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a b s t r a c t
Industrial wastewater contaminated with heavy metals is a major environmental and health hazard 
that can be effectively treated by the absorption process. In this regard, steel slag is a low-cost prod-
uct used to produce unconventional adsorbents. The present study investigated the applicability 
of salicylic acid-methanol modified steel slag in the adsorption of lead (Pb2+) ion from aqueous 
solution. Brunauer–Emmett–Teller, scanning electron microscopy, Fourier-transform infrared spec-
troscopy, and pHZPC were employed to characterize the synthesized adsorbent. The effects of param-
eters such as pH, initial concentration, and adsorbent dosage on the adsorption of Pb2+ were further 
examined. With raising the initial concentration of Pb2+ to 200.0 mg mL–1, the adsorption capacity 
increased and then became stable. The increase in adsorbent dosage reduced the adsorption capac-
ity and augmented the removal efficiency. Langmuir isotherm model with R2 = 0.9912 fitted well 
with the experimental data, and its qmax was 117.6 mg g–1 at pH 7.0. The adsorption process obeyed 
pseudo-second-order kinetics.
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1. Introduction

Many industries, including textile, rubber, paper, leather, 
plastic, cosmetics, and printing produce large volumes of 
industrial wastewater that are ultimately discharged into 
the aquatic environment [1–4]. Discharge of heavy metals in 
the aquatic environment is hazardous for both toxicological 
and aesthetic reasons. Heavy metals have long been known 
to be toxic for human life and the aquatic environment. 
Widespread in the environment, Pb2+ is one of the priority 
pollutants announced by the US Environmental Protection 
Agency (USEPA). The occurrence of these pollutants is 
often associated with human activities such as mining, burn-
ing fossil fuels, recycling, and generating lead-acid batteries 
[5–7]. The increase in the use and production of Pb2+ implies 

the possibility of its further propagation and distribution in 
the environment. Pb2+ also has a great impact on the human 
body through oral administration and inhalation among 
other paths; this pollutant is not easily repelled and accu-
mulates in the body. It can lead to blood disorders, gastro-
intestinal symptoms such as constipation, nervous system, 
and kidney problems [8,9]. The USEPA and World Health 
Organization (WHO) announced that the maximum permit-
ted amount of Pb2+ in tap water is 10.0 and 15.0 μg L–1, respec-
tively [10]. Because of the foregoing problems, there has been 
a growing scientific interest in the development of proper 
technologies for the removal of Pb2+ from different solutions.

Among these technologies, mention can be made of 
adsorption and ion exchange [11–14], coagulation/floccu-
lation [15–17], precipitation [18–20], and bioaccumulation 
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[21–23]. However, most of the above methods suffer from one 
or more limitations. Bioaccumulation is sensitive to the Pb2+ 
concentration [21], and coagulation/flocculation and precipi-
tation generate excessive amounts of sludge [16]. Absorption 
is typically employed by wastewater treatment facilities, 
but it is expensive and hard to regenerate [14,24,25]. Some 
studies have focused on cost reduction through recovering 
useful minerals or using industrial byproducts such as steel 
slag (SS) in water processing. Generated by steel production, 
steel slag is a high volume solid waste whose annual global 
production is approximately 170.0–250.0 million metric ton-
nes/y [26]. SS is mainly composed of CaO, SiO2, FeO, Fe2O3, 
MgO, and MnO. In most cases, the weight of the iron oxides 
(FeO and Fe2O3) is higher than 20.00% in SS [27]. Based on the 
type of steel and the pretreatment of slag, this byproduct has 
been categorized as basic oxygen furnace slag, electrical arc 
furnace slag, blast furnace slag, and casting residue accord-
ing to the steelmaking process [28]. Many researchers have 
investigated SS owing to its sufficient ionic contents that can 
be utilized in the adsorption process [29–31]. SS has been uti-
lized in biological degradation media [32,33], bioremediation 
[34,35], and adsorption of phosphorus and metals [36–38]. 
Most of the previous studies focused on the adsorption 
capacity of SS for the removal of pollutants. There is a large 
amount of calcium silicate ion in the structure of SS, possi-
bly taking up a high volume of its porosity. Washing SS with 
chemical removes the calcium silicate ion, thereby increasing 
its capacity for the adsorption of Pb2+ ion. SS also contains 
certain amounts of iron oxide, hence its magnetic property 
that can be properly separated by a magnetic field in aque-
ous solution [27,31]. On the other hand, classical wastewater 
treatment techniques are costly and require complex instal-
lations; therefore, they are not viable in low- and middle-in-
come developing countries. In these cases, the adsorbent 
process obtained from different industrial by-products can 
offer technically cost-effective solutions. These substances 
are chemically active and have a highly porous surface. 
They also require less processing and have a high adsorption 
capacity, enabling them to adsorb pollutants from different 
aqueous solutions in cost-effective ways [39–41].

