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KEYWORDS Abstract  Slags, sludges, and dust from steelmaking industries have been probed as adsorbents for
Metallurgical residues; Pb(II) removal from synthetic water solutions, and these residues have showed good potential in the
Steelmaking wastes valorisa- treatment of industrial effluents contaminated with this heavy metal. Adsorption and precipitation
tion; of Pb(II) have been postulated as the main mechanisms to remove Pb(II) from aqueous solutions by
Pb(IT) removal; using steelmaking residues. The significant effect of pH on Pb(II) removal has been well studied but
Sustainable processes. few studies explicitly address the effect of chemical and mineralogical composition of steelmaking

residues and a better understanding of this key parameter is still needed for full elucidation and
optimization of the Pb(II) removal process. In this study, samples obtained from different sections
of a dust collector system (BFD) in a steelmaking factory, were used to evaluate the effect of BFD
sample’s chemical composition on the removal of Pb(I) from synthetic aqueous solution. BFD
samples were characterized to determine their chemical composition, particle size distribution
and isoionic point. Equilibrium and transient experiments of Pb(II) removal from aqueous solu-
tions were conducted a 25 °C and initial pH = 5.0. Results showed that CaO and MgO, as well
as metallic Fe and FeO had a positive linear effect BDF samples Pb(II) adsorption capacity. Pb
(I) removal process may take place by ion exchange with CaO and MgO, and by precipitation
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on the surface of metallic Fe and FeO. MgO and FeO promoted the Pb(II) removal in lesser extend
that CaO and metallic Fe, respectively, because the surface ion exchange with MgO and FeO are
less thermodynamic favourable and their lower composition in the sample. Bimolecular ion
exchange process between Pb(II) ions and Ca and Fe species was supported by results from equi-
librium and transient adsorption studies. Results of this work clearly showed that removal of Pb
(IT) from aqueous solutions is a strong function of the chemical composition of BFD samples
and it provided further insight to promote the valorisation and optimization of steelmaking residues

as heavy-metal adsorbents.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lead is listed as one of the top 10 chemicals of public health
concern by the World Health Organization Chemical Safety
Agenda (PAHO, 2020). Disposal of untreated wastewaters
effluents on processing industries such as acid battery manu-
facturing, metal plating and finishing, tetraethyl lead manufac-
turing, ceramic and glass industries and environmental clean-
up services is one of the major sources of water pollution by
lead (Vijayakumar et al., 2012; Arbabi et al., 2015; Vu et al.,
2019). The permissible concentration limit for Pb(II) in indus-
trial wastewater effluents, set by the Environmental Protection
Agency (EPA), is 0.05 mg/L; however, in many wastewater
effluents Pb(II) concentration is the range of 200-500 mg/L.
For this reason, it is imperative to reduce Pb(II) concentration
to a level of 0.05-0.10 mg/L before the wastewater effluent be
discharged to municipal sewage systems (Arbabi et al., 2015;
WHO, 2020).

Several methods have been used to remove Pb from
wastewater effluents, including chemical precipitation, electro-
chemical reduction, ion exchange, reverse osmosis, membrane
separation, and adsorption (Arbabi et al., 2015; Badescu et al.,
2018). These technologies have proven to be effective for Pb
removal, but they also exhibit some disadvantages such as con-
tinuous input of chemicals, high cost, toxic sludge generation
or incomplete Pb removal. To date, adsorption technology still
stands as a suitable alternative for the treatment of heavy
metal polluted wastewaters because of recent developments
of more selective adsorbents with increased adsorption capac-
ity and, also, because the technology is simple and it may save
operating costs if an appropriate adsorbent regeneration pro-
cess is developed (Al-Asheh et al., 2000; Zahra and Pak, 2012).

Several smart materials have recently been explored as
highly efficient adsorbents for removal of Pb(II) ions from
aqueous solutions. Different types of nanoparticles and
nanocomposites (Fe, Zn, SiO,, Ti, SiC, Mo, Ce, graphene) have
been reported for the removal of Pb(II) from aqueous media,
but technological and economic issues still limit their practical
applications (Ata et al., 2018; Alghamdi et al., 2019; Lucaci
et al., 2019). For this reason, there is an ongoing effort to
improve the adsorption capacity and selectivity of conventional
low-cost adsorbents including activated carbon, bentonite, chi-
tosan and iron oxides such as magnetite, hematite and maghe-
mite (naturals or synthetized), which are capable of adsorbing
lead and other heavy metal ions from aqueous solutions
(Olowoyo and Garuba, 2012; Roy and Bhattacharya, 2012;
Zhu et al., 2012; Xiong et al., 2015; Hosseinzadeh et al.,
2016). In addition, development of low-cost adsorbents based

on the use of industrial solid wastes, such as red mud, fly ash,
dusts and slags also have also been studied as potential Pb(II)
adsorbents (Ghaedi and Mosallanejad, 2013; Chung et al.,
2016; Juned et al., 2016; Soliman and Moustafa, 2020). This
approach of reuse industrial residues than may cause health
and environmental risks is particularly useful in the current
context of circular economy, as it has beneficial impacts in
terms of developing sustainable industrial processes.

