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a b s t r a c t
This study investigated strontium removal from aqueous solution using electric arc furnace (EAF) 
slag. Influence of sorbent dosage (0.5–3 g/L), pH (2.5–9.5), initial concentration of Sr2+ (50–300 ppm) 
and temperature (20°C–45°C) was evaluated. Optimal sorbent dosage and initial Sr2+ concentration 
were found to be 1.5 g/L and 150 ppm, respectively. Kinetics, equilibrium and thermodynamic mod-
els were used to analyse the data. Kinetics of Sr2+ adsorption onto EAF slag was evaluated using 
pseudo-first-order and pseudo-second-order models and results have shown that experimental data 
had a better fit with the pseudo-second-order model. Langmuir and Freundlich isotherm models 
were used for evaluating the adsorption equilibrium and it has been shown that Langmuir model 
better described isotherm data. Maximal adsorption capacities of 111.11, 129.87 and 156.25  mg/g 
were obtained at 20°C, 30°C and 45°C, respectively. Thermodynamic investigation indicated that 
adsorption of Sr2+ onto EAF slag is endothermic in nature, spontaneous and more favorable at 
higher temperatures.
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1. Introduction

One of the biggest problems of nuclear waste manage-
ment is the disposal of radioactive wastewater whose detri-
mental effects on the environment and human health is well 
known. Radioactive wastewaters mainly contain isotopes of 
elements such as strontium, cesium, plutonium, americium 
and technetium [1]. Strontium is a persistent radionuclide 
in the environment [2], characterised by high solubility, bio-
toxicity and long shelf life [1]. It is also present in high lev-
els in liquid waste generated by the reprocessing of spent 
nuclear fuel [3,4]. Thus, separation of strontium from waste 
solutions requires special attention.

Chemical precipitation and flocculation [5], membrane 
process [6], ion exchange [7,8], immobilization method [9] 

and adsorption were mainly investigated for removal of 
radioactive ions from wastewater. However, adsorption 
has been proposed as a cost-efficient method for removing 
heavy metals from wastewaters due to a variety of avail-
able low-cost adsorbents. Various adsorbents were used 
for the removal of radionuclide from wastewaters such as: 
natural and synthetic zeolites [10], natural clinoptilolite [11], 
binary mineral mixtures of montmorillonite and kaolinite 
[12], multiwall carbon nanotube/iron oxide magnetic com-
posites [13,14], composite magnetic particles derived from 
Fe3O4 and bis (trimethoxysilylpropyl) amine [15], activated 
carbon [16], etc.

Utilization of solid industrial waste as adsorbents for 
removal of different pollutants from wastewater has recently 
attracted special attention [17]. Use of waste material from 
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steel production is of extremely importance considering its 
abundance. Steel production in 2021 was 1,950.5  million 
tonnes with about 30% of steel produced via electric arc 
furnaces which utilize electricity to melt steel scrap [18]. 
This waste material is known as electric arc furnace slag 
(EAF slag) and currently there is an increasing interest in 
the valorization of slag since its annual production in the 
European Union in 2018 was around 16.3  million tonnes, 
about 31% of which was produced by EAF route [19]. EAF 
slag, which is characterized as non-hazardous waste, is 
formed during the melting process and floats on the surface 
of molten steel, protecting it from oxidation. This slag mainly 
comprises of Fe, Ca, Si, Al and Mg based oxides, where 
the content depends on the compositions of scrap charged 
into the furnaces as well as the processing conditions [20].

Electric furnace slag has numerous valorization possi-
bilities for metallurgical as well as non-metallurgical pur-
poses. Valorization of EAF slag for metallurgical purposes 
is based on metal extraction, while for non-metallurgical 
purposes this slag is mainly used in construction (road con-
struction). However, an important shift was made towards 
the application of for wastewaters treatment. Successful 
application of EAF slag for heavy metals removal from 
wastewaters was reported [21–23]. Adsorption properties of 
slag may be improved by slag leaching with demineralized 
water [24], treatment with Na2SiO3 solution and dimethyl 
silicone oil and thermal treatment [25] as well as by slag 
surface modification through alkali activation process [26].

