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A B S T R A C T   

This study evaluated the potential of an immobilization technique to inhibit the migration and 
dispersion of Cs-137 contaminated electric arc furnace dust (EAFD) into the environment, by 
investigating its compressive strength and leaching characteristics. The EAFD was employed to 
replace ordinary Portland cement (OPC) in varied ratios, ranging from 0 % to 50 % by weight. 
The replacement was done using various water-binder ratios of 0.35, 0.40, 0.45, and 0.50. 
Furthermore, the use of activated carbon (AC) has been shown to minimize radionuclide and 
heavy metal discharge related to its high porosity. AC was added at weight concentrations of 0.5 
%, 1.0 %, 1.5 %, and 2.0 %. Compressive strength and leaching tests are used to assess the long- 
term stability of waste forms and the effectiveness of immobilizing radioactive wastes, which is 
beneficial for storing and disposing of radioactive waste. The compressive strength is affected by 
the amount of EAFD, water-to-binder ratios, the addition of AC, and the duration of curing. 
Measurements of specific surface area, pore size, pore volume, and porosity were also carried out 
under various conditions. The research results indicate that the addition of AC improves the 
compressive strength and decreases the release of Cs-137 and heavy metals from the specimen. 
The mixture of 45 % EAFD and 1.5 % AC is appropriate for efficiently immobilizing Cs-137 
contaminated EAFD.   

1. Introduction 

The steel industry is predominantly produced on electric arc furnace (EAF) technology. Scrap metals are the primary raw materials 
used to manufacture steel. Electric arc furnace dust (EAFD) is a byproduct of the high-temperature scrap metal recycling process. The 
scrap metals were graded and melted in the EAF. Upon completion of the smelting process, the EAFD is collected through a capture 
system by using a filter bag [1,2]. EAFD is a hazardous waste due to the presence of heavy metals such as iron (Fe), zinc (Zn), lead (Pb), 
chromium (Cr), aluminum (Al), and manganese (Mn), which are detrimental effects on human health and the environment [2–5]. 
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Additionally, radioactive contamination with cesium-137 (Cs-137) was founded in EAFD. This is classified as radioactive waste 
because it exceeds the legal limit for radioactivity. In general, EAFD waste is typically incinerated or sent to a landfill for disposal. 
However, when EAFD becomes radioactive waste, it must be properly managed so that it does not negatively impact people or the 
environment [3–7]. The classification of radioactive wastes includes various categories based on their level of radioactivity and 
half-life. These categories are known as very short-lived waste (VSLW), very low-level waste (VLLW), low-level waste (LLW), 
intermediate-level waste (ILW), and high-level waste (HLW) [8,9]. 

Immobilization is the process of transforming radionuclides into a stable solid form through stabilization and solidification to 
prevent the waste from migrating or dispersing into the environment, thereby making it suitable for transport, storage, and final 
disposal. The immobilization technology can be processed in a variety of methods, including cementation, bituminization, vitrifica
tion, and polymerization [10–12]. Cementation has been utilized for the immobilization of low and intermediate level radioactive 
waste, including Cs-137, which has a half-life of approximately 30.17 years [13,14]. Ordinary Portland Cement (OPC) is an appro
priate matrix material as a primary binder that stabilizes the retention of radionuclides in the matrix and enhances mechanical per
formance. In addition, fly ash, blast furnace slag, electric arc furnace dust, bentonite, zeolite, activated carbon, and other materials 
were used as binders in order to improve the mechanical performance [15–17]. The assessment of compressive strength is used to 
evaluate the long-term stability of waste forms that are beneficial for the storage of radioactive waste and the disposal of radioactive 
waste in its ultimate state. In order for radioactive cement waste forms to be stored for an extended period of time, the mechanical 
strength criteria must be more than 3.45 MPa, which is equivalent to 34.5 kg⋅f/cm2. Moreover, the quantity of radionuclides that are 
released from a waste form may be determined with the use of the leaching test [18–21]. 

Cement-based EAFD waste form has to be in solid form and resistant to leaching before being disposed of, hence compressive 
strength and leaching behavior were studied [20,21]. Activated carbon (AC) is being evaluated for use in the construction of anti
migration barriers for radionuclides and heavy metals because of its high sorption capacity. Activated carbon was thus added to the 
cement-based EAFD in order to improve the rate at which radionuclides and heavy metals were adsorbed during the leaching test. This 
was accomplished without a reduction in the compressive strength of the material [22]. 

2. Background research 

In 2018, the steel manufacturing factory discovered over 880 tons of EAFD contaminated with the radioactive Cs-137. The 
radioactivity levels of EAFD vary between 0.42 and 486.68 Bq/g [9]. These values are much higher than the threshold of 0.1 Bq/g, as 
indicated in the Ministerial Regulation on Radioactive Waste Management, B.E. 2561, 2018. Consequently, EAFD is categorized as 
low-level radioactive waste (LLW) due to its activity concentration and half-life. Experiments are being conducted on a small scale in a 
laboratory to decrease the amount of radioactivity in the EAFD using extraction and co-precipitation methods [23–25]. In addition, 
waste conditioning is performed to handle the contaminated EAFD. In this study, our main objective is to immobilize EAFD using the 

Fig. 1. The procedure for evaluating the compressive strength and leaching characteristics in the immobilization of Cs-137 contaminated Electric 
Arc Furnace Dust (EAFD). 
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cementation approach because of its exceptional mechanical properties, cost-effectiveness, and simple operation. 