Therefore, the present study aimed to investigate the 
adsorption of lead (Pb2+) on salicylic acid-methanol modified 
steel slag (SAM-modified SS) in aqueous solution and per-
form a cost analysis to introduce this adsorbent as economic. 
The effects of pH, adsorbent dosage, and Pb2+ concentra-
tion were further examined regarding the removal of Pb2+ 
from aqueous solution. Moreover, adsorption isotherm, 
kinetic processes, and reusability of SAM-modified SS were 
studied, and a cost analysis was finally conducted.

2. Materials and methods

2.1. Chemicals

Tap water was used to prepare the test solution char-
acterized in Table S1. Pb2+ (lead nitrate at 99.999% purity) 
was purchased from Aldrich, USA. The test solution con-
taining Pb2+ for the experiments was prepared by suitable 
dilution of the standard lead nitrate solution (concentra-
tion 1,000 mg L–1) with distilled water. The SS was obtained 
from a steel production facility in Yazd Province, Iran, and 

its composition was determined using an X-ray fluorescent 
quantometer type “ARL-72000 S” (Table 1). Other chemicals 
used in the experiments were of analytical grade methanol 
(chromatographic grade), salicylic acid (Sigma-Aldrich, USA 
> 90.00%) NaCl (Merck, Suprapur, 99.60%), HCl (Merck, 
Germany, Germany, Suprapur), NaOH pellets (Merck, 
Germany, Suprapur  >  99.00%), and HNO3 (VWR Prolabo, 
69.40% for cleaning, and Merck (Germany), Suprapur for 
AAS measurements). Milli-Q 18 M Ω water was used in all 
solution preparations.

2.2. Salicylic acid-methanol modified SS preparation

The salicylic acid-methanol solution was prepared by 
dissolving 10.0  g salicylic acid in 100.0  mL methanol sol-
vent. Afterward, the SS was washed with distilled water 
to remove surface impurities and dried at 100.0°C for 
24  h. ultimately, it was crushed and ground with a plane-
tary ball mill (YXQMO-4L, MITR, China) and sieved for 
a 200  mesh size. Using ultrapure water, the obtained SS 
powder was washed again for many times and then dried. 
200.0  g of the dried SS powder was added into 100.0  mL 
SAM solution (100.0  g  L–1) and shaken on a shaking bed 
with a constant shaking rate of 200 rpm min–1 at 25.0°C for 
6  h. Next, the powder was separated from the suspension 
by a magnet (1.5 Tesla). The residues were washed repeat-
edly by ultrapure water. After the drying step (at 90.0°C 
in the oven for 12  h), the SAM-modified SS adsorbent 
(SAM-modified SS) was obtained [31].