Although radioactive wastewaters loaded with strontium 
are not the only source of environmental pollution but also 
wastewaters from oil exploration drilling and its applica-
tion in flares and fireworks, paints and plastics, and medi-
cine [27], Sr2+ adsorption from wastewaters so far has not 
received proper attention. Research in this field was mainly 
directed towards the usage of natural materials like kaolin-
ite [28] and dolomite [29]as well as some other adsorbents 
including three-dimensional barium sulfate-impregnated 
reduced graphene oxide (rGO) aerogel [30], ethylenedi-
amine triacetic acid (EDTA) functionalized graphene oxide 
[31], graphene oxide-hydroxyapatite nanocomposite [32], 
magnetite nanoparticles decorated rGO composite [33], syn-
thesized oxide materials [34], chemically synthesized zeo-
lite [35], synthetic hydroxyapatite [36]. However, the high 
synthesis cost of these materials limits their application.

To the best of our knowledge there is no data on the 
usage of low-cost adsorbent based on industrial waste for 
Sr2+ removal from wastewaters. Thus, the novelty of this 
research includes comprehensive kinetics, equilibrium and 
thermodynamic evaluation of the adsorption of Sr2+ onto 
industrial waste material (EAF slag) together with micro-
structural characterization of sorbent in order to further 
understand the adsorption process mechanism.

2. Experimental

2.1. Sorbent characterisation techniques

Sorbent (EAF slag) used in this research was supplied 
from the Still Mill in Montenegro. Chemical composition of 
the slag is given in Table 1.

Prior to the adsorption experiment, EAF slag was 
grounded to a powder and washed by acid and deionized 

water [37] and particle size was determined using a laser par-
ticle size analyser (Mastersizer 2000, Malvern Instruments 
Ltd., United Kingdom). ASAP 2020 instrument was used to 
evaluate porosity with specific surface area and pore volume 
of sorbent determined by Brunauer–Emmett–Teller (BET) [38] 
and Barrett–Joyner–Halenda (BJH) [39] methods, respectively.

The sorbent sample was additionally subjected to X-ray 
powder diffraction (XRPD) analysis and scanning elec-
tron microscopy (SEM). The XRPD data was collected on 
a Rigaku RINT-TTRIII diffractometer (Rigaku Europe SE, 
Hugenottenallee 167, Neu-Isenburg 63263, Germany), with 
Cu-Kα radiation of λ = 1.5406 Å at room temperature in the 
2θ range of 10°–70° with a scanning step of 0.02° and scan 
speed of 5 s per step.

Microstructural investigations were carried out using 
the FEI DB235 focused ion beam system, equipped with 
an energy-dispersive X-ray spectrometer (EDS). The SEM 
images were recorded with various electron detectors, 
including the secondary electron detector.

Point of zero charge (pHpzc) in sorbent sample was eval-
uated by batch equilibrium method [40] with KNO3 solu-
tion (0.1  mol/L) was used as the background electrolyte. 
The pH of initial solution (pHi) was adjusted by addition of 
HNO3 (0.1 mol/L) or KOH (0.1 mol/L). The amount of 0.1 g 
of sample was added into the 50 mL of each initial solution 
and shaken for a 24 h at room temperature, centrifuged and 
the pH of supernatants was determined (pHf). The point of 
zero charge was determined as the pH value at which a pla-
teau is obtained on the graph (pHf) = f(pHi).

2.2. Batch adsorption experiments

The adsorption tests were carried out using synthetic 
solutions containing Sr2+ ions since in Montenegro there is 
no industry which generates Sr2+ loaded wastewaters and 
the attention is paid to the usage EAF slag as a sorbent. 
Adsorption experiments were carried out in batch condi-
tions for 60 min at various adsorbent dosage (0.5, 1, 1.5, 2, 
2.5 and 3), initial concentrations (50, 100, 150, 200, 250 and 
300  ppm) and temperatures (20°C, 30°C and 45°C) at pH 
value of 5. Solutions containing Sr2+ ions were prepared from 
analytical grade chemicals, SrCl2 in deionized water. During 
the adsorption experiments, an aliquot of the suspension 

Table 1
Chemical composition of electric arc furnace slag

Component %

CaO 46.50
FeO 23.50
SiO2 12.21
Al2O3 7.20
MgO 6.48
MnO 1.30
TiO2 1.06
Fe2O3 0.91
Cr2O3 0.82
LOI 4.25

*Loss on ignition
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was taken at certain intervals of time, filtered and tested for 
the concentrations of metal ions using inductively coupled 
plasma optical emission spectrometry (ICP-OES).