3. Significance of the investigation 

Thailand is currently confronting an issue with EAFD contaminated with the radioisotope Cs-137. They are categorized as 
radioactive waste as it exceeds the radioactivity threshold. Cementation has been used to immobilize radioactive waste to limit their 
migration and dispersion into the environment, making it safe for transportation and long-term storage. Compressive strength and 
leaching tests evaluate the long-term stability of waste forms and the efficiency of immobilizing radioactive wastes. Furthermore, 
activated carbon (AC) was added to the waste form to improve the compressive strength and to minimize the release of radionuclides 
and heavy metals. Fig. 1 displays the process diagram for producing the OPC-based EAFD specimen and performing compressive 
strength and leaching tests. The research findings could potentially be applied to managing EAFD contaminated with Cs-137. This 
study involved the characterization of Cs-137-contaminated EAFD as a form of radioactive waste. Subsequently, the EAFD was sub
jected to treatment through immobilization using OPC via the process of cementation. When evaluating long-term disposal alterna
tives, it is imperative to consider factors such as waste loading, compressive strength, and resistance to radionuclide leaching. 

4. Materials and test methods 

4.1. Materials 

Ordinary Portland cement (OPC), ASTM C150 Type 1, was procured from TPI Polene (Public) Co., Ltd. This cement was used to 
immobilize electric arc furnace dust (EAFD) contaminated with Cs-137, originating from the steel manufacturing industry. The 
immobilized addition was carried out using activated carbon (AC), purchased from DC Fine Chemicals. The physical appearance of 
EAFD, OPC, and AC are shown in Fig. 1. The EAFD, OPC, and AC are characterized by their appearance as brown powder with varying 
sizes, grey homogenous powder, and black fine powder, respectively. The bulk density of OPC, EAFD, and AC is approximately 1.01 g/ 
cm3, 0.83 g/cm3, and 0.32 g/cm3, respectively. 

The XRF method was used to study the chemical composition of all materials, and the findings are shown in Table 1. The major 
compounds found in EAFD are zinc oxide (ZnO) and iron(III) oxide (Fe2O3), whereas the main chemical composition of OPC is calcium 
oxide (CaO). 

4.2. Mixing and sample preparation 

Cementitious materials were produced by mixing EAFD and OPC, with varying amounts of EAFD replacing OPC, ranging from 0 % 
to 50 %. The water-to-binder ratio (w/b) was manipulated at values of 0.35, 0.40, 0.45, and 0.50. The addition of AC was implemented 
in OPC-based EAFD at varying weight percentages, namely 0.5 %, 1.0 %, 1.5 %, and 2.0 %. Table 2 shows mixed proportion of all 
samples. In the first step, a combination of OPC, AC, and EAFD was mixed and left to blend for a period of 5 min. Following the 
attainment of homogeneity, tap water was subsequently incorporated into the mixture and subjected to blending for 5 min. 

Table 1 
The chemical composition of electric arc furnace dust (EAFD), ordinary Portland cement (OPC), and the replacement of EAFD ranges from 0 % to 50 % 
by weight.  

Compound Concentration (wt%) 

EAFD OPC 15%EAFD 25%EAFD 35%EAFD 40%EAFD 45%EAFD 50%EAFD 

ZnO 36.69 % 0.03 % 6.60 % 11.85 % 16.01 % 17.73 % 20.09 % 21.52 % 
Fe2O3 34.43 % 3.67 % 9.02 % 13.70 % 16.73 % 17.68 % 19.23 % 20.96 % 
Cl 7.21 % 0.27 % 0.62 % 1.02 % 1.43 % 1.51 % 2.37 % 2.19 % 
SiO2 3.58 % 16.27 % 14.86 % 10.85 % 9.18 % 8.63 % 9.27 % 8.25 % 
CaO 3.18 % 69.99 % 58.77 % 52.65 % 46.90 % 44.75 % 37.41 % 35.13 % 
K2O 2.83 % 0.53 % 1.17 % 1.78 % 2.36 % 2.00 % 2.73 % 2.19 % 
SO3 2.80 % 3.74 % 2.19 % 2.05 % 1.71 % 1.90 % 2.36 % 2.10 % 
MgO 2.77 % 1.41 % 1.38 % 1.03 % 1.09 % 1.10 % 1.35 % 1.21 % 
MnO 2.45 % 0.05 % 0.50 % 0.81 % 1.03 % 1.14 % 1.27 % 1.39 % 
PbO 1.83 % – 0.34 % 0.66 % 0.89 % 0.94 % 1.09 % 1.18 % 
Al2O3 0.80 % 3.38 % 2.94 % 2.13 % 1.95 % 1.82 % 2.01 % 1.97 % 
Cr2O3 0.42 % – 0.08 % 0.12 % 0.16 % 0.21 % 0.21 % 0.25 % 
P2O5 0.29 % 0.10 % – 0.79 % – – – 1.07 % 
Br 0.26 % – 0.03 % 0.07 % 0.09 % 0.10 % 0.13 % 0.13 % 
CuO 0.25 % 0.03 % 0.06 % 0.09 % 0.12 % 0.13 % 0.14 % 0.16 % 
TiO2 0.11 % 0.31 % 0.33 % 0.31 % 0.29 % 0.30 % 0.26 % 0.22 % 
CdO 0.03 % – – – – – – – 
NiO 0.02 % 0.01 % 0.01 % 0.02 % 0.02 % 0.01 % 0.02 % 0.02 % 
Rb2O 0.02 % – – – – 0.01 % 0.02 % 0.02 % 
Na2O – 0.14 % 1.05 % – – – – – 
SrO – 0.04 % 0.04 % 0.04 % 0.04 % 0.04 % 0.03 % 0.03 %  
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Subsequently, the mixture was carefully inserted into cylindrical plastic molds, which possessed a diameter of 5 cm and a height of 10 
cm. The curing process for all samples was carried out at room temperature for 14 and 28 days. 