2.3. Experimental

The adsorption of Pb2+ by SAM-modified SS was inves-
tigated in the batch experiments using 250 conical flasks 
containing 100  mL of Pb2+ ion solution under atmospheric 
conditions. This was done to measure the adsorption effi-
ciency of the produced adsorbent for Pb2+as a function of pH 
(3.0, 4.0, 5.0, 6.0, 7.0, and 8.0), Pb2+ concentration (50.0, 100.0, 
150.0, 200.0, and 300.0  mg  L–1), adsorbent dosage (0.1, 0.4, 
0.8, 1.2, and 1.6 g), agitation time (90 min), and 25.0°C.

Pb2+ concentrations were measured by furnace atomic 
absorption spectroscopy (AAS 220 Z, Spectra AA). The 
samples were treated with acid (2.00% HNO3) prior to the 
final analysis. The amount of Pb2+ adsorbed per unit mass 
of SAM-modified SS (adsorbent) and the removal rate was 
calculated as follows:

Table 1
Steel slag characterization

Ingredient Content %

MnO 3.52
Fe2O3 39.52
Al2O3 0.21
SiO2 12.32
CaO 32.65
MgO 9.53
Cr2O7 0.20
Others 2.05
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While the adsorption capacity of absorbent was calcu-
lated using the following equation:

q
C C V
Mt

i emg L−( ) = −( )1 	 (2)

where Ci and Ce are the initial and equilibrium concentrations 
of Pb2+ ion (mg L–1), qe is the capacity of adsorption (mg g–1), 
V represents the volume of Pb2+ ion solution (L), and M is the 
mass of adsorbent (g).

2.4. Adsorbent characteristics

The SS and SAM-modified SS were characterized 
through the use of Fourier-transform infrared spectroscopy 
(FTIR), scanning electron microscopy (SEM), and zeta poten-
tial analyses. Furthermore, the specific surface area, pore size 
and pore volume of SS, and SAM-modified SS were obtained 
by the Brunauer–Emmett–Teller (BET) adsorption method 
(Micromeritics Instrument Corporation, TRI-STAR3020, 
USA) [42,43].

2.5. pH at the point of zero charge

The following steps were performed to determine the 
pH at the point of zero charge (pHPZC) for SAM-modified 
SS powder: primarily, a sufficient amount of 0.1  M NaCl 
solution was poured into 250  mL flasks, and the pH was 
adjusted to 2.0–11.0 by either 1 M HCl or NaOH. After that, 
the total volume of the solution in each flask was adjusted 
to 100.0  mL via adding NaCl solution of the same known 

concentration; simultaneously, the initial pH values of the 
solutions were accurately noted. In the next step, 0.4  g of 
SAM-modified SS powder was added to the flasks, and 
the suspensions were then shaken and allowed to equili-
brate for 24 h by a shaker. Lastly, the final pH values of the 
supernatant suspension were noted. The analyzed results 
are shown in Fig. 4b, where the pHZPC of the AB SAM-
modified SS was found to be 4.0 [25].

2.6. Desorption experiments

0.5  g of the Pb2+-loaded (SAM-modified SS) adsorbent 
was shaken with 50.0 mL of 1.0 M HCl as a desorbing agent 
in a 250  mL conical flask on a reciprocating shaker with a 
rotation speed of 220 rpm at 25°C for 24 h. The suspension 
was centrifuged and the supernatant solution was filtered 
prior to Pb2+ analysis using an AAS [43].

3. Results and discussion

3.1. Adsorbent characteristics

As presented in Table S2, BET analysis showed that the 
average specific surface areas of SS and SAM-modified SS 
were 6.33 and 62.82 m2 g–1, respectively. However, modifica-
tion with SAM significantly increased the average specific 
surface area of the SS. As it is shown in Table 1, a major 
amount of SS belonged to the CaO and MgO. After wash-
ing the SS with chemicals, the mentioned salt was dissolved 
so that the occupied pours reappeared [44]. Additionally, 
the pore size and the total pore volume of SAM-modified 
SS were determined to be 50.0  nm and 3.6  ×  10–3  cm3  g–1, 
respectively. The BET analysis showed that the modified SS 
had a high adsorption capacity. SEM analysis was further 
performed to study the morphological changes in the SS 