Removal efficiency of Sr2+ ions (RE) and adsorption 
capacity (qt) at any given time were calculated according to 
Eqs. (1) and (2).

RE � �
�C C
C

t0

0

100% 	 (1)

q
C C
m

Vt
t�

�� �0 	 (2)

where C0 and Ct are the initial and final concentrations of 
Sr2+ ions in solution, respectively, V is the volume of Sr2+ ion 
solution and m is the dry mass of adsorbent.

3. Results and discussion

3.1. Characterisation of sorbent

The results of particle size analysis have shown a nar-
row particle-size distribution of EAF slag (span  =  2.04), 

where 10% of particles (d(0.1)) are smaller than 3.85  µm, 
90% of particles (d(0.9)) are smaller than 23.6  µm and 
average particle size d(0.5) was calculated to be 9.67  µm 
(Fig. 1a). The pHpzc of sorbent sample was found to be 4.3  
(Fig. 1b).

The results of porosity analysis indicated mesoporous 
particles (pore diameters between 2 and 50  nm) since iso-
therms for EAF slag (Fig. 1c) are of type IV with a hyster-
esis loop. The curves of pore-size distribution indicate a 
unimodal pore-size distribution (inset in Fig. 1c). The sharp 
peak that reflects the majority of pores is observed at around 
2.2 nm. The results of BET analysis of sorbent particles pro-
vided the following data: total pore volume 0.002199 cm3/g, 
surface area 0.6  m2/g, and the average pore diameter was 
found to be 12.1 nm.

The main crystal phases identified in sorbent (Fig. 1d) 
were larnite, Ca2SiO4 (COD ID 96-901-2790), wüstite, FeO 
(COD ID 96-101-1199), gehlenite, Ca2Al(AlSiO7) (COD 
ID 96-100-0049), and monticellite, CaMgSiO4 (COD ID96-
900-1081). Spinel, MgAl2O4 (COD ID 96-900-2745) and cal-
cite, CaCO3 (COD ID 96-901-6180) phases were present in 
smaller quantities.

Fig. 1. Particle-size distribution of electric arc furnace slag based on particle number and cumulative percentage frequency (a), 
pHpzc of slag (b), adsorption/desorption isotherms and pore-size distribution of electric arc furnace slag (c), and XRPD of electric 
arc furnace slag (d).
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3.2. Effect of sorbent dosage and initial concentration of Sr2+ ions

Effect of adsorbent dosage was investigated in the range 
between 0.5–3 g/L keeping the initial metal concentration of 
150 ppm and temperature of 20°C constant (Fig. 2a). Increase 
of adsorbent dosage in the range of 0.5–1.5  g/L lead to the 
rise of removal efficiency with the maximum achieved at 
solid to liquid (S/L) ratio of 1.5 while a further increase 
of S/L ratio lead to the efficiency decrease. Increase of Sr2+ 
removal from aquatic solution in the range of 0.5–1.5  g/L 
dosage is attributed to the higher availability of adsorption 
site for metal binding [41]. Decline of removal efficiency 
with rising adsorbent dosage above 1.5 g/L is attributed to 
the excessive active sites on the adsorbent surface relative 
to the content of Sr2+ in the solution [42]. Thus S/L ratio of 
1.5 g/L was chosen as optimal for further investigation.

Influence of initial concentration of Sr2+ ions on the 
removal efficiency from aquatic solution onto EAF slag 
is given in Fig. 2b. The rise of removal efficiency with the 
increase of initial metal concentration was observed in inter-
val of 50–150 ppm which is followed by substantial decrease 
of removal efficiency with further increase of initial metal 
concentration from 150 to 300  ppm. Thus, the initial con-
centration of Sr2+ of 150  ppm was chosen as optimal and 
set for the rest of experiments. The abundance of active 
sites on the sorbent surface is essential for the efficiency of 
metal removal from solution. Numerous active sites at the 
sorbent surface are available for metal sorption at low ini-
tial metal concentration in a solution which is accompanied 
by the efficient removal of metal ions from solution [42]. 
Moreover, an increase in the initial metal concentration 
leads to an increase in the probability of collisions between 
metal ions and active sites as a result of driving force the 
increase, necessary to overcome the resistance of metal ion 
mass transfer from aqueous to solid phase. Thus, removal 
efficiency from the solution increases [43,44]. However, 
at higher initial concentration, a fixed number of available 
active site is occupied and the excess of metal ions can’t be 
adsorbed, leading to a drop in removal efficiency.