In particular, slags, sludges, and dusts from steelmaking
industry have been investigated as promising feedstock for sev-
eral applications. A large availability of these industrial resi-
dues is foreseen given the fact that steelmaking industry steel
has sustained a significant average growth rate over the last
decade and also because steelmaking residues amount up for
1-4% of hot metal production (Jalkanen et al., 2005;
Andersson et al., 2017; Naidu et al., 2020). Given the fact that
it is impractical to recycle steelmaking residues due to opera-
tional difficulties in the blast furnace (Sarkar and
Mazumder, 2015), they are being reused in an increasing num-
ber of innovative applications such as construction materials,
soil enrichment and treatment, environmental remediation (in-
cluding waste stabilization, carbon capture and storage and
mitigation on landfill emissions) and water treatment of indus-
trial effluents. Very importantly, the beneficial impact of steel-
making residues in a given application is highly dependent on
their physical and chemical properties (Fisher and Barron,
2019; Naidu et al., 2020). Blast furnace (BF) and Basic Oxygen
Furnace (BOF) dusts and slags have been used to remove
heavy metals cations, anions or organic toxic compounds from
synthetic water solutions and from polluted water effluents
(Huy et al, 2020: Kennedy and Arias-Pai¢, 2020; Naidu
et al., 2020; Vu et al., 2021). In particular, literature shows that
BF and BOF dusts and slags are low-cost adsorbents to
remove Pb(II) ions from aqueous solutions over a wide range
of experimental conditions (Srivastava et al., 1997; Lopez-
Delgado et al., 1998; Bhatnagar and Jain, 2006; Liu et al.,
2010; Chung et al., 2016; Bouabidi et al., 2018; Yang et al.,
2019; Zhan et al., 2019; Huy et al, 2020; Mercado-Borrayo
et al., 2020; Kim et al., 2021). As it could be expected, the effi-
ciency of heavy metals removal from aqueous solutions by
using steelmaking residues is determined by the physical and
chemical properties of the residues and the set of experimental
conditions during the metal removal process. The initial metal
concentration, temperature, pH and ionic strength of the metal
aqueous solution determine the nature and distribution of the
ionic species in solution. In the other hand, the physical prop-
erties, such as surface area and porosity, regulate the
accessibility of the ionic species to the adsorption or active
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sites, and the surface chemical properties play a major role to
control the nature, the equilibrium and the kinetics of the sur-
face processes taking place to remove the metal ions from the
aqueous solution (Yiacoumi and Tien, 1995; Cooney, 1998).
Adsorption and precipitation of Pb(II) have been postulated
as the main mechanisms to remove Pb(II) from aqueous solu-
tions by using steelmaking residues. It has been reported that
pH of Pb(Il) solution plays a major role to determine extent
of each Pb(II) removal mechanism (Nassar, 2010; Yang et al.,
2019: Huy et al, 2020; Soliman and Moustafa, 2020; Kim
et al, 2021). However, very few studies explicitly address the
effect of chemical composition of steelmaking residues in Pb
(IT) removal from aqueous solutions (Lopez-Delgado et al.,
1998; Nilforoushan and Otroj, 2008), and a better understand-
ing of this key parameter is still needed for full elucidation of
the Pb(II) removal process. This information will facilitate the
valorisation of steelmaking residues as Pb(II) adsorbents or cat-
alysts in the remediation of Pb(II) polluted aqueous effluents.

In this study, four dust samples collected in different sec-
tion of a blast furnace (BFD samples), were used to determine
the effect of BFD’s chemical composition in the removal
capacity of Pb(Il) from aqueous solutions. To this purpose,
composition of BFD samples was characterized by atomic
adsorption spectroscopy and X-Ray fluorescence; the particle
size and the isoionic point of BFD samples were also deter-
mined. Experimental test of Pb(II) removal capacity from
aqueous solutions were conducted in a batch system at 25 °C
and pH = 5.0. The effect of BFD’s chemical composition in
Pb(II) removal capacity, as well as in the Pb(II) removal mech-
anism under the conditions of the study were rationalized
based on previous findings in the literature.

2. Experimental

2.1. BFD characterization

Four BFD samples were collected from a dust collector system
installed in a major integrated steelmaking plant in Mexico. As
schematically shown in Fig. 1, sample A (SA) was collected
from the dust catcher, sample B (SB) from the dust cyclone,
sample C (SC) from the wet scrubber, and sample D (SD)
was obtained from the sludge dam. The samples were only
shredded (to break up lumps or agglomerates) and dried at
105 °C for 24 h, to obtain representative samples.

Blast
furnace
Dust

catcher

Dust
cyclone

sB Wet
scrubber

—\ Sludge dam
SC

sSD

Fig. 1
system.

Schematic representation of a blast furnace dust collector

Chemical analysis of the BFD samples was carried out by
atomic absorption spectroscopy (AAS) using a Thermo Elec-
tron Solaar S4 spectrophotometer. Quantification of each cation
was performed using the corresponding ASTM method. For Ca,
K and Na (reported as CaO, K,O and Na,O, respectively), a
0.2% w/v ClsLa solution was added to prevent signal reduction
caused by aluminium and a 0.1%w/v CsCl solution was added as
an ionization buffer. Mg and Al (reported as MgO and Al,O3)
were measured under more oxidative conditions using a N,O/
acetylene gas mixture. SiO; retained in the solid was determined
by gravimetry (by oxidation with HC1Oy,). Sulphur and total car-
bon were determined by using a LECO CS-244 analyser.