Fig. 1. SEM studies of the samples.
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(Figs. 1a and b). The surface of the untreated SS was rela-
tively flat, smooth, and uniform. As can be seen, the surface 
morphology of the SS was significantly changed after chem-
ical modification with SAM. The external surface area was 
noticeably increased by the formation of more pores (Fig. 1). 
The significant increase in pores was probably due to the 
dissolution of the calcium silicate minerals in the SS by SAM 
treatment. FTIR spectra of the samples were utilized to fur-
ther study the adsorption of Pb2+ by the SAM-modified SS. 
The FTIR spectra of the SS and the SAM-modified SS were 
prepared as shown in Fig. 2. The broad bands in the range 
1,400–1,500  cm–1 (Ca–O) and 800–1,000  cm–1 (Si–O) were 
related to the typical stretching vibrations of Ca−O and Si−O, 
respectively [45,46].

3.2. Effect of agitation time and equilibrium

The effect of agitation time on adsorption efficiency 
was investigated under both tap water and deionized water 
conditions: pH  =  7.0, Pb2+  =  500.0  mg  L–1, adsorbent dos-
age = 0.1 g, room temperature, and 200 min time. The results 
are illustrated in Fig. 3. Concerning tap water, the adsorp-
tion of Pb2+ increased rapidly in the first 40  min and then 
increased slowly between 30 and 70 min. After 70 min, the 
adsorption capacity reached a maximum and then remained 
steady, at which point, the adsorption capacity at equi-
librium was 112.0  mg  g–1. Regarding deionized water, the 
adsorption system reached an equilibrium in the first 50 min, 
where the maximum adsorption capacity was 121.0 mg g–1. 
The increased adsorption capacity and the reduced equilib-
rium time can be the result of the interfering ions existing in 
the tap water [25]. However, we used tap water for further 
experiments.

3.3. Effect of pH

To investigate the effect of pH on the adsorption of 
Pb2+ on the SAM-modified SS, Pb2+ adsorption experiments 

were performed under the following conditions: the initial 
pH of the Pb2+ solution was 3.0–8.0, the Pb2+ concentration 
was 150.0 mg L–1, the adsorbent dosage was 0.1 g, and the 
temperature and time were 25.0oC and 70 min. The results 
of pH evolution and pHZPC are shown in Figs. 4a and b.  
As observed in Fig. 4b, the surface charge of the SAM-
modified SS powder became zero at pH  =  4.0. Similarly, 
Zhang reported that it was only at acidic pH that the surface 
of the SAM-modified SS powder was protonated with H+. 
Above the pHZPC (4.0), the surface charge of SAM-modified 
SS powder was negative, adsorbing Pb2+ with a positive 
charge. Based on the results of Fig. 4a, the amount of the 
adsorbed Pb2+ tended to increase with raising the pH from 3.0 
to 7.0, after which the adsorption amount was reduced. The 
maximum adsorption capacity (49.87 mg g–1) was observed 
at pH 7.0, which is in line with many studies where the 
adsorption equilibrium and maximum adsorption capacity 
occurred at pH 7.0 [47–49]. When the pH value was higher 

Fig. 2. FTIR spectra of the samples.

Fig. 3. Effect of agitation time on the adsorption process ([Pb2+] 
concentration of 500.0  mg  L–1; 0.4  g adsorbent dosage; 25.0°C; 
200 min).
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than 7.0, the Pb2+ ion formed a complex with the hydroxide 
ion to form precipitation, making it difficult to accurately 
measure the adsorbed amount [49]. At low pH, the amount 
of adsorption (37.50 mg g–1) was thought to be lower because 
of competitive adsorption between Pb2+ and H+ ions [36,50].