3.3. Effect of pH

Adsorption process is strongly influenced by the pH 
of the solution which influences the surface charge of the 

adsorbent. Influence of pH of solution on the Sr adsorption 
onto EAF slag is given in Fig. 3. It is evident that the increase 
of removal efficiency of Sr2+ follows the rise of pH until the 
value of 5. Further rise of pH slightly affected Sr2+ removal 
from solution and the pH value of 5 was chosen as optimal 
for further adsorption tests. The observed change in Sr2+ 
removal efficiency is in accordance with the pHpzc value of 
4.3. When the pH of solution was lower than pHpzc, the sur-
face of the adsorbent was positively charged, favoring the 
adsorption of anions on it while at pH higher than pHpzc the 
sorbent surface was negatively charged, and adsorption of 
cation was more favorable. Thus, at the pH above 4.3, the 
slag surface becomes negatively charged enhancing the 
Sr2+ sorption while at the pH below the 4.3 adsorption of 
Sr2+ was inhibited due to the presence of positively charged 
sorbent surface.

3.4. Effect of contact time and temperature

Adsorption of Sr2+ from aquatic solution using EAF slag 
was investigated in the 2–35  min range at constant initial 
concentration of Sr2+ (150 mg/L), adsorbent dosage (1.5 g/L) 
and pH of 5. The results are given in Fig. 4. The calculated 
removal efficiency of Sr2+ within 35  min of adsorption at 
20°C was 68.75% with a majority of Sr2+ ions removed from 

Fig. 2. Effect of adsorbent dosage (a) and (b) initial strontium concentration on the adsorption of Sr2+ by electric arc furnace slag.

Fig. 3. Effect of pH on the adsorption of Sr2+ by electric arc 
furnace slag.
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solution in the initial stage of adsorption due to the presence 
of a large number of available active sites. The major frac-
tion of Sr2+ was removed from solution by EAF slag within 
the first 15 min. Further prolongation of adsorption process 
practically had no influence on the Sr2+ adsorption indicating 
that after 15  min, the equilibrium was reached. Increase of 
adsorption temperature to 35°C and 45°C was favorable for 
the adsorption of Sr2+ onto EAF slag (Fig. 3) indicating endo-
thermic character of Sr2+ adsorption. The rise of tempera-
ture from to 35°C and 45°C increases the removal efficiency 
of Sr2+ onto EAF slag to 75.93% and 88.40%, respectively.

3.5. Adsorption kinetics and equilibrium

Adsorption kinetics were evaluated using the pseu-
do-first-order and pseudo-second-order models, with inte-
grated forms expressed by Eqs. (3) and (4), respectively:

log log
.

q q q
k

te t e�� � � �
�

�
�

�

�
�1

2 303
	 (3)

t
q

t
q k qt e e

� �
1

2
2 	 (4)

where qe (mg/g), denotes adsorption capacity in equilib-
rium, k1, (min–1) and k2, (g/mg·min) are rate constants of the 
pseudo-first-order sorption and pseudo-second-order sorp-
tion, respectively. When the pseudo-first-order model was 
applied, values of k1 and qe were calculated from the slope 
and intercept of straight-line plots log(qe  –  qt) vs. t. In case 
of pseudo-second-order model, k2 and qe were calculated 
from the intercept of and slope of the plot of t/qt vs. time.

The results of investigation of adsorption kinetic of Sr2+ 
ions onto EAF slag are given in Fig. 5a and Table 2. Analysis 
of adsorption kinetics has shown that pseudo-second-or-
der model is a better fit with experimental data since high 
regression coefficients (R2) were obtained and calculated 
values of qe were in good agreement with the experimen-
tal values for qe (Table 2). The pseudo-second-order model 

Fig. 4. Removal efficiency of Sr2+ ions by electric arc furnace 
slag as a function of adsorption time.

Fig. 5. Pseudo-second-order kinetics plots (a) and adsorption isotherms (b) of Sr2+ onto electric arc furnace slag at different 
temperatures.