4.3. Tests 

4.3.1. Compressive strength test 
The compressive strength test was conducted using the hydraulic press equipment (Chun Yen, CY-6690). After curing for 14 and 28 

days, the cylindrical specimens with a diameter of 5 cm and a height of 10 cm were subjected to compressive strength testing. The 
average values of compressive strength obtained from the three repetitions were recorded. As to the U.S. Nuclear Regulatory Com
mission, the compressive strength requirement should exceed 3.45 MPa [26]. 

4.3.2. Leaching test 
The leaching behavior of all specimens was evaluated after a curing period of 28 days. Leaching was tested on three cylindrical 

specimens measuring 5 cm in diameter and 10 cm in height. The specimen was immersed in a plastic bucket containing deionized 
water, with the amount of water being around 10 times the surface area of the specimens. The radioactivity of the leachate was 
evaluated by Gamma spectroscopy (GEM-C40, Ametek Ortec, USA) at various time intervals, including 2 h, 7 h, 1 day, 2 days, 3 days, 4 
days, 5 days, 19 days, 47 days, and 90 days. The ICP-MS (Shimadzu, ICPMS-2030) determined the concentration of heavy metal and 
cesium ions in the leachate at the initial and after 90 days of leaching. The study investigated the leaching behavior pattern using the 
leach method prescribed by the International Atomic Energy Agency (IAEA). The calculation of the cumulative fraction leached (CFL) 
of radionuclides can be derived from Eq. (1) [27]: 

CFL=
∑

an

/
A0 (1)  

where Σan is the total amount of radioactivity that has been released from the specimen and A0 the initial radioactivity present in the 
specimen. 

The determination of the effective diffusion coefficient (De) for evaluating the long-term behavior of radionuclides can be achieved 
by applying Fick’s diffusion theory for a semi-infinite medium, as represented by Eq. (2). This calculation is specifically applicable 
when the CFL condition is below 20 % [8]. 

De = π ×
{[

(an /A0)
/
(Δt)n

]
exp.2

}
× [(V / S)exp.2] × T (2)  

where De is the determination of the effective diffusion coefficient (cm2/s), (Δt)n is the cumulative time (s), V is the volume of specimen 
(cm3), S is the exposed surface area of the specimen (cm2), and T is the leaching period for a semi-infinite medium (s), can be 
determined using Eq. (3) [8]. 

T={1 /2× [(tn)exp.1 /2+(tn)exp.1 /2]}exp.2 (3) 

If the CFL exceeds 20 %, the De can be determined using Eq. (4), where G is the dimensionless time factor for the specimen, as 
determined by the American National Standard ANSI/ANS 16.1 [28], and d is the diameter of the specimen (cm) [8]. 

De = [G×(dexp.2)] / t (4) 

The leachability index (LI) refers to a material parameter that characterizes the leachability of diffusing species. It is commonly 
employed to assess the effectiveness of a matrix material in solidifying waste. The leachability index is mathematically represented by 
Eq. (5) [8,29]. 

Table 2 
Mixed proportion of all samples for compressive strength, leaching, and porosity tests.  

w/b ratio EAFD (%) OPC (%) AC (%) Curing time (days) Curing temperature 

0.35 0 100 – 14 and 28 Room temp. 
0.40 15 85  
0.45 25 75  
0.50 35 65   

40 60   
45 55   
50 50  

0.40 0 100 0.5  
15 85 1.0  
25 75 1.5  
35 65 2.0  
40 60   
45 55   
50 50   
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LI= 1 log De (5) 

A threshold value of 6 or higher is considered acceptable for determining the adequacy of a given matrix in immobilizing radio
active wastes. 

4.3.3. Porosity test 
The porosity was measured using the Archimedes method, following the ASTM C20-00 testing methodology. The cylindrical 

specimens were prepared with a diameter of 3 cm and a height of 3 cm, then cured for 28 days. After that, the samples were dried in an 
oven at a temperature of 100 ◦C for 24 h. The dry weight (D) of each specimen was measured. Subsequently, the specimens were placed 
into a boiling water at a temperature of 100 ◦C for 2 h. The specimens were cooled in the water until they reached the ambient 
temperature. The suspended weight (S) was measured by submerging them in water and using a copper wire attached to a balance. The 
specimens were removed any moisture on the surface and then their saturated weight (W) was measured. The calculation of apparent 
porosity in percentage (P) was performed using Eqs. (6) and (7) [17]: 

P= [(X − D) /V] × 100 (6)   

V––W–S                                                                                                                                                                                   (7) 

where W is the saturated weight, D is the dry weight, S is the suspended weight, and V is the exterior volume of the specimen. 

4.4. Characterization 

The crystal structure of all specimens was determined using X-ray diffraction (XRD) using a Bruker D8 ADVANCE instrument. The 
scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) technique was used to examine the surface 
morphology, microstructure, size, and element composition. The Hitachi Model SU5000 was used for this investigation. The chemical 
composition was examined using X-ray fluorescence (XRF) using the Bruker S8 Tiger model. The nitrogen (N2) adsorption-desorption 
isotherm was obtained using a Micromeritics 3Flex physisorption analyzer. The specimens underwent degassing at 60 ◦C for 3 h in a 
vacuum environment to remove moisture from the specimen. The specific surface area was determined using the Brunauer-Emmett- 
Teller (BET) method, which relies on the N2 adsorption isotherm. The Barrett-Joyner-Halenda (BJH) method was used to evaluate the 
pore sizes distribution in the desorption region of the N2 adsorption-desorption isotherm. 