Complementary, chemical analyses were also performed by
using X-Ray fluorescence (XRF) using a Brucker AXS S4
PIONEER spectrophotometer. Iron phases composition were
determined by X-ray diffraction (XRD) using a Brucker D8
diffractometer equipped with monochromatized Cug,, radia-
tion (generator tension = 40 kV, current = 30 mA). XRD
pattern was recorded from (20) 5 to 70°, with step size of
0.02° and a counting time of 0.4 s per step. Rietveld method
was used to quantify iron phases in BFD samples.

Particle size distributions for BFD samples were deter-
mined by using Tyler sieves. In addition, the isoionic point
(ITP) of BFD slurries was determined by potentiometric titra-
tion. Experiments were performed using 1 g of BFD and
160 mL of an ionic strength regulated solution (NaNO; = 103
M). The evolution of the slurry pH, initially acid or alkaline,
was measured during titration with HCl or NaOH until the
slurry pH remained constant, as an indication that an equilib-
rium condition had been reached.

2.2. Pb(II) removal tests

Experiments to evaluate the effect of BFD samples chemical
composition in the removal of Pb(II) cations were carried
out with synthetic Pb(II) aqueous solutions, which were pre-
pared by using lead nitrate (Aldrich, chemical grade) and dis-
tilled water. Experiments were conducted in a 200 mL batch
reactor (borosilicate conical bottles) with different Pb(II) con-
centration (obtained by dissolution from a stock solution with
initial Pb(II) concentration of 538 mg/L) and initial pH = 5,
which was fixed by using HNOj analytical grade reactive. This
initial pH was selected to avoid the precipitation of Pb(II) as
Pb(OH),, which occurs around pH = 5.5. In each experiment,
a given load of BFD (1 g) was added to 100 mL of a Pb(II)
aqueous solution; then, the adsorption process took place at
atmospheric pressure, 25 °C and under stirring condition at
300 rpm, for up to 6 h. Afterwards, the resulting suspension
was filtered. The concentration of lead in the aqueous solution
was quantified before and after the adsorption test by atomic
absorption spectroscopy (AAS, Perkin Elmer 3100), using an
appropriate lead calibration curve. The effects of contact time,
BFD load and lead initial concentration on the Pb(II) removal
process were also studied in similar sets of experiments.

3. Results and discussion

3.1. BFD characterization

Table 1 shows the chemical composition of the BFD samples
used in this study. Iron species were the major component in
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Table 1 Chemical composition (%) of SA, SB, SC and SD
samples.
Sample Fe CaO C SiO, ALO; MgO Zn
SA 48.08 6.01 16.20 6.57 0.94 1.44 0.25
SB 3578 1422 3280 8.72 0091 1.17 0.28
SC 41.16  26.93  6.00 433 091 4.39 0.44
SD 46.19 2445 439 3.45 0.50 3.74 1.56
Table 2 Iron phases distribution (%) in SA, SB, SC and SD.
Sample Fe,O; Fe;0, FeO  Fe Fe;ZnO4 Sum of Fe
SA 15.04 1253 11.03 9.02 045 43.08
SB 13.77 11.80  7.87 1.97 0.37 35.78
SC 2.13 6.40 1492 17.06 0.66 41.16
SD 1.42 7.05 16.46 18.82 2.44 46.19

all BFD samples. In addition, a significant amount of C was
also measured in all samples. The higher C content was found
in catcher’s sample (SA) and cyclone’s sample (SB) (16.2 and
36.8%, respectively). Basic oxides such as CaO, SiO, and
MgO were also found. Wet scrubber sample (SC) and sludge
dam sample (SD) showed the higher CaO (26.93 and
24.45%, respectively) and MgO (4.39 and 3.74%) content.
Residual quantities of Zn (0.25-1.6%) and Al,O3 (less than
1%) were also quantified in all samples. The presence of iron
oxides and basic oxides have been reported in the literature
as active sites or species to promote the removal of Pb(Il) from
aqueous solutions (Ugwu and Igbokwe, 2019).

In closer detail, Table 2 includes the specific iron phases
found in the BFD samples. In addition, phase percentages
were calculated based on the amount of total iron distributed
in each phase Clearly, all BFD samples contained the follow-
ing iron phases: hematite (Fe,O3), magnetite (Fe;04), wustite
(FeO) and metallic or zero-valence iron (Fe”). Smaller
amounts of franklinite (Fe,ZnO,4) were also found in BFD
samples, in agreement with the chemical analysis that showed
the presence of a residual amount of Zn. Iron phase distribu-
tion was clearly different in the BFD samples. For SA and
SB, iron was predominantly found as hematite and magnetite,
followed by wustite and metallic iron. In the other hand, for
SC and SD the main iron phases were metallic iron and wus-
tite. The main difference in the composition of SC and SD
was the franklinite content as a result that SD was collected
from the sludge dam, which is used in the steelmaking factory
to collect dusts from other steelmaking operations.

Table 3 includes the particle size of BFD samples, given as
Dyg (90% of the particles pass or have a size less that the cor-
responding mesh). SA had a Dgy = 150 pm indicating that

Table 3 Particle size (Dg) and isoionic point of SA, SB, SC
and SD samples.