Table 2
Kinetics parameters for Sr2+ adsorption onto electric arc fur-
nace slag obtained using two kinetics models at three different 
temperatures

Pseudo-first-order kinetic model

Temperature 
(°C)

qe, 
experimental

qe, 
calculated

k1 R2

20 64.23 57.72 0.26 0.936
35 75.36 51.70 0.22 0.953
45 87.73 63.80 0.20 0.932

Pseudo-second-order kinetic model

Temperature 
(°C)

qe, 
experimental

qe, 
calculated

k2 × 10–3 R2

20 64.23 71.43 10.15 0.996
35 75.36 79.37 10.33 0.997
45 87.73 90.91 10.83 0.997



M. Tadić et al. / Desalination and Water Treatment 294 (2023) 139–148144

assumed the formation of chemisorptive bonds between 
the adsorbate and the adsorbent, that is, a chemical reaction 
is a rate controlling process [45,46].

Adsorption isotherm study was evaluated using 
Langmuir [Eq. (5)] and Freundlich [Eq. (6)] isotherm models:

C
q

C
Q Q K

e

e

e

L

� �
0 0

1 	 (5)

ln ln lnq K
n

Ce F e� � � � � � � �1 	 (6)

where Ce denoting equilibrium concentration of Sr2+ ions, 
Q0 (mg/g) as maximum adsorption capacity, KL (L/mg) as 
Langmuir adsorption constant related to the adsorption 
energy, KF (mg/g)(mg/L)1/n as Freundlich constant related 
to the adsorption capacity and 1/n as the constant related 
to the adsorption intensity of the adsorbent. Langmuir 
parameters, Q0 and KL were obtained from the slope and 
intercept of plots Ce/qe while values for KF and 1/n were 
determined from the intercept and slope of ln(qe) vs. ln(Ce) 
plots, respectively.

The affinity between Sr2+ ions and adsorbents can be 
predicted using the Langmuir dimensionless separation 
factor RL [47] which is given by following equation:

R
K CL
L

�
�
1

1 0

	 (7)

The value of RL indicates the nature of the adsorp-
tion process, that is, whether it is irreversible (RL  =  0), 
favorable (0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1).

Adsorption isotherms obtained for Sr2+ adsorption onto 
EAF slag at different temperatures are presented in Fig. 5b 
and adsorption parameters are given in Table 3. It is evi-
dent that the increase of equilibrium concentration of Sr2+ 
ions lead to the increase of adsorption capacity at all inves-
tigated temperatures. The results presented in Table 3 indi-
cate that adsorption of Sr2+ ions on the EAF slag obeys the 
Langmuir model (high correlation coefficient for Langmuir 
model R2 > 0.98) suggesting that the adsorption of Sr2+ occurs 
on a homogenous surface of EAF slag covered by a mono-
layer of the adsorbate. Moreover, increase of Langmuir 
isotherm parameters (Q0 and KL) with the increase of tem-
perature indicates that the rise of temperature favors the 
adsorption process.

The values of Langmuir dimensionless separation factor 
RL, which indicate the affinity between Sr2+ and adsorbate, 

are given in Table 4. The results presented in Table 4 indi-
cated the adsorption process as favorable since value of RL 
obtained at different initial concentration of Sr2+ ions fall 
in the range 0 < RL < 1.

Comparison of maximum adsorption capacity for Sr2+ 
adsorption obtained in this study (111.11  mg/g, at 20°C) 
with those obtained using different adsorbents reported in 
literature is given in Table 5 where the superiority is evident 
compared to dolomite, expanded perlite and metakaolin/
slag-based zeolite microspheres (M/SZMs) geopolymer and 
hydroxyapatite embedded micro-adsorbents [29,42,48,49]. 
As expected, considerably lower Sr2+ uptake was observed 
in comparison to materials with costly synthesis procedures 
such as graphene oxide, BaSO4-rGO aerogel, EDTA func-
tionalized graphene oxide, graphene oxide-hydroxyapatite 
nanocomposite and zeolitic materials [27,30–32,50]. The 
differences in adsorption capacities are atributed to the dif-
ferent surface properties and nature of functional groups 
present in different adsorbents.