3.4. Effect of dosage

A SAM-modified SS dosage range of 0.1–1.6  g was 
used to specify the optimum metal adsorption mass of the 
adsorbent. For this purpose, 0.1, 0.4, 0.8, 1.2, or 1.6 g of the 
SAM-modified SS were prepared for each adsorption exper-
iment. The experiments examined the solutions containing 
150.0  mg  L–1 Pb2+ with different masses of SAM-modified 
SS (0.1–1.6  g) at a pH of 7.0 (Fig. 5). As seen, the adsorp-
tion capacity and the removal efficiency of the adsorbent 
showed a reverse tendency with the increase in adsorbent 
mass. Adsorbed Pb2+ per mass of the adsorbent decreased 
from 105.0 to 9.3 mg g−1 with increasing the dose from 0.1 g 
to 1.6  g; the removal efficiency increased from 70.00% to 
99.96% owing to the presence of highly unoccupied sorption 
sites at a higher adsorbent mass, where the concentration 
of Pb2+ is constant. An increase in the adsorbent mass could 
augment the removal efficiency in the process because of 
the increase in the adsorbent surface and the concentration 
constant of Pb2+ in solution. Similar behavior was reported 
for Pb2+ ion by Liu et al. [36] and Mercado-Borrayo et al. [51].

3.5. Effect of Pb2+ concentration

Samples were prepared to specify the adsorption 
efficiency of the SAM-modified SS with different concen-
trations of Pb2+ ion. A certain amount of the SAM-modified 
SS (0.1  g) was mixed with 100.0  ml of the Pb2+ solution 
(50.0–300.0  mg  L–1) at pH 7.0. The samples were shaken 
for 70  min, and the obtained results are shown in Fig. 6. 
The amount of the adsorbed Pb2+ tended to increase with 
the rise in the initial concentration, and the maximum 
adsorption 112.0  mg  g–1 occurred at an initial concentra-
tion of 200.0  mg  L–1. At initial Pb2+ concentrations higher 

than 200.0 mg L–1, an increase was observed in the adsorp-
tion amount (Fig. 6). At a defined adsorbent dosage, the 
removal of Pb2+ depends on the initial concentration of 
Pb2+ because the increase in Pb2+ concentration reduces the 
available adsorption sites. The electrostatic repulsion forces 
between the adsorbed negatively-charged Pb2+ ions further 
reduced the adsorption [4].

3.6. Isotherm studies

Adsorption isotherm was used to investigate the distri-
bution of Pb2+ ion on the SAM-modified SS at equilibrium. 
The relationship between Pb2+ concentration in the solution 
and the adsorbed Pb2+ ion was determined by the use of the 
Langmuir and Freundlich isotherms [4,25].

The Langmuir isotherm assumes that the active site on 
the SAM-modified SS surface has the same energy, and the 
adsorption occurs through the formation of a monolayer on 
the SAM-modified SS surface. The Langmuir model equation 
is as follows:

Fig. 4. Effect of the pH values of the Pb2+ solution on the adsorption process ([Pb2+] concentration of 150.0 mg L–1; 0.1 g adsorbent 
dosage; 25.0°C; 120 min).
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Fig. 5. Effect of the dosage of adsorbent on the adsorption process 
(pH = 7.0; [Pb2+] concentration of 150.0 mg L–1; 25.0°C; 70 min).
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1 1 1
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The Langmuir constants (qm, kL and Ce) are related to 
maximum adsorption capacity (mg  g–1), and the energy of 
adsorption (L mg–1) and the equilibrium concentration of Pb2+ 
ion in solution (L mg–1) are calculated from the plot 1/qe vs. 1/
Ce, respectively.

RL, the separation factor, is defined by Eq. (4).

R
k CL
L

=
+

1
1 0

	 (4)

where RL is a dimensionless constant and C0 is the initial 
Pb2+ ion concentration (mg L–1).

