previous research. The 
comparison between the textural parameters and the sorption 

performance of the investigated ions confirmed that sorption 

behavior is influenced by a complex interplay of multiple factors. 

These include the surface chemistry of the sorbent, the speciation 

of the ions, and the experimental conditions, all of which 

collectively govern the efficiency of radionuclide sorption. 

Keywords— specific surface area, sorption capacity, BET, BJH 

analysis, t-plot 
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I. INTRODUCTION

Liquid radioactive waste (RW) poses a key challenge in 

radioactive materials management because it contains dissolved 

radionuclides as stable ionic species. Consequently, various 

sorption materials are being intensively investigated as potential 

solutions for their immobilization. The high cost of solidifying, 

temporarily storing, and finally disposing of liquid RW has 

stimulated research into cost-effective materials, particularly 
those derived from industrial by-products or waste materials at 

the end of their service life.  

A particularly interesting group of potential sorbents is 

secondary materials, i.e., waste raw materials, the valorization of 

which contributes to the principles of the circular economy and 

sustainable resource management. In this context, waste concrete 

(WC), waste brick (WB), and waste asphalt (WA) can be viewed 

as low-cost and widely available materials with potential for 

immobilizing radionuclides and toxic metals [1,2]. The 

efficiency of the sorption process depends on several factors, 

including the sorbent's textural characteristics, chemical 
composition, active-site nature, pH, and specific binding 

mechanisms (ion exchange, specific sorption, surface 
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precipitation). For the preliminary evaluation of potential 

sorbents, textural characterization methods are commonly 

employed. Among them, BET analysis of specific surface area is 

the most widely used, often complemented by BJH and t-plot 

methods for determining pore size distribution and pore volume. 

Specific surface area (SBET), total pore volume, and the 

contribution of micro- and meso-porosity are often used as 

indicators of the potential efficiency of sorbents, based on the 
assumption that a larger accessible surface provides a greater 

number of active sites for ion binding. However, the BET 

method measures nitrogen adsorption at approximately −196 

°C. It thus estimates the physically accessible surface area, 

which does not necessarily reflect the surface's chemical 

reactivity under real sorption conditions in aqueous solutions. 

Although a higher specific surface area generally improves 

sorption performance, it does not necessarily translate into a 

proportional increase in radionuclide removal efficiency. In 

other words, sorption capacity cannot always be reliably 

predicted based on SBET values alone, as this may oversimplify 

complex interactions. 

This study aimed to assess the contribution of BET, BJH, 

and t-plot analyses to evaluating the sorption potential of 

materials for radionuclide binding (Sr2+, Co2+, and Ni2+), with 

particular emphasis on the relationship between textural 

parameters and experimentally determined sorption capacities. 

Construction and demolition waste components were analyzed 

as a case study, and the results obtained were used to discuss the 

limitations of textural characterization in predicting the actual 

efficiency of waste sorbent materials. 

II. MATERIALS AND METHODS 

To evaluate the specific surface area and porous structure of 
the waste material samples, nitrogen adsorption–desorption 

measurements were performed. The same batches of waste 

concrete (WC), waste brick (WB), and waste asphalt (WA), 

previously characterized (XRD, FTIR, etc.) and evaluated for 

sorption capacity, were used [1]. The measurements were 

conducted by a BSD-660S A3S Surface Area and Porosity 

Analyzer (BSD Instruments, China). Before analysis, the 

samples were degassed under vacuum at 100 °C for 240 min to 

ensure the complete removal of physically adsorbed moisture 

and volatile contaminants. 

Adsorption–desorption isotherms of nitrogen were 
measured at the temperature of liquid nitrogen (−195.85 °C) 

across a relative pressure range (P/P₀) [5], representing the 

amount of nitrogen adsorbed and desorbed by the samples as a 

function of relative pressure at a given temperature. The specific 

surface area (SBET) was calculated using the multipoint BET 

method based on the equation developed by Brunauer, Emmett, 

and Teller [5]. The mesoporous surface area (Smeso) and 

micropore volume (Vmic) were determined by the t-plot method 

[6], while the pore size distribution was obtained using the 

Barrett–Joyner–Halenda (BJH) model from the desorption 

isotherms [7]. 

 

III. RESULTS AND DISCUSSION 

 

The results of the BET, BJH, and t-plot analyses of the tested 

waste samples are presented in Tables I-III. 