3.6. Adsorption mechanism

Adsorption process involves three stadiums: film or 
external diffusion, intraparticle diffusion and adsorption 
of metal ions onto the active sites on the interior surfaces 
of adsorbent pores. In order to determinate which of these 

Table 3
Adsorption isotherm parameters for Sr2+ adsorption onto 
electric arc furnace slag

Temperature 
(°C)

Langmuir isotherm Freundlich isotherm

Q0 KL R2 KF n R2

20 111.11 0.026 0.995 91.54 1.85 0.963
35 129.87 0.031 0.993 162.29 1.86 0.949
45 156.25 0.049 0.987 367.79 1.79 0.929

Table 4
Values of RL for different initial concentration of Sr2+ ions

Concentration (ppm) Temperature (°C)

20 35 45

50 0.436 0.392 0.292
100 0.279 0.244 0.171
150 0.205 0.2050 0.121
200 0.162 0.139 0.093
250 0.134 0.114 0.077

Table 5
Maximum adsorption capacity for Sr2+ onto different absorbents

Adsorbent Q0 (mg/g) References

Electric arc furnace slag 111.1 This study
Graphene oxide 131.4 [27]
Dolomite 1.172 [29]
BaSO4-rGO aerogel 232.9 [30]
EDTA functionalized 
graphene oxide

172.3 [31]

Expanded perlite 1.14 [48]
Graphene oxide-hydroxyapatite 
nanocomposite

702.2 [32]

Metakaolin/slag-based zeolite 
microspheres geopolymer

54.90 [42]

Zeolitic materials 144.0 [50]
Hydroxyapatite embedded 
micro-adsorbents

29.26 [49]
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steps is the rate limiting step (the slowest step), intraparticle 
diffusion model [Eq. (8)] [51] was applied.

q k t Ct i� �0 5. 	 (8)

where ki is the intraparticle diffusion rate effect and C 
is a constant which gives the information on the effect of 
boundary layer, that is, larger intercept indicates that the 
external diffusion has a larger role as the rate limiting 
step. The values of ki and C can be obtained from the plot 
qt vs. t0.5. Intraparticle diffusion is the rate limiting step if 
the plot qt vs. t0.5 is a straight line passing through the ori-
gin while deviation of the plot from linearity indicates the 
rate limiting step is film diffusion. The results presented in 
Fig. 6a indicate that the plot qt vs. t0.5 consists of multilin-
ear segments suggesting that multiple mechanisms were 
involved in the adsorption of Sr2+ ions onto EAF slag. First 
linear segment indicates film diffusion, the second segment 
indicates intraparticle diffusion while the third segment 
indicates equilibrium stage. Since the second segments of 
plot qt vs. t0.5 do not pass through the origin, adsorption of 
Sr2+ onto EAF slag is not solely governed by intraparticle 
diffusion but by film diffusion as well [52].

Boyd’s film diffusion model [53] [Eqs. (8)–(11)] was 
used deduce whether the film or particle diffusion controls 
the adsorption of Sr2+ onto EAF slag,
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where F is the fractional adsorption capacity at any given 
time and Bt is a time constant which can be calculated at 
various temperature using Eq. (11). Intraparticle diffusion 
is the rate limiting step of the adsorption process if plot Bt 
vs. t has a straight line passing through the origin, while 
film diffusion mainly governs the adsorption process. The 

results presented in Fig. 6b indicate that film diffusion 
is the rate limiting parameter since none of the plots pass 
through the origin.

3.7. Adsorption thermodynamic

Thermodynamics of Sr2+ adsorption onto EAF slag 
were evaluated using the following equations:

� � �G H T S� � � � � 	 (12)

�G RT K� � � ln 	 (13)

lnK S
R

H
RTd �

�
�

�� � 	 (14)

K
C C V
C md

e

e

�
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�

0 	 (15)

where ΔG°, ΔH°, ΔS° and Kd present standard free energy 
enthalpy, entropy and equilibrium distribution coeffi-
cient, respectively. Co and Ce are the initial and equilib-
rium concentrations of Sr2+ ions in solution, respectively, V 
is the volume of Sr2+ ion solution and m is the dry mass of 
adsorbent. The straight-line plots lnKd vs. 1,000/T (Fig. 7) 
enable determination of ΔH° and ΔS° values from the slope 
(ΔH°/R) and intercept (ΔS°/R), respectively.