Sample Particle size, Dgg, pm Isoionic point, pHyp
SA 150 5.0
SB 75 6.4
SC 20 5.7
SD 15 5.5

particles with a D less than 150 pm were collected by the dust
catcher. According to chemical and phase analysis, the parti-
cles that are dragged and trapped by the catcher have under-
gone little decomposition or reduction (or oxidation in the
case of coal). The particles with smaller size that were not col-
lected in the catcher, went to the dust cyclone, which collected
particles (SB) with a Dgy = 75 pm, but larger than 20 um. The
dust trapped by the cyclone also had a low degree of reduction
and high carbon content. In a subsequent stage, smaller parti-
cles still dragged by the gases were trapped in the last collector
equipment, the wet scrubber. The characteristic size of these
particles (SC) was Dgg = 20 um. In this stage, particles had
suffered the greatest reduction (and calcination in the case of
limestone). The dust discharged from the wet scrubber was
deposited on a sludge dam, which also contain dusts from
others BF and BOF; the particle size of a sample taken from
the sludge dam (SD) was D9y = 15 pm. In the other hand,
Table 3 also includes the isoionic points (IIP) of the BFD sam-
ples, which varied in a relatively close range, from pH = 5-0
to 6.4, suggesting a slightly surface acid character. It should be
noticed that the IIP of BFD samples was in close agreement
with the IIP reported in the literature for similar industrial resi-
dues, and also for the IIP of pure hematite and magnetite spe-
cies (Rezaei and Vione, 2018; Kosmulski, 2020). The IIP of
BFD samples is helpful to elucidate the removal mechanism
of Pb(Il) from aqueous solutions.

3.2. Effect of the chemical composition and particle size in Pb
(1) removal from aqueous solutions

The effect of chemical composition of BFD samples on Pb(II)
removal from aqueous solutions was determined by comparing
the maximum Pb(II) removal percentage by SA, SB, SC and
SD, at 25 °C, initial pH = 5. To this purpose, for each sample,
a series of experiments were conducted by varying the initial
Pb(II) concentration, Co, from 54 to 538 mg/L and using a
sample load of 1 g. The corresponding equilibrium Pb(II) con-
centration in the aqueous solution, Ce (mg/L), was obtained
when Pb(II) concentration did not change over time. Pb(II)
removal percentage (Pb(Il);emova)) Was calculated by using
the following equation:
removal? % = Ce Co G x 100 (1)
Fig. 2 shows Pb(II);emovar @s a function of Ce for the BFD
samples used in this study. The Ce corresponding to the max-
imum Pb(II);emovar reached in each sample (Ce, nmax) Was used
to calculate the maximum Pb(II) adsorption capacity per gram
of adsorbent, Q, (mg/g), by using the following equation:

Oc — (Co — C;/,max)V 2)

where V is the volume of solution (100 mL) and W is the total
mass of adsorbent (1 g).

The main results of Fig. 2 are summarized in Table that 4
includes of the values of Pb(II),emovar and Q. for each of sam-
ple. Under the conditions used in the study, the maximum Pb
(IT) removal Was 43.6, 50.7, 92.9 and 96.1% for the SA, SB, SC
and SD samples, respectively. Similarly, the Q. value for these
samples was 45.1, 59.6, 107.6, and 112.8 mg/g.

In the other hand, Table 5 qualitatively compares the Qe
values determined for the BFD samples used in this study with

Pb(II)
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Table 4 Results of chemical composition and Pb(II) adsorption parameters at Pb(II) concentration = 538 mg/L, 1 g BFD and 25 °C.

BFD CaO + MgO, % Iron phases, % Fel, % Dy, pm pHip Pb(II) removal, % Qe, mg/g
SA 7.45 39.05 9.02 150 5.0 43.6 45.1
SB 15.39 33.82 1.97 75 6.4 50.7 59.6
SC 31.32 24.11 17.06 20 5.7 92.9 107.6
SD 28.19 27.37 18.82 15 5.5 96.1 112.8
120 Qe values reported in the literature for the removal of Pb(II)
=== SA from aqueous solutions by using similar steelmaking residues
100 - --&- SB and similar experimental conditions (temperature = 20-25 °C
80' -O@: i Py B - i =& SC and pH = 5 and 5.5). It must be noticed that the experimental
3 30 4" R -0~ SD conditions used in each data set were different and, therefore,
g’ b ! the comparison of the maximum Pb(II) removal capacity
i P : , O should only be made in qualitatively basis. Taking into
3 T et A=== A---4 account this fact, SC and SD showed Qe of 107.6 and
é : ¢ ,f’on PR Kool ¢ TR ¢ S A < 112.8 mg/g, respectively, which were within the range of Qe
o 40 1 ,A i values reported in Table 5 for residues such as BF sludge
= | ) ’ 6
Emmp and ladle furnace steel dust.
20 4 a e In the condition used in the study, BFD samples particle
. 75 size varied from Dgy = 150 pm (SA) to Dgg = 15 pm (SD).
0 o - : . : It was expected that particle size could affect the Qe value.
0 20 40 60 80 100 In fact, Fig. 3 shows that Qe had a linear dependence with
Ce. mo/L the In of particle size (In Dgg). Clearly, SD (Dgg = 15 pm)

Fig. 2 Pb(IDemovar @s a function of Ce for SA4, SB, SC and SD,
at 25 C and initial pH = 5.0.