Fig. 2. The compressive strength of all specimens at various concentrations of EAFD, water-to-binder (w/b) ratios of 0.35, 0.40, 0.45, and 0.50, and 
two different curing periods: (a) 14 days and (b) 28 days. 
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5. Results and discussion 

5.1. Compressive strength 

Fig. 2 displays the compressive strength data of the specimens at various EAFD replacement after a curing period of 14 and 28 days. 
The specimens were subjected to different water-to-binder (w/b) ratios, specifically 0.35, 0.40, 0.45, and 0.50. The results suggest that 
there is a clear decrease in the compressive strength as the amount of EAFD replacement rises. The decrease in compressive strength 
found in this research may be attributed to the comparatively low concentrations of CaO and SiO2. These two compounds are essential 
for the formation of the calcium silicate hydrates (C–S–H) gel that is produced during the hydration process (Eq. (8) and Eq. (9)). The 
C–S–H gel is recognized for its significant contribution to the strength of the cement-based materials [30,31]. The decrease in strength 
can additionally be ascribed to the interaction between Zn in EAFD and calcium hydroxide (Ca(OH)2), resulting in the formation of 
calcium hydroxyzincate hydrate (CaZn2(OH)6⋅2H2O), as seen in Eq. (10), which hinders the hydration process [32,33].  

2(3CaO⋅SiO2) + 6H2O → 3CaO⋅2SiO2⋅3H2O + 3Ca(OH)2                                                                                                           (8)  

2(2CaO⋅SiO2) + 4H2O → 3CaO⋅2SiO2⋅3H2O + Ca(OH)2                                                                                                             (9)  

2ZnO + Ca(OH)2 + 4H2O → CaZn2(OH)6⋅2H2O                                                                                                                      (10) 

Fig. 2 demonstrates that extending the curing time from 14 to 28 days increases the compressive strength of all materials. The 
compressive strength of all specimens after 14 days of curing, with a w/b ratio of 0.40, is assessed. The values obtained are 18.08, 
12.37, 11.82, 10.23, 7.11, 1.33, and 1.24 MPa for 0 %, 15 %, 25 %, 35 %, 40 %, 45 %, and 50 % of EAFD replacement, respectively. 
Following the curing time of 28 days, the compressive strength of the material improves to 18.25, 15.77, 14.34, 12.59, 8.68, 7.88, and 
1.34 MPa for 0 %, 15 %, 25 %, 35 %, 40 %, 45 %, and 50 % of EAFD replacement, respectively. The occurrence may be elucidated by 
the ongoing hydration reaction that takes place while the curing process is underway. The process of curing significantly influences the 
properties of concrete since it has a dramatic impact on the hydration of cement. Efficient curing facilitates the ideal environment for 
the formation of hydration products, leading to a reduction in porosity and an increase in the density of the microstructure in concrete 
[34,35]. 

Adjusting the water-to-binder ratios impact on the compressive strength, as observed in Fig. 2. Decreasing the ratio to 0.40 results 

Fig. 3. The compressive strength of all specimens was measured at water-to-binder (w/b) ratios of 0.40. The specimens were doped with varied 
levels of activated carbon and replaced with varying amounts of EAFD. The compressive strength was tested after curing for two distinct periods: (a) 
14 days and (b) 28 days. 
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in an enhancement in strength. However, reducing it further to 0.35 leads to a decline in compressive strength. The strength of concrete 
is achieved by the process of cement hydration. During the initial hydration process, the cement particles become weakly bound 
together, with a surrounding area filled with water. Higher water content leads to increase the spacing between cement grains. 
Increasing water-to-binder ratios result in the formation of interconnected pores, which consequently reduces the strength of the 
concrete. However, when the water-to-binder ratio is 0.35, there is an excess of cement that does not react with water during the 
hydration process, resulting in a loss in compressive strength [16,36]. 

Specimens were added with AC at weight percentages of 0.5, 1.0, 1.5, and 2.0 after being substituted with varying quantities of 
EAFD using water-to-binder (w/b) ratios of 0.40. The compressive strength of all specimens was measured after a curing period of 14 
and 28 days, as shown in Fig. 3. These results indicate that the addition of AC enhanced the compressive strength of the specimens. 
Fig. 4 illustrates the porosity of all samples throughout a 28-day curing period. Fig. 4 illustrates the porosity of all samples throughout a 
28-day curing. It was shown that decreasing porosity significantly improves compressive strength. AC has a large specific surface area 
and a microporous structure, allowing it to occupy the voids formed during the hydration process efficiently [37–39]. 

The specimens performed a leaching test lasting 90 days. Afterwards, the compressive strength was assessed, as shown in Table 3. 
Certain specimens demonstrated reduced compressive strength compared to those cured for 28 days in a dry environment. This finding 
suggests that the specimens were submerged in water within a wet setting, resulting in a detrimental impact and the release of the 
contents of the specimen [14,40]. Nevertheless, several specimens, particularly those with 45 % and 50 % EAFD replacement, 
exhibited significantly greater compressive strength when compared to the 28-day curing time. This enhancement may be attributed to 
the specimens being exposed to more water through immersion, which facilitated a continuous hydration process of the cementitious 
materials combined with EAFD [40,41]. 