TABLE I.  TEXTURAL PARAMETERS OBTAINED BY BET ANALYSIS 

 

Sample 
SBET (m2/g) 

Total pore 

volume (cm3/g) 

Average pore 

diameter (nm) 

WC 48.0282 0.1461 12.1679 

WB 9.1996 0.0209 9.0874 

WA 0.9545 0.0014 5.8669 

TABLE II.  TEXTURAL PARAMETERS OBTAINED BY T-PLOT 

ANALYSIS 

 

Sample 

Mesoporous 

surface area (m2/g) 

Microporous 

surface area 

(m2/g) 

Micropore volume 

(cm3/g) 

WC 26.8630 21.1922 0.0093 

WB 9.1996 0.0000 0.0000 

WA 0.9545 0.0000 0.0000 

TABLE III.  MESOPORE PARAMETERS OBTAINED BY THE BJH 

METHOD (DESORPTION) 

 

Sample 
Cumulative pore 

volume (cm3/g) 

Average pore 

diameter (nm) 

WC 0.1417 11.6522 

WB 0.0218 6.7696 

WA 0.0016 4.5924 

 

The results of the textural characterization indicate 

pronounced differences between the samples. The specific 
surface area determined by the BET method was approximately 

48 m2/g for WC, 9 m2/g for WB, and only 1 m2/g for WA, clearly 

indicating a substantially more developed surface structure in 

the concrete sample. Furthermore, t-plot analysis detected 

microporosity only in WC, whereas WB and WA showed a 

practically negligible contribution of micropores to the overall 

pore structure. 

The BJH method revealed a dominant pore-size distribution 

for all samples in the 2–50 nm range, indicating a predominantly 

mesoporous structure [5]. The cumulative mesopore volume 

was most pronounced in concrete and gradually decreased in 

order WC > WB > WA. These results suggest that WC has the 
most developed pore network among the investigated waste 

materials, which could favor sorption processes by providing 

greater accessible surface area and pore volume. 

Nitrogen adsorption (Fig.1)–desorption (Fig.2) isotherms 

exhibit the characteristics of type IV isotherms [5] with a 

pronounced hysteresis loop in the intermediate range of relative 

pressures (P/P₀ ≈ 0.4–0.9), confirming the presence of 

mesoporous structures in the analyzed samples. The intensity of 

the hysteresis loop and the total amount of adsorbed nitrogen 
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decrease in order WC > WB > WA, which is consistent with the 

observed differences in pore volume and specific surface area.  
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Fig. 1 Nitrogen adsorption isotherms of WC (―), WB (―), 

and WA (―) samples 
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Fig. 2 Nitrogen desorption isotherms of WC (―), WB (―), 

and WA (―) samples 

Overall, the obtained results indicate that the investigated 

materials differ significantly in their textural properties, which 

may influence their sorption behavior toward dissolved metal 

ions. 

If sorption efficiency were evaluated solely based on SBET 

and pore volume, it could be assumed that WC would exhibit 

the most favorable sorption properties, which was confirmed in 

this investigation. However, the quantitative relationship 

between textural parameters and previously obtained sorption 

capacities indicates that textural properties alone cannot explain 
the efficiency of radionuclide ions binding. Sample WC 

exhibited a pronounced affinity for the sorption of Sr2+, Co2+, 

and Ni2+ radionuclides [2], with maximum sorption capacities 

in the range of approximately 0.25–0.55 mmol/g, depending on 

the ion. Particularly notable was the sorption of Ni²⁺ (≈0.55 

mmol/g) and Co²⁺ ions (≈0.32 mmol/g) [2]. The linear character 

of the isotherm obtained for Sr2+ [2] suggests that the maximum 

sorption capacity was not reached within the investigated 

concentration range, further confirming the high sorption 

potential of the WC sample. On the other hand, despite the 

presence of meso-porosity and a specific surface area of about 

9 m2/g, the WB sample exhibits very low sorption capacities 

(≈0.05 mmol/g for Sr2+ and Co2+, and <0.13 mmol/g for Ni2+) 

[1]. Sample WA, which possesses a negligible specific surface 

area and minimal pore volume, is expected to show the lowest 

sorption values for all radionuclide ions (≈0.025–0.06 mmol/g) 

[1]. 

These results clearly indicate that the specific surface area 

and other textural parameters alone cannot be considered 

reliable predictors of the sorption efficiency of an individual 

radionuclide. It should also be acknowledged that gas 

adsorption-based textural characterization does not fully capture 

the complexity of sorption processes in aqueous systems, where 

additional surface and solution-related factors play a significant 

role. Although qualitative agreement is observed between SBET 

and sorption capacity, the differences in the sorption of 

radionuclide ions are significantly more pronounced than would 

be expected based solely on the specific surface area ratio of the 
sorbents (48:9:1). This difference suggests that, although SBET 

provides a useful indication of general trends, it underestimates 

the sorption performance of WC sample, highlighting the 

dominant role of surface chemistry and active sites. This can be 

attributed to the fact that specific surface area represents only 

one property of the sorbent, while other characteristics, such as 

chemical composition (e.g., surface functional groups) and the 

nature of active sites, also play a crucial role. This observation 

can be attributed to the fact that the specific surface area 

represents only one property of the sorbent, while other 

characteristics, such as chemical composition (e.g., surface 
functional groups) and surface reactivity, also play an important 

role. In addition, the sorption capacity also significantly 

depends on the physicochemical properties and speciation of the 

sorbing ions (e.g., ionic radius, charge, hydration energy, and 

dominant aqueous species). The pH of the solution is also a 

crucial factor, since it affects both the surface charge of the 

sorbent and the chemical form of the ions in solution. All of the 

above parameters together determine the type and strength of 

sorbent–sorbate interactions and, consequently, the overall 

sorption capacity. 