Table 5 Comparison of Qe values
removal from aqueous solutions with

obtained for Pb(II)
various steelmaking

residues.
Material Particle Qe, Reference
size mg/g
Furnace slag na 4.93 Chung et al., 2016
Cyclone steel dust —600 nm 39.8 Bouabidi et al., 2018
Ladle furnace steel —600 nm 208.9  Bouabidi et al., 2018
dust
Blast furnace sludge —40 pm  64.42  Lopez-Delgado et al.,
1998
High carbon content 150 pm  55.04  Lopez-Delgado et al.,
sludge 1998
Steel slag 49— 6.6 Mercado-Borrayo
149 pum et al., 2020
Blast furnace slag 150— 2.27 Srivastava et al., 1997
200 pm
Blast furnace sludge na 227 Bhatnagar and Jain,
2006
Blast furnace dust na 142 Bhatnagar and Jain,
2006
Blast furnace slag na 25 Bhatnagar and Jain,
2006
Blast furnace SA 150 pm  45.1 This work
Blast furnace SB 75 pm 59.6 This work
Blast furnace SC 20 um 107.6  This work
Blast furnace SD 15 um 112.8  This work

na = no available

led to a higher Qe. These results could be explained in terms
that a smaller particle size les to a larger specific surface area.
In this condition, a larger number of adsorption or active sites
were available for Pb(IT) removal from aqueous solution. This
results might also suggest that no internal transport effects
were limiting the surface phenomena responsible for Pb(II)
removal.

Based on these results, it was evident that, under the condi-
tions used in this study, Pb(II) removal was influenced by the
chemical composition of BFD samples. As discussed, each
sample had different distribution of their main chemical con-
stituents: iron species (hematite, magnetite, wustite and metal-
lic iron), basic oxides (CaO, SiO,, MgO) and carbon species.
To elucidate if there was a trend between the chemical compo-
sition and Q., Pearson’s correlation coefficients were calcu-
lated to determine which chemical species had significant

120
100 1 . RI=09902
80

60 - o,

Qe, mg/g

40 -

20 A

0 1 2 3 4 5 6
In (size particle, mm)

Fig. 3  Effect of In particle size (In Dyg) in Qe.



coefficients for the chemical species in BFD samples.

effect on Q.. Pearson’s correlation coefficient is the covariance
of the two variables divided by the product of their standard
deviations (Asuero et al., 2006). A correlation value of 0.7 or
higher between two variables would indicate that a significant
and positive relationship exists between the two (Boslaugh and
Watters, 2008). Fig. 4a) shows that Q. increased with the con-
tent of CaO and MgO. Similarly, Fig. 4b) shows that an
increase in metallic iron and wustite enhanced Qe. In the other
hand, Fig. 4c) indicates that an increasing content of more oxi-
dized iron species (hematite and magnetite) led to a decrease in
Q.. As a summary, Fig. 4d) includes Pearson’s correlation
coefficients for a), b) and c), as a measure of the strength of
a linear association between the chemical phases content in
BFD samples and Q.. In all cases Pearson’s correlation coeffi-
cients were higher than 0.72. Positive values suggested a bene-
ficial effect of a given chemical species on Q., and a negative
coefficient indicated a detrimental effect of chemical composi-
tion on Q. Thus, under the conditions of this study, it could be
postulated that Pb(II) removal was enhanced by the content of
Fe and FeO, as well as CaO and MgO. Based on the Pearson’s
correlation coefficients, the basic oxides seem to have a stron-
ger effect on Pb(II) removal. In the other hand, analysis of
Pearson’s correlation coefficients also suggested that the con-
tent of more oxidized ion species such hematite and magnetite,
as well as C and SiO, had a detrimental effect in Pb(II)
removal from aqueous solutions.

With respect to the surface phenomena responsible for Pb
(IT) removal from aqueous solutions by using steelmaking resi-
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E 60 1 R ALO; -0.652
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Fig. 4  Effect of the content of: a) CaO and MgO, b) Fe® and FeO, and ¢) Fe;0, and Fe,05 on Qe; d) Summary of Pearson’s correlation

dues, several authors have suggested the occurrence of two
competitive processes: Pb(II) adsorption and Pb precipitation.
The prevalence and the extent of each surface process has been
found highly dependent on the experimental set up: the adsor-
bent’s structure and surface composition as well as the operat-
ing conditions: temperature, initial pH, ionic strength, initial
Pb(II) concentration, adsorbent load and contact time, among
the most relevant parameters (Yang et al., 2019: Huy et al,
2020; Soliman and Moustafa, 2020; Kim et al, 2021). Related
to the effect of chemical composition, iron species and basic
oxides has been indicated to play a key role in Pb(II) removal
from aqueous solutions when using steelmaking residues as
adsorbents (Yiacoumi and Tien, 1995). The effect of iron spe-
cies composition on Pb(II) removal have been related to the
number of surface Fe OH- groups formed when an iron oxide
is immersed in aqueous solution, which favours an adsorption
process by electrostatic attraction. In this case, the adsorbent
ITP and the ionic species distribution in the aqueous solution
are key parameters to determine if such adsorption process is
taking place (Cooney, 1998). As it is well known, the IIP deter-
mines the adsorbent’s surface species that are formed as a
function of the solution pH. When an adsorbent is placed in
a solution which pH > IIP, the adsorbent will develop
positively-charged surface groups. In the other hand if the
solution pH > IIP, the adsorbent will develop negatively-
charged surface groups. Under these conditions a solution with
pH > IIP is preferential to promote the adsorption of
positively-charged cations by electrostatic attraction. In
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agreement with the chemical composition of the BDF samples
used in this study, and based on calculations made with HSC
6.1 (Roine, 2006), iron species may undergo the following pro-
tonation and deprotonation surface reactions:

(a) Zero valent iron

Fe + 2H' + 0.750, = FeOH," + 0.5H,0 AG°ys ¢

= —86kcal
(3)
Fe + OH™ + 07502 = F6027 + OSHQO AGozggK
= —83 kcal
(4)
(b) Wustite, FeO
FeO + H* = FeOHT AGozgg Kk = —7 kcal (5)