5.2. Leachability 

An investigation of 90 days was conducted to assess the leaching test of Cs-137, following the guidelines set by the IAEA leaching 
and ANSI/ANS-16.1-2003 standard. The measurement of the cumulative fraction leached (CFL) for Cs-137 is shown in Fig. 5. The study 
examined the leaching behavior and its impact on varying amounts of activated carbon (AC) addition. Fig. 5a and c displays the CFL of 
various EAFD replacements with 0 % and 1.0 % of AC addition, respectively. The CFL values range from 0.8 to 1.0 and the testing 
period is 90 days. However, the addition of 0.5 % by weight of AC, replacing 15 % of the EAFD, resulted in a significantly decrease in 
the CFL value from 0.85 to 0.74. Furthermore, the CFL value decreases slightly to 0.86 when 0.5 % AC doping is combined with 25 %, 
35 %, and 40 % EAFD replacements, as shown in Fig. 5b. By increasing the AC concentration to 1.5 % by weight (Fig. 5d), the CFL value 
of EAFD replacements at 40 %, 45 %, and 50 % had a reduction within the range of 0.80–0.85. The CFL value exhibited a decrease to a 
range of 0.70–0.76 when the EAFD replacements were at 15 %, 25 %, and 35 %, as shown in Fig. 5d. Fig. 5e displays the CFL value 
resulting from AC doping at a concentration of 2.0 % by weight, while the EAFD replacements are varied. During the testing period of 
90 days, it was noted that the CFL value of the EAFD replacement, which accounted for 15 %, reduced to 0.62. 

The leachability index (LI) was calculated for all specimens and is shown in Table 4. To guarantee the effective and long-term 
disposal of the radioactive waste, the LI of the cemented radioactive waste form must exceed a minimum value of 6. The average 
LI of all specimens is between 5.72 and 7.01, indicating that some specimens, namely those composed of 35–50 % EAFD with 0 % AC, 
45–50 % EAFD with 0.5–1.0 % AC, and 50 % EAFD with 1.5–2.0 % AC, are unsuitable for extended storage. The chemistry of elements 

Fig. 4. The porosity and compressive strength of all specimens under different levels of EAFD and AC doping throughout a 28-day curing period, 
with a water-to-binder ratio of 0.40. 
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or chemical properties may influence its leaching characteristics [42]. 
ICP-MS was utilized to determine the presence of cesium and heavy metal ions in the leachates from the initial and 90-day leaching 

periods, as shown in Table 5. The elemental composition of the initial leachate consists of Al, Cd, Cr, Cs, Cu, Fe, Mn, Ni, Pb, and Zn. 
Following 90 days of curing, the specimens exhibited little release of cesium and heavy metal ions. Some elements in the leachate were 
not detected due to their amounts being below the detection limit. It can be assumed that the variation in the amount of cesium and 
heavy metal ions leached may be related to their differing bonding strength within the cement matrix and solubility [8]. Furthermore, 
AC serves as a highly porous material that efficiently absorbs heavy metals and radionuclides. It has the potential to impact the 
effectiveness of barriers that prevent the migration of heavy metals and radionuclides [43]. 

Fig. 6 depicts the pH measurements of leachates from cemented waste forms at different time intervals, up to a maximum of 90 
days. The deionized water (DI) used in the leaching examination exhibited a pH of around 5.0 when measured at ambient temperature. 
The leachates exhibit a pH range of 9.0–12.5 during the leaching test as a result of the dissociation of Ca(OH)2 formed during the 
hydration process, as shown by Eqs. (8) and (9). The pH had a slight rise to about 12.1 by day 19, followed by a decrease to 
approximately 11.4 by day 90 due to the consumption of hydroxides during the dissociation process of Ca(OH)2 [8]. 

5.3. XRF analysis 

The chemical composition of all specimens was analyzed using an XRF spectrometer, and the findings are shown in Table 1. Zinc 
oxide (ZnO) and iron(III) oxide (Fe2O3) were found to be the main chemical components of EAFD, accounting for 36.69 % and 34.43 %, 
respectively. Additionally, EAFD has several heavy metal constituents, including PbO, MnO, CdO, CuO, NiO, Cr2O3, and Al2O3. The 
XRF analysis of the OPC revealed that its major chemical compounds were calcium oxide (CaO) and silicon oxide (SiO2), which 
accounted for 69.99 % and 16.27 %, respectively. The OPC was substituted with EAFD in the ranges of 0 %–50 % by weight. This 
substitution resulted in different components originating from both OPC and EAFD. As the concentration of EAFD in the specimen 
increased, the content of ZnO and Fe2O3 compounds in EAFD also increased. Consequently, this caused a reduction in the concen
tration of CaO. 

5.4. XRD analysis 

The X-ray diffraction (XRD) technique was applied to ascertain the crystal structure and composition of the materials. Fig. 7 ex
hibits the XRD patterns of OPC, EAFD, and the replacement of EAFD at the curing time of 28 days. The main crystalline phase of OPC 
comprises tricalcium silicate or alite (Ca3SiO5) and dicalcium silicate or belite (Ca2SiO4). The XRD pattern of EAFD reveals the ex
istence of two primary crystal structures, including zinc ferrite or franklinite (ZnFe2O4), and zinc oxide or zincite (ZnO). The structures 
of ZnFe2O4 and ZnO are classified as cubic spinel and hexagonal Wurtzite structures, respectively. Upon increasing the weight per
centage of EAFD from 0 % to 50 %, the XRD analysis revealed an increase in the intensity of ZnFe2O4 and ZnO peaks. Consequently, this 
resulted in a drop in the XRD intensity of Ca3SiO5 and Ca2SiO4 in OPC. The XRD peak at around 17◦ indicates the presence of Ca(OH)2, 
which is formed during the hydration reaction of cement, in both the OPC and the replacement of EAFD. The intensity of Ca(OH)2 
decreased when the amount of EAFD was reduced from 15 % to 50 %, suggesting a low quantity of Ca(OH)2 in the specimen. The 
replacement of EAFD results in a reduction in compressive strength [32]. 