In the case of the WC sample, the C–S–H phases present in 
the concrete mixture play a particularly important role [8]. 

These phases contain surface hydroxyl groups that can adsorb 

specific cations, exchange ions, and, under certain conditions, 

undergo surface precipitation. Regarding the WB sample, 

although a mesoporous structure is present, the dominant SiO2 

character and the high degree of sintering during brick 

production limit the number of chemically active sites available 

for cation binding [1]. Consequently, in this material, the 

textural accessibility is not accompanied by sufficient chemical 

reactivity. Sample WA, characterized by a hydrophobic organic 

matrix and minimal porosity, exhibits the lowest sorption 

efficiency [1], confirming that significant metal ion binding 
cannot occur in the absence of both a developed surface and 

chemically active sites.  

A decrease in pH with increasing amounts of sorbed ions 

was generally observed and was particularly pronounced for the 
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WC sample (from 10.8 to 6.4) [2]. During Sr2+ sorption, the 

largest pH decrease occurred in carbonate-containing samples 

(WC and WA, as confirmed by XRD and FTIR analyses). This 

behavior is attributed to the partial precipitation of strontium 

carbonate, accompanied by the release of Ca2+ ions that 

subsequently bind to surface hydroxyl groups. This indicates 

that specific sorption is the dominant mechanism of Sr2+ binding 

in these systems [9]. A decrease in pH during Co2+ and Ni2+ 
sorption was observed only for the WC sample. According to 

speciation diagrams describing the distribution of Co2+ and Ni2+ 

species as a function of pH [10,11], insoluble Ni(OH)2 and 

Co(OH)2 begin to form at approximately pH 8. Since the final 

pH values for Co2+ and Ni2+ sorption on WC and WB, as well 

as for Co2+ on WA, approach this threshold, the contribution of 

hydroxide precipitation cannot be excluded. In addition, specific 

sorption involving the release of H+ ions from surface sites or 

from the hydration shell of the sorbing cation may also 

contribute to the observed pH decrease [10,12]. Overall, Sr2+ 

sorption is mainly governed by specific sorption, with additional 

contribution of carbonate precipitation in carbonate-bearing 
samples, while Co2+ and Ni2+ uptake is primarily controlled by 

surface interactions, with possible involvement of hydroxide 

precipitation at pH values approaching the solubility threshold. 

The obtained results confirm that BET, BJH, and t-plot 

analyses represent valuable tools for the basic textural 

characterization of sorbents. These methods measure the 

physical accessibility of the surface to nitrogen, which does not 

necessarily correlate with the availability and reactivity of 

active sites under real sorption conditions in aqueous media. 

This study clearly demonstrate that textural parameters alone 

are insufficient predictors of sorption performance, emphasizing 
the dominant role of surface chemistry and active sites in 

radionuclide immobilization. Recent studies on radionuclide 

sorption have consistently shown that SBET, while frequently 

used as an initial descriptor of sorbent performance, is not a 

reliable standalone predictor of sorption capacity. Instead, 

sorption processes are governed by a combination of surface 

chemistry, mineral composition, and solution conditions, 

including pH and radionuclide speciation [13-14]. In particular, 

recent reviews on clay- and waste-derived sorbents emphasize 

the dominant role of surface functional groups and ion-

exchange mechanisms over purely textural parameters [13-15]. 

In the context of evaluating potential sorbents for 

radionuclide immobilization from liquid RW, the results 

indicate that textural characterization should be complemented 

by chemical and mineralogical analyses, as well as by 

investigations of surface chemistry and the pH-dependent 

behavior of the system. Only such an integrated approach allows 

a realistic assessment of the sorption potential of the 

investigated materials. 

 







IV. CONSLUSION 

The BET, BJH, and t-plot analyses provide valuable 

information on the pore structure and surface accessibility of 

potential sorbents. Although a qualitative relationship between 
specific surface area and sorption performance was observed, 

the differences in sorption capacities were considerably greater 

than expected based solely on surface area and pore volume 

ratios. From a practical perspective, these findings indicate that 

the selection of sorbent materials for radioactive waste 

treatment should not be based solely on specific surface area, 

but rather on a combined assessment of surface chemistry, 

mineral composition, and solution-dependent behavior. 

The obtained superior sorption performance of WC is 

mainly related to the presence of C–S–H phases and surface 

hydroxyl groups, enabling specific cation binding and ion 

exchange. At the same time, precipitation of Ni2+ and Co2+ 

hydroxides at pH ≈  8 may additionally contribute to the 

sorption process. The low sorption capacities of WB and WA 

confirm that meso-porosity or accessible surface area alone does 

not ensure effective radionuclide immobilization. 

Overall, the results demonstrate that reliable evaluation of 

sorbent performance requires an integrated approach combining 

textural, chemical, and mineralogical characterization, which is 

essential for the development of low-cost materials for 

radionuclide removal from liquid RW. 
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