FeO + 2H" + 0.250, = FeOH," + 0.5H,0 AG°ysk

= —27kcal
(6)
FeO + OH™ + 02502 = FCOQ_ + OSHQO AGozgg K
= —25kcal
(c) Magnetite, Fe;Oy: (7)
Fe;O, + 6H" + 0.250, = 3FeOH," + 1.5H,O ()
AGOQ()gK = —16kcal
FC304 + 30H™ + 02502 = 3F6027 + 15H20 (9)
AGozggK = —8.5kcal
(d) Hematite, Fe,O;:
F6203 + 4HT = 21:“6(31‘[2Jr + H2O AG0298 K = 4 kcal
(10)
F6203 + 20H™ = ZFCOZ_ + H20 AGozgg K = 10 kcal

(11)

As it is reported in the literature, the following reactions
may also be taking place as a function of solution pH
(Kosmulski, 2020):

FeOH + H* = FeOH,* (12)

FeOH + OH™ = FeO~ + H,O (13)

As shown in Table 4, the IIP of the BFD samples of this
study were in the range of 5.0-6.4. Therefore, when these sam-
ples are placed in a solution with pH = 5.0, the formation of

0r

Log Cone.

OH-

Fig. 5 Lead species distribution diagram calculated for the
experimental conditions used in this work.

negatively-charged surface groups might be expected. How-
ever, the extent of the reactions forming these surface groups
might be limited due to the small gradient between the initial
solution pH and the IIP of samples SB, SC and SD.

In the other hand, a lead species distribution diagram was
calculated by using Medusa software (Puigdomenech, 2010)
under the same conditions used for the experimental work: ini-
tial Pb(II) concentration = 538 mg/L, 1 atm and 25 °C. The
lead species distribution diagram shown in Fig. 5 indicates that
at pH = 5 the most stable lead species is Pb(II) ion. This
cation could de adsorbed by electrostatic attraction if enough
negatively-charged surface groups such as FeO- exist on the
BFD samples. In this scenario, Pb(II) adsorption may be
related to the number of surface FeOH— groups formed when
the BFD samples is immersed in aqueous solution. However,
the small differences in the pHyp observed form the BFD sam-
ples suggested that the number of potential surface FeOH-
groups available for Pb(Il) adsorption was about the same.
As a result, the differences in Qe observed for the various
BFD samples could not be explained by Pb(II) adsorption,
thus suggesting that other surface process must be taking place
in parallel to promote Pb(II) removal, as a function of the
chemical composition of the samples.

It should be noticed that Fig. 4d) showed that Pb adsorp-
tion decreased with the Fe,O3 and Fe;O4 content. This obser-
vation suggested that equations (8), 10 and 12 were favoured
because pH was acid (i.e. pH < pHyp) and, as a result,
[H*] > [OH]. On the other hand, Fig. 4c) showed that the
amount of adsorbed Pb increased with the Fe® and FeO con-
tent. Due to the fact that the standard reduction potential of
Fe?" /Fe® is —0.44 V, which is lower than that of Pb*>*/Pb
(=0.13 V), then lead ions could react with metallic iron as an
electron donor and precipitate (Rezaei and Vione, 2018), fol-
lowing reduction into insoluble metal forms, according to the
following reaction:

szJr + Fe = Pb + Fe” AGozgg K = —16 kcal (]4)

In the case of FeO, Pb could be removed by ion exchange,
like CaO, in agreement with the following reaction:
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Fig. 6 Comparison of Pb(Il) adsorption experimental data with
predictions from Henry’s adsorption isotherm for SA, SB, SC and
SD samples.

= —2.3 kcal
(15)

In the other hand, as it is shown in Table 4 and Fig. 4a), Qe
was clearly a function of CaO + MgO content in BFD sam-
ples. This trend was in agreement with the recent reports in
the literature. In fact, Zhan et al. (2019) reported that in solu-
tions with pH < 7, Pb?>" can be adsorbed by ion exchange
with Ca ions, resulting of the hydrolysis of CaO (or calcium
and magnesium aluminosilicates) contained in the samples. It
should be pointed out that in this study the solution pH could
have slightly increased by the alkaline nature of BFD samples.
According to the lead distribution diagram shown in Fig. 6, for
pH above 5.5 Pb could have been hydrolysed in the form of Pb
(OH)" and Pb(OH),. Based on these premises, a feasible
mechanism of Pb(II) removal under the conditions of this
study could be started by Pb(OH)™ adsorption, followed by
complexation to Pb(OH),, and Pb(OH), precipitation. In the
other hand, it may be suggested that Pb>" could be removed
from the aqueous solution by an ion exchange process accord-
ing to the following reactions (Gibbs energy obtained from
HSC 6.1 software (Roine, 2000)):

CaO + Pb** = PbO + Ca’ AG°us x = —27 kcal
(16)

FeO + sz+ = PbO + Fe“ AGozgg K

2Ca0 + Pb** + 2H,O = Pb(OH), + 2CaOH*

(17)
AGozggK = —36kcal

Similar reactions may also occur for MgO. However, taking
in consideration the larger composition of CaO with respect to
MgO in the BFD samples, CaO was considered as the most
important contribution.