5.5. SEM-EDS analysis 

The morphology and elemental composition of the materials were evaluated by applying the techniques of scanning electron 
microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS). The morphology of EAFD, OPC, AC, 45 % EAFD, and a mixture of 45 
% EAFD doped with 2.0 % AC is shown in Fig. 8. The morphology of EAFD is characterized by the presence of agglomerated spherical 
particles and smooth surfaces, with a dimension ranging from 700 to 1500 nm, as seen in Fig. 8a. The morphological features of OPC 
are depicted in Fig. 8b. These include smooth to rough surface particles that possess angular shapes. The dimensions of these particles 
vary between 5 and 20 μm in width and 10–25 μm in length. In Fig. 8c, the AC exhibits a morphology comprised of particles with a 

Table 3 
The compressive strength of all specimens at various curing times.  

Compressive strength (MPa) 

Samples 0%AC 0.5%AC 1.0%AC 1.5%AC 2.0%AC 

Curing time 28 days 90 days 28 days 90 days 28 days 90 days 28 days 90 days 28 days 90 days 

0%EAFD 18.25 15.72 20.32 21.32 19.28 25.18 18.65 17.43 17.31 22.17 
15%EAFD 15.77 10.39 13.27 17.80 19.78 15.00 16.29 13.06 15.05 16.21 
25%EAFD 14.34 9.19 12.33 13.27 12.44 11.32 15.35 14.15 15.74 10.22 
35%EAFD 8.63 8.06 12.81 12.83 11.17 9.02 10.69 8.32 11.21 8.68 
40%EAFD 8.33 8.60 10.25 10.60 9.94 8.12 9.67 7.86 7.61 10.23 
45%EAFD 7.88 11.39 8.67 11.03 10.62 11.49 6.21 7.57 4.94 7.74 
50%EAFD 1.16 9.05 1.91 9.69 1.16 10.36 1.21 9.61 1.13 8.17 

*90 days refers to the curing time after the leaching test. 
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Fig. 5. The CFL of several EAFD samples with varying AC doping: (a) 0 %, (b) 0.5 %, (c) 1.0 %, (d) 1.5 %, and (e) 2.0 %.  
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smooth surface and a needle-like shape, measuring 5–12 μm in width and 20–35 μm in length. 
Fig. 8d illustrates the morphology of the 45 % EAFD based on OPC with a water-to-binder ratio of 0.40 after 28 days of curing. The 

OPC underwent hydration reaction with water, resulting in the formation of calcium hydroxide (Ca(OH)2) and calcium silicate hydrate 
gel (C–S–H) [12,31]. The morphology of the OPC-based 45 % EAFD consists of spherical particles of varying sizes of EAFD that adhere 
to the angular shape of OPC. Additionally, the surfaces of both EAFD and OPC exhibit increased roughness as a result of the deposition 
of hydration products on their surfaces [14,44]. Fig. 8e and f shows the morphology and elemental composition of a mixture consisting 
of 45 % EAFD that has been doped with 2.0 % AC, respectively. After 28 days of curing, the morphology of a mixture consisting of 45 % 
EAFD doped with 2.0 % AC and a water-to-binder ratio of 0.40 comprises agglomerated spherical particles of EAFD, the angular shape 
of OPC, and the needle-like shape of AC, as shown in Fig. 8e. The elemental composition of the mixture of 45 % EAFD doped with 2.0 % 
AC is provided, as shown in Fig. 8f. The primary elemental composition of the mixture consists of oxygen (O), carbon (C), iron (Fe), 
calcium (Ca), and zinc (Zn). 

5.6. Specific surface area and pore size distribution 

The specific surface area of all samples could be measured using the Brunauer-Emmett-Teller (BET) method. Table 6 displays the 
precise surface area of the EAFD replacement and the 45 % EAFD mixed with AC at the curing period of 28 days and w/b ratio of 0.40. 
The replacement of EAFD in the range of 0 %–50 % results in a specific surface area that ranges from 27.83 to 90.79 m2/g. Replacing 
the specimen with EAFD results in an increase in the specific surface area of the specimen. Furthermore, replacing 45 % of EAFD with 
doped AC in the range of 0.5 %–2.0 % also led to an increase in the specific surface area. The increase in the specific surface area can be 
due to the higher hydration reaction. Sahar et al. discovered that an increase in the water/cement ratio leads to an increase in the 
specific surface area, which in turn enhances the hydration reaction and results in the formation of more pores [45]. Our research 
indicates that the concentration of EAFD and AC increases, resulting in a decrease in particle size and an increase in specific surface 
area, total pore volume, and average pore size. An increase in specific surface area is likely to have an impact on the hydration process, 
contributing to a slightly larger total pore volume and average pore size. 

Fig. 9 displays the nitrogen adsorption-desorption isotherms of all samples. The loops observed in all samples were categorized as 
Type IV with a Type H1 hysteresis loop, based on the IUPAC classification of adsorption isotherms. The Type IV isotherm is a char
acteristic trait shown by materials containing mesoporous structures, which have pore sizes ranging from 2.0 to 50.0 nm. The Type H1 
hysteresis loop is linked to porosity in agglomeration materials [46,47]. The pore size distribution was determined using the BJH 
method, revealing that the specimens had an average pore size ranging from 4.71 to 8.06 nm, with a total pore volume ranging from 
0.06 to 0.15 nm, as shown in Table 6. The pore volume of all samples exhibited an increase with the addition of EAFD, which cor
responded to a reduction in compressive strength. The BJH pore size distribution plot of all samples is shown in Fig. 10. The pore size 
distribution of all samples exhibited a consistent pattern. All samples have pore diameter ranging from 3.7 to 3.9 nm. With an increase 

Table 4 
The leachability index (LI) of all specimens.  