The Freundlich isotherm takes into account the hetero-
geneity of the SAM-modified SS surface and the existing 
interactions between the adsorbed Pb2+ ions. The Freundlich 
model equation as follows

Ln Ln Lnq k
n

Ce f e= + + ( )1 	 (5)

where kf and n, Freundlich constants, represent adsorption 
capacity (mg  g–1) and the adsorption intensity of system 
determined from the plot of lnqe vs. lnCe.

In this case, the coefficient of determination (R2) of the 
Langmuir isotherm model (0.9912) was higher than the 
Freundlich isotherm model (0.9127) (Fig. 7a). This result 
indicates that the surface of the SAM-modified SS was 
uniform, and a monolayer of the adsorbate was formed 
when adsorption reached equilibrium. Other parameters of 
the models are shown in Table 2. As seen, Langmuir con-
stants qmax, kL, and RL were 117.6  mg  g–1, 0.17  L  mg–1, and 
0.03, respectively. RL, the relative volatility in the vapor-liq-
uid equilibrium, is easy to verify because it ranges from 
1 to 0 for a favorable equilibrium, and it is larger than 1 
for an unfavorable equilibrium [4]. In our study, RL varied 
between 0 and 1, implying a favorable adsorption process. 
Furthermore, the Freundlich constants (kf and n) calcu-
lated from the plot of lnqe vs. lnCe (not provided here) were 
6.0  mg  g–1 and 2.1, respectively (Table 2). The value of n 
was larger than 1, indicating a favorable adsorption system 
and a physical process [4]. In some studies, the researchers 
observed that the model properly described the adsorption 
isotherm of Pb2+ ion on the adsorbents [46,52]. Table 3 com-
pares the present study with others regarding the maximum 
adsorption capacity of Pb2+ ion with various adsorbents. 
Liu et al. [37] reported 13.2  mg  g–1 as qmax for adsorption 
of Pb2+ on the untreated SS (Table 3). The comparison 
showed that the SAM-modified SS had a higher adsorption 
capacity, hence considered as a promising adsorbent for the 
removal of Pb2+ ion from aqueous solution.

Fig. 6. Effect of Pb2+ concentration on the adsorption process 
(pH = 7.0; 0.1 g dosage; 25.0°C; 70 min).

Table 2
Results of adsorption isotherm

Langmuir  
isotherm

Parameters Freundlich  
isotherm

Parameters

0.17 kL (L mg–1) 6.0 kf (mg g–1)
117.6 qm (mg g–1) 2.1 n
0.03 RL 0.9127 R2

0.9912 R2
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3.7. Kinetic studies

To study the mechanisms of adsorption which control 
the adsorption behavior, two well-known kinetic models, 
pseudo-first-order and pseudo-second-order [3,4,55] rate 
equations, were applied to fit the data. Their linear forms are 
presented in Eqs. (6) and (7):

ln( ) lnq q q k te t e− = − 1 	 (6)

t
q k q q

t
t e e

= +
1 1

2
2 	 (7)

where qe (mg g–1) and qt (mg g–1) are the amounts of Pb2+ ion 
adsorbed at equilibrium, and t is the contact time (min). 
k1 (min–1) and k2 (g mg–1 min–1) are the rate constants of the 
pseudo-first and second-order kinetics, respectively.

Fig. 7b shows the plot of t/qt vs. t from the pseudo-
second-order kinetic. Other parameters of both kinetic 
models are presented in Table 4. According to the results, 
pseudo-second-order kinetic with a good coefficient of 
determination (R2 = 0.9925) was a better fit compared with 
pseudo-first-order kinetic (R2 = 0.9508). Several studies have 
reported this behavior for Pb2+ ion adsorbed on other adsor-
bents [36,56]. In addition, the pseudo-second-order kinetic 

model predicted a significantly high value of equilibrium 
adsorption capacity (qecal) closer to the experimental (qe) 
value, indicating the applicability of this model (Table 4); 
the theoretical qe (qecal) values in pseudo-first-order kinetic 
were much lower than the experimental qe values (Table 
4). Also, pseudo-second-order kinetic had a high adsorp-
tion rate constant (k2). Based on this model, two reactions 
occur either in series or in parallel. The first reaction quickly 
reaches equilibrium while the second one is slower and can 
last for a long period of time [57]. Therefore, it can be con-
cluded that the pseudo-second-order kinetic model better 
described the mechanism and behavior associated with the  
adsorption of Pb2+ ion onto the SAM-modified SS adsorbent.