Taking into account the change in Gibbs free energy for the
chemical reactions occurring in the system and the composi-
tion of Ca0O, Fe and FeO in BFD samples, it could be postu-
lated that the removal of Pb(II) from aqueous solution, under
the conditions used in this study, may include two routes: i) Pb
(IT) is removed by ion exchange with CaO and MgO, ii) Pb(II)
is removed by precipitation on the surface of iron phases.

These two routes may be occurring to different extent in par-
allel mode. The predominance or extent of each Pb(II) removal
processes is determined by the change in Gibbs free energy of
the surface reactions (14) to (17), as also by the relative com-
position of basic oxides (CaO an MgO) and two of the iron
species (Fe and FeO) in the BFD samples. Thus, the removal
of Pb(Il) from aqueous solutions is a strong function of the
chemical composition of BFD samples; in fact, it is mostly
enhanced by the content of CaO and MgO through an ion
exchange process, and by Fe and FeO species through a pre-
cipitation process.

3.3. Adsorption isotherm analysis

Henry, Langmuir, Freundlich, Tempkin and Dubinin-
Radushkevich adsorption isotherm models have been used to
describe the adsorption process (Limousin et al., 2007;
Ayawei et al., 2017). Henry’s isotherm is the simplest adsorp-
tion isotherm model, and it represents the thermodynamic
adsorption limit at low surface coverage, assuming that there
is no interaction among the adsorbed molecules (Silva da
Rocha et al., 1998). In agreement with Henry’s model, Qe is
proportional to the Ce:

Qe = Ky Ce (18)

where Ky is Henry’s adsorption constant.

In the other hand, Langmuir isotherm model assumes that
adsorbate molecules adsorb with uniform energy on the adsor-
bent external surface, progressively filling the available adsorp-
tion sites; the limiting adsorption condition is the formation of
a monolayer of adsorbed molecules (Ayawei et al., 2017). In
this model, Qe is a function of Ce as given by the following
equation (Al-Ghouti and Da’ana, 2020).

9, KiCe
Q¢=T1K,Ce (19)
Where Quax is the maximum monolayer coverage capacity
(mg/g), and Ky is the Langmuir isotherm constant (L/mg).

The empirical Freundlich adsorption model is generally
used to describe adsorption process on heterogeneous surfaces,
according to the following equation (Ezzati, 2020):

Qe = K,Ce'/" (21)

Where Ky is the Freundlich isotherm constant ((mg/g)(L/mg)"/™)),
which is an indicator of adsorption capacity and n is the
adsorption intensity parameter; in fact, 1/n is a function of
the strength of the adsorption process (Fang et al., 2020).

In the other hand, Tempkin’s adsorption model assumes
that heat of adsorption would decrease linearly with surface
coverage (Aharoni and Ungarish, 1997) and it includes a factor
that explicitly considers the adsorbent—adsorbate interactions:

RT
b
where: At is the Tempkin isotherm equilibrium binding con-
stant (L/g), b is the Tempkin isotherm constant, T is the adsorp-
tion temperature, R is the universal gas constant; the factor

B = RT/b, is a constant related to heat of sorption (J/mol).

Finally, Dubinin—Radushkevich isotherm model has been
successfully used to fit high solute activities and the intermedi-
ate range of concentration data (Hutson and Yang, 1997; Hu
and Zhang, 2019).

Qe =—1In(ArCe) (22)
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Table 6 Pb(II) adsorption isotherm parameters for SA, SB, CD, SD samples.

Isotherm model Parameter Samples
SA SB SC SD

Henry 2 0.962 0.995 0.923 0.971

Ky 0.1221 0.2103 2.2753 5.2661
Freundlich P 0.975 0.943 0.850 0.985

n 1.062 1.255 0.887 0.833

K¢ 0.293 0.395 1.589 2.994
Langmuir i 0.943 0.99 0.777 0.974

Qo 105 137 222 147

K. 3% 1073 3 x 1073 -8 x 1073 —2x 1072

Ry 0.496 0.498 0.511 0.532
Tempkin 2 0.917 0.878 0.950 0.874

A 1 x107* 1x107° 3x 107 1x107?

bt 116 176 33 50

B 21.3 14 74.6 49.8
Dubinin-Radushkevich i 0.766 0.878 0.922 0.938

Kad 8 x 107* 3x 107 6 x 107° 4 x10°°

qs 49.58 30.08 133.77 77.51

E 0.025 0.042 0.085 0.341

Qe = (gs)exp(—Kqe*) (23) tions. In brief, the best fit of equilibrium adsorption data for

where: gs is a theoretical isotherm saturation capacity (mg/g),
K,q is the Dubinin-Radushkevich isotherm constant (mol?/
kJ?) and ¢ is the adsorption potential.

The indicated adsorption models were used to fit the exper-
imental adsorption data of Pb (II) removal from aqueous solu-
tions by using BFD samples. The set of parameters that better
fitted the experimental data to each adsorption model was
summarized in Table 6, which also includes the correlation
coefficient ratio (r%) as the error function to determine the
best-fitting relationship (Foo and Hameed, 2010). Henry’s iso-
therm model showed the best linear fit for SA, SB and SD,
with r? > 0.96. Only SC had a slightly lower 1 value. Fig. 6
shows the agreement between experimental data and the pre-
dictions of the Henry’s adsorption model. Ky values varied
for BFD samples in the following order
SD > SC>»>SB > SA, thus resembling the same order exper-
imentally observed for Pb(II) adsorption capacity (Qe).