Samples Leachability index, LI 

0%AC 0.5%AC 1.0%AC 1.5%AC 2.0%AC 

15%EAFD 6.48 6.70 6.75 6.75 7.01 
25%EAFD 6.26 6.35 6.44 6.61 6.53 
35%EAFD 6.00 6.10 6.14 6.31 6.25 
40%EAFD 5.97 6.08 6.10 6.08 6.11 
45%EAFD 5.86 5.88 5.94 6.02 6.03 
50%EAFD 5.72 5.72 5.77 5.95 5.95  

Table 5 
The leachate from the initial and 90-day leaching periods was analyzed using ICP-MS to identify the presence of heavy metal and cesium ions.  

Element Ion concentration (mg/L) 

45%EAFD 45%EAFD + 0.5%AC 45%EAFD + 1.0%AC 45%EAFD + 1.5%AC 45%EAFD + 2.0%AC 

Initial 90 days Initial 90 days Initial 90 days Initial 90 days Initial 90 days 

Al 4392.48 1.68 4266.24 1.79 4569.15 1.71 4384.76 1.69 4394.41 1.89 
Cd 24.63 < DL 23.69 < DL 25.03 < DL 23.93 < DL 23.74 < DL 
Cr 277.51 < DL 323.59 < DL 368.86 < DL 371.09 < DL 389.94 < DL 
Cs 1.92 0.11 1.91 0.09 1.93 0.09 1.90 0.10 1.88 0.09 
Cu 205.15 < DL 223.49 0.05 240.64 < DL 228.66 < DL 233.96 < DL 
Fe 24,563.55 < DL 30,860.81 0.52 32,334.05 < DL 31,068.57 0.06 33,134.79 0.17 
Mn 2561.89 < DL 2842.38 < DL 3085.25 < DL 2890.13 < DL 2932.25 < DL 
Ni 19.63 < DL 22.92 < DL 26.95 0.06 28.87 0.06 35.04 0.10 
Pb 187.06 0.23 341.93 0.17 823.58 0.15 151.55 0.32 712.43 0.24 
Zn 44,347.79 < DL 46,098.86 < DL 49,895.27 < DL 46,412.19 < DL 47,862.70 0.14 

*DL is the detection limit (0.05 mg/L). 
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in EAFD replacement concentration, the intensity of pore volume also increases. The rise in pore volume intensity suggests that the 
hydration reaction is high, resulting in the formation of pores [45]. 

6. Conclusions 

The EAFD contaminated with Cs-137 was immobilized and doped with AC using the cementation technique. This study examined 
the strength and leaching behavior under various conditions. Based on the current study, the following conclusions can be determined:  

• The compressive strength decreases as the quantity of EAFD increases, but increases with the reduction of water-to-binder ratios, 
the addition of AC, and longer curing time. The reduction in compressive strength is caused by the comparatively low quantities of 
C–S–H gel, Ca(OH)2, and the formation of pores in the cementitious material, which take place during the hydration process.  

• XRD result can confirm that the amount of Ca(OH)2, which is produced during the hydration process, decreases as the quantity of 
EAFD rises, leading to a reduction in compressive strength.  

• The SEM analysis indicated that the morphology of 45 % EAFD doped with 2.0 % AC exhibits more agglomeration and compaction 
compared to that of 45 % EAFD. 

Fig. 6. The pH of leachate from different EAFD samples with varying amounts of AC doping: (a) 0 %, (b) 0.5 %, (c) 1.0 %, (d) 1.5 %, and (e) 2.0 %, 
over a period of 90 days. 
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Fig. 7. The X-ray diffraction (XRD) patterns of OPC, EAFD, and the various replacements of EAFD.  

Fig. 8. SEM images of (a) electric arc furnace dust (EAFD), (b) ordinary Portland cement (OPC), (c) activated carbon (AC), (d) OPC-based 45 % 
EAFD, and (e–f) SEM-EDS of a mixture of 45 % EAFD doped with AC at a concentration of 2.0 %. 
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Table 6 
BET surface area, total pore volume, and average pore diameter of the replacement of EAFD vary between 0 % and 50 %, and the 45 % of EAFD doped 
with AC ranging from 0.5 % to 2.0 % at the curing period of 28 days and w/b ratio of 0.40.  

Samples Specific surface area (m2/g) Total pore volume (cm3/g) Average pore size (nm) Average particle size (nm) 

OPC ND 0.0078 53.69 ND 
EAFD 8.79 0.04 16.17 682.96 
AC 1205.05 0.72 5.00 4.98 
0 % EAFD 27.83 0.06 8.06 215.63 
15 % EAFD 63.67 0.09 4.71 94.23 
25 % EAFD 88.75 0.12 4.51 67.60 
35 % EAFD 90.79 0.13 4.74 66.09 
40 % EAFD 87.08 0.13 5.07 68.91 
45 % EAFD 70.75 0.11 5.05 84.81 
50 % EAFD 72.60 0.11 4.88 82.64 
45 % EAFD þ 0.5 % AC 97.05 0.14 5.11 61.82 
45 % EAFD þ 1.0 % AC 99.95 0.15 5.38 60.03 
45 % EAFD þ 1.5 % AC 82.84 0.13 5.35 72.43 
45 % EAFD þ 2.0 % AC 93.98 0.14 5.30 63.84 

*ND is not detected. 