3.8. Reusability study

Desorption is an important factor that enables the 
recycling of metal ions and adsorbents. In this way, adsor-
bent recycling contributes to the economic sustainability 
of adsorption-based treatment systems. In recent studies, 
numerous chemicals have been applied as desorption pro-
cess agents. These agents are to be selected carefully due to 
the permanent structural changes and adsorption capacity 
reductions that different chemicals can induce in adsor-
bent materials [31]. In the present study, desorption of Pb2+ 
from SAM-modified SS was carried out by 1 M HCl solu-
tion, summarized in Fig. 8a. As observed, the performance 
of the SAM-modified SS had a constant value of 86.00 % 
even after five cycles of use. The specific surface area of the 
SAM-modified SS was also specified following five cycles of 
use. Table S2 shows that the specific surface area decreased 
after regeneration, explaining the reduced performance of 
the adsorbent. Given the acceptable performance after four 
cycles of use, it is safe to say that the commercial use of 
SAM-modified SS might be economical as far as reusability 
is concerned.

3.9. Application in industrial wastewater

To study the removal efficiency in practice, real waste-
water containing chromium provided by a local industrial 
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Fig. 8. Regeneration experiment of SAM-modified SS (a) and application in real wastewater (b).

Table 3
Comparison of the maximum adsorption capacity of Pb2+

Studies qmax (mg g–1)

This study 117.6
Untreated SS [37] 13.2
Reduced graphene oxides (rGO) [42] 95.0
Pristine rice husks [53] 1.9
Functionalized cryogels [54] 172.4
Modified biochar (rape straw and 
orthophosphate) [46]

38.1

Modified biochar (coconut fibre) [43] 85.2
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park in Yazd providence was used in this study. The waste-
water was naturally acidic and comprised of various toxic 
substances, including heavy metals such as chromium and 
nickel, organic compounds, and inorganic phosphorus com-
pounds (Table S3). The adsorption process was done for both 
the synthetic wastewater and the real wastewater under the 
following conditions; pH = 7.0, 1.0 g adsorbent dosage, and 
Pb2+ concentration of 208.0  mg  L–1 in 1.0  L sample. Fig. 8b 
shows no significant decrease in the removal efficiency in 
the tap water experiment compared to the industrial waste-
water experiment. The removal efficiency in the tap water 
and industrial wastewater experiments was 97.59% with 
an adsorption capacity of 112.0 mg L–1, and 89.00% with an 
adsorption capacity of 104.0  mg  L–1, respectively. Previous 
studies examined the removal of organics and inorganics 
by the use of steel slag which was shown to have a lower 
tendency to adsorb organic compounds compared with 
metals [58,59]. In the current study, organics probably could 
not occupy SAM-modified SS, hence the adsorption of met-
als on SAM-modified SS. On the other hand, the maximum 
adsorption capacity obtained in this study belonged to the 
tap water which was similar to the industrial wastewater 
regarding interfering ions. In this view, SAM-modified SS 
might have sufficiently adsorbed Pb2+ in the industrial waste-
water. However, SAM-modified SS was proven an efficient 
adsorbent for Pb2+ in synthetic wastewater as well as real 
wastewater.