The results presented in Table 6 indicate that adsorp-
tion of Sr2+ onto EAF slag is endothermic in nature as the 
value of enthalpy is positive (44.9  kJ/mol). Moreover, this 
value falls in the range 40–200 kJ/mol which means that the 
Sr2+ adsorption onto EAF slag involves chemisorption [54]. 
Negative values of free energy (ΔG°) obtained at all inves-
tigated temperatures indicate that Sr2+ adsorption onto EAF 
slag occurs spontaneously. The rise of temperature leads 
to the decrease of ΔG which indicates that the adsorption 
process is more favorable at higher temperatures.

3.8. SEM/EDS of EAF slag before and after adsorption

Adsorption of Sr2+ onto the surface of slag particles is con-
firmed by SEM analysis in combination with EDS. Surface 

Fig. 6. Intraparticle diffusion plots (a) and plots Bt vs. t (b) for adsorption of Sr2+ onto electric arc furnace slag at different 
temperatures.
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morphology of sorbent particles before and after adsorption 
is given in Fig. 8a and b, respectively. EDS analysis of sor-
bent particles before adsorption (Fig. 7c), indicated presence 
of calcium, iron, silicon, aluminum and magnesium. In addi-
tion to these elements, the surface of sorbent after adsorp-
tion (Fig. 7d) was characterized by the presence of Sr.

4. Conclusions

In summary, EAF slag was used as an adsorbent for the 
Sr2+ removal from aquatic solution. It has been characterized 
using XRPD and SEM/EDS. Moreover, particle size, poros-
ity and point of zero charge (pHpzc) of sorbent were also 
determined. The effects of contact time, pH, initial concen-
tration of Sr2+ and temperature on adsorption process were 
investigated. Kinetic, equilibrium and thermodynamic of 
adsorption process was evaluated as well. The results have 
shown that EAF slag, in relatively short time (15 min), was 
able to remove 68.75% of Sr2+ in aquatic solution at 20°C, 
with initial concentration of Sr2+ of 150 mg/L, adsorbent dos-
age of 1.5 g/L and pH of 5. Temperature increase enhances 

the Sr2+ adsorption onto EAF slag and the highest removal 
efficiency of 88.40% was obtained at 45°C. Pseudo-first-
order, pseudo-second-order models were applied on the 
experimental data to study kinetics of adsorption process. 
The results suggested that adsorption of Sr2+ onto EAF slag 
proceeds according to the pseudo-second-order model. 
Langmuir and Freundlich isotherms were applied in order 
to evaluate equilibrium adsorption with the results eluci-
dating that the equilibrium adsorption of Sr2+ was best fit-
ted to Langmuir isotherm suggesting that adsorption of 
Sr2+ occurs on a homogenous surface of EAF slag covered 
by a monolayer of the adsorbate. Maximum adsorption 
capacity of EAF slag was 111.11 mg/g, surpassing already 

Fig. 7. Adsorption of Sr2+ onto electric arc furnace slag as lnKd vs. 
1,000/T.

Table 6
Thermodynamic parameters of Sr2+ adsorption onto electric arc 
furnaces slag.

Temperature 
(°C)

Kd –ΔG°, 
(kJ/mol)

ΔH°, 
(kJ/mol)

ΔS°, 
(J/mol·K)

20 1.25 0.55
44.9 156.335 2.76 2.59

45 5.51 4.51

Fig. 8. Scanning electron microscopy of electric arc furnace slag before (a) and after adsorption (c) as well as energy-dispersive 
X-ray point analysis before (b) and after adsorption (d). The red cross notes the location of acquisition of energy-dispersive 
X-ray spectra.
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reported materials such as dolomite, perlite, metakaolin 
and hydroxyapatite-based adsorbents. Adsorption mecha-
nism was studied by applying intraparticle diffusion model 
and Boyd’s film diffusion model and the results obtained 
indicated that film diffusion mainly governs the adsorp-
tion process. Thermodynamic investigations have indicated 
the endothermic character of Sr2+ adsorption onto EAF slag 
since positive values of ΔH° were obtained. Moreover, 
adsorption process is spontaneous since negative values 
of ΔG° were obtained. These values decreased even fur-
ther with an increase of temperature, suggesting a more 
favorable adsorption process at higher temperatures.
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