Fig. 9. The nitrogen adsorption-desorption isotherms for different samples: (a) OPC with varying proportions of EAFD and (b) the mixture of 45 % 
EAFD doped with AC at concentrations of 0.5 %, 1.0 %, 1.5 %, and 2.0 % by weight. 

S. Issarapanacheewin et al.                                                                                                                                                                                          



Heliyon 10 (2024) e33923

14

• The BET and BJH study demonstrate that an increase in EAFD and AC concentration leads to a rise in specific surface area, total 
pore volume, and average pore size, which in turn results in a loss in compressive strength.  

• The leaching test of the specimens was performed to assess the efficiency of immobilizing the radioactive Cs-137. The average LI 
values of all specimens range from 5.72 to 7.01, decreasing as the replacement of EAFD and AC concentrations increases.  

• The leachates were analyzed to quantify the concentration of heavy metals during the final leaching test. During a 90-day period, 
the samples showed little leaching of heavy metal ions from EAFD, including aluminum (Al), cadmium (Cd), chromium (Cr), copper 
(Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn). This can be attributed to the presence of effective barriers 
that hinder the movement of heavy metals and radioactive substances. Additionally, AC functions as a very efficient sorbent for the 
elimination of heavy metals and radionuclides.  

• Our study findings indicate that a combination of 45 % EAFD and 1.5 % AC is suitable for effectively immobilizing EAFD 
contaminated with Cs-137. This choice takes into account the strength of the material, leaching properties, and waste capacity. The 
upcoming study will propose assessing the leaching examination across diverse environmental circumstances, comprising 
seawater, groundwater, and varying temperatures. 
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[7] F. Monroy-Guzmán, R.S. Juárez, M.D. Tenorio Castilleros, Recovery of Cs-137 from electric arc furnace dust by lixiviation, Case Stud. Chem. Environ. Eng. 6 
(2022) 100234, https://doi.org/10.1016/j.cscee.2022.100234. 

[8] J.Y. Goo, B.J. Kim, M. Kang, J. Jeong, H.Y. Jo, J.S. Kwon, Leaching behavior of cesium, strontium, cobalt, and europium from immobilized cement matrix, Appl. 
Sci. 11 (18) (2021), https://doi.org/10.3390/app11188418. 

[9] K. Yubonmhat, T. Akharawutchayanon, P. Nuanjan, S. Issarapanacheewin, W. Katekaew, N. Prasertchiewchan, Progress and challenges of radioactive waste 
management in Thailand, J. Hazardous, Toxic, Radioact. Waste 26 (2) (2022) 1–14, https://doi.org/10.1061/(asce)hz.2153-5515.0000693. 

[10] R.O. Abdel Rahman, A.A. Zaki, Comparative analysis of nuclear waste solidification performance models: spent ion exchanger-cement based wasteforms, 
Process Saf. Environ. Prot. 136 (2020) 115–125, https://doi.org/10.1016/j.psep.2019.12.038. 

[11] P. Szajerski, Solidification of radioactive waste in lignite slag and bismuth oxide filled elastomer matrices: release mechanism, immobilization efficiency, long 
term radiation stability and aging, Chem. Eng. J. 404 (July 2020) (2021), https://doi.org/10.1016/j.cej.2020.126495. 

[12] J. Li, L. Chen, J. Wang, Solidification of radioactive wastes by cement-based materials, Prog. Nucl. Energy 141 (May) (2021) 103957, https://doi.org/10.1016/j. 
pnucene.2021.103957. 

[13] J.H. Kim, E.A. Seo, D.G. Kim, C.W. Chung, Utilization of recycled cement powder as a solidifying agent for radioactive waste immobilization, Construct. Build. 
Mater. 289 (2021) 123126, https://doi.org/10.1016/j.conbuildmat.2021.123126. 

[14] K. Yubonmhat, P. Gunhakoon, P. Sopapan, N. Prasertchiewchan, W. Katekaew, Ordinary-Portland-cement solidification of Cs-137 contaminated electric arc 
furnace dust from steel production industry in Thailand, Heliyon 10 (3) (2024) e25792, https://doi.org/10.1016/j.heliyon.2024.e25792. 

[15] H.M. Saleh, H.R. Moussa, F.A. El-Saied, M. Dawoud, T.A. Bayoumi, R.S. Abdel Wahed, Mechanical and physicochemical evaluation of solidified dried 
submerged plants subjected to extreme climatic conditions to achieve an optimum waste containment, Prog. Nucl. Energy 122 (2020) 1–11, https://doi.org/ 
10.1016/j.pnucene.2020.103285. 

[16] H.M. Saleh, S.M. El-Sheikh, E.E. Elshereafy, A.K. Essa, Mechanical and physical characterization of cement reinforced by iron slag and titanate nanofibers to 
produce advanced containment for radioactive waste, Construct. Build. Mater. 200 (2019) 135–145, https://doi.org/10.1016/j.conbuildmat.2018.12.100. 

[17] H.M. Saleh, I.I. Bondouk, E. Salama, H.H. Mahmoud, K. Omar, H.A. Esawii, Asphaltene or polyvinylchloride waste blended with cement to produce a sustainable 
material used in nuclear safety, Sustainability 14 (2022) 1–14, https://doi.org/10.3390/su14063525. 

[18] I. Nikolic, et al., Alkali activated slag cement doped with Zn-rich electric arc furnace dust, J. Mater. Res. Technol. 9 (6) (2020) 12783–12794, https://doi.org/ 
10.1016/j.jmrt.2020.09.024. 
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