3.10. Cost analysis in industrial wastewater

The present study focused on the preparation of 
SAM-modified SS and its use for the removal of Pb2+ ions 
from aqueous solution. The overall cost comprises var-
ious parameters such as the collection source, prepara-
tion methodology, and subsequent treatment [60]. Hence, 
an attempt was made to analyze the cost of modified SS 
adsorbent and the utilized chemicals. Table 5 shows the 

cost of all activities including physical and chemical acti-
vation processes and the overall preparation cost of SAM-
modified SS. The total cost for the preparation of 1  kg of 
adsorbent was estimated at 50.506 USD. As seen in Table 5, 
raw SS had a low price in Iran, but it was annually pro-
duced in high amounts; therefore, it can be economical 
and cost-effective to use SS as Pb2+ adsorbent. Based on 
the adsorption capacity obtained from the batch studies 
for the SAM-modified SS (104.0 mg g–1), the adsorbent cost 
1 USD to remove 1 g of Pb2+ from the industrial wastewater  
stream.

4. Conclusion

The present work reported the preparation of SAM-
modified SS for the removal of Pb2+ ions from aqueous 
solution. The prepared SAM-modified SS exhibited a high 
surface area and a good adsorption ability to remove Pb2+ at 
natural pH values. Hence, SAM-modified SS can be consid-
ered as a low-cost and applicable adsorbent for the removal 
of Pb2+ ions. Moreover, the fabricated SAM-modified SS could 
be an economical alternative for the removal of Pb2+ ions 
from aqueous solution and real wastewater. The maximum 
adsorption capacity was 117.6 mg g–1. The adsorption kinet-
ics and isotherm studies revealed that the adsorption of the 
SAM-modified SS followed the pseudo-second-order model 
and the Langmuir isotherm model. It seems the adsorption 
process fitted the mono-layer adsorption model and fol-
lowed the mechanism of chemisorption in nature through 
exchanging electrons or sharing valence forces between the 
SAM-modified SS and Pb2+ ions. The industrial wastewater 
experiment implied that the SAM-modified SS is an effective 
adsorbent for the treatment of industrial wastewater and 
removal of Pb2+ ions. As a renewable, low-cost, and environ-
ment-friendly material, the SAM-modified SS could be easily 
chemically modified. It also exhibited excellent adsorption 
ability towards Pb2+ ions in aqueous solutions, showing a 

Table 5
Cost of preparing 1 kg of adsorbents

Materials Unit cost  
(US$ kg–1)

Adsorbent

Amount used (kg) Cost (US$ kg–1)

Steel slag 6 (1,000 kg) 1 0.006
Methanol 36 0.500 17.5
Salicylic acid 47 0.150 7
Cost of grinding 24 1 24
Cost of drying 2 1 2
Total cost (IRR) 50.506

Table 4
Results of adsorption kinetics

Kinetic parameters qe (mg g–1) exp. qe (mg g–1) cal. k1 (min–1) k2 (g mg–1 min–1) R2

Pseudo-first-order 112.0 77.2 1.6 0.9508
pseudo-second-order 112.0 108.3 8.01 0.9925
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promising economical and practical application in waste-
water purification.
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Supplementary Information

Table S1
Test tap water characterization

Ingredient pH TDS 
(mg L–1)

Na+

(mg L–1)
Ca+2

(mg L–1)
Mg+2

(mg L–1)
Cl–1

(mg L–1)
Alkalinity
(mg L–1)

Hardness
(mg L–1)

Content % 7.2 1,150 186 285 25 280 122 195

Table S2
Surface characteristics adsorbent (BET)

Adsorbent Surface area (m2 g–1) Pore volume (cm3 g–1) Pore size (nm)

Steel slag 6.33 0.1 × 10–3 6.0
SAM-modified SS before use 62.82 3.6 × 10–3 50.0
SAM-modified SS after five cycle 58.12 3.0 × 10–3 42.0

Table S3
Test real wastewater characterization

Parameters Initial concentration
pH 3.25–3.11
COD 494.08–505.76 mg L–1

Lead (Pb+2) 208 mg L–1

Sodium (Na+) 3.93 mg L–1

Potassium (K+) 0.81 mg L–1

Calcium (Ca+2) 3.58 mg L–1
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