Langmuir isotherm model also made a reasonable fit of the
experimental adsorption data for SA, SB and SD, showing
> > 0.94. In the other hand, Freundlich adsorption model
was less adequate than Henry’s and Langmuir’s adsorption
models to fit the experimental data (> > 0.85). However, Fre-
undlich’s adsorption parameters, Ky and 1/n, related to the
adsorption capacity and to the strength of the adsorption pro-
cess (Foo and Hameed, 2010), respectively, clearly showed that
the Pb(II) adsorption was more favourable in SC and SD.
Based on the fitting of Tempkin’s adsorption, B constant value
for SD and SC was at least twice the B values for SA and SB,
suggesting stronger interactions between the adsorbate and the
surface. Finally, Dubinin—Radushkevich adsorption model
showed that constant ¢,, related to heat of adsorption, varied
in the following order: SC>SD > SA > SB, while the free
energy E values varied in the order SD>>SC > SB > SA.
These trends suggested that Pb(II) removal could be related
to the ion exchange processes described in the previous sec-

all BFD samples was obtained by using Henry’s adsorption
model. Complementary, the other adsorption models also
described the higher adsorption capacity of SC and SD, and
they provided the basis to support that Pb(II) adsorption by
ion exchange (mainly due to the CaO content and favoured
by a smaller particle size) may be a predominant mechanism
in the BFD samples used in this study.

3.4. Kinetics analysis of Pb(II) removal

Kinetics of Pb(IT) removal process was studied by using SC. As
it was indicated SC comes from a single equipment (wet scrub-
ber), so it would have better traceability for quality purposes
and, its addition, it displayed a large Q.. Kinetic studies of
Pb(II) removal were conducted at atmospheric pressure,
25 °C and using an aqueous solution with initial Pb(II) concen-
tration of 120 mg/L. Fig. 7a showed that Pb(II) concentration
in the aqueous solution continuously decreased as a function
of contact time. The fastest Pb(II) removal took place over
the first 5 min. A Pb(II) removal of about 90% was reached
after 20 min. The fast adsorption of Pb(II) observed at short
contact times may be attributed to external surface reactions,
such as ion exchange or precipitation reactions, suggested in
this study as the most feasible Pb(II) removal mechanisms.
In this way, Pb(II) ions could easily reach active sites due to
a relatively high CaO and Fe and FeO surface concentration,
thus resulting in a rapid Pb(II) uptake. As the reaction pro-
gressed, the rate of Pb(II) removal decreased as the availability
of Ca and Fe surface species suitable for the surface reactions
processes became scarce and Pb(II) ions must diffuse through
the sample pores to find new active sites.

Data of the kinetic experiment were fitted by models typically
used to describe transient metal removal processes (Fulbert,
2019; Wang and Guo, 2020). A pseudo-first order kinetic model,
based on the Lagergren equation, was initially used:
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(24)
where Q, and Q. (mg/g) are the amount of solute adsorbed at
time t (min) and at equilibrium, respectively, and k; (min~"') is
a first order rate constant.

A pseudo-second order kinetic model, which is described by
the following equation, was also used:
© _ koo - iy
where the driving force (Qe — Qt) is proportional to the avail-
able fraction of actives sites and k, is the second order rate
constant (Kaushal and Singh, 2017).

Finally, an intraparticle diffusion model was also used to fit
the experimental data. This model assumes that adsorption
rate is controlled by internal or intraparticle diffusion of Pb
(II) ions in the sample, the governing rate of Pb(II) removal
is given by the following equation (Li et al., 2013):

(25)

q, = kid[l/z (26)

where k;q is the intraparticle diffusion rate constant. In this
way, a linear fit of the plot of q, vs t'/? is representative of
an intraparticle diffusion adsorption process. The slope yields
the intraparticle diffusion rate constant k;y and the intercepts
reflects the boundary layer (BL) effect.

Results of the fitting of the experimental data with the
kinetic models previously described and kinetics parameters
were summarized in Fig. 7 and Table 7, respectively.

Clearly, the pseudo first order kinetic model did not fit the
kinetic data (> = 0.841). Similarly, the intraparticle diffusion
model was not able to correlate the experimental data. Finally,
the pseudo-second-order model showed a good fit of the
kinetic data (r* = 0.9926) and it was assumed as the best
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by sample SC under dynamic conditions (1 g BDF in 100 mL solution with initial Pb(II)
538 mg/L, pH = 5 and 25 °C). Fit of experimental data by using: b) Pseudo-first order kinetic model, ¢) Pseudo-

Table 7 Kinetic parameters values determined by fitting of
experimental data of Pb(II) removal under dynamic conditions
for sample SC.

Kinetic model Parameters r

a) Pseudo-1st order Qe Kad 0.841
53.33 0.064

b) Pseudo-2nd order Qe K, h 0.996
11.15 0.025 3.159

c¢) Intraparticle diffusion BL effect K; 0.989
0.24 2.32

model to describe the transient Pb(II) removal process. This
finding may support that Pb(II) removal occur through
bimolecular reactions such as ion exchange or the precipitation
of Pb(II) with either CaO or Fe species, respectively.

3.5. Practical implications of using BFD for removal of Pb(1I)
ions in aqueous solutions

Results in previous sections clearly showed that it is possible to
use BFD samples, collected from a dust collector system
installed in a steelmaking plant, to remove Pb(II) from aque-
ous solutions at 25 °C and initial pH = 5.0. Results of this
study confirm that chemical composition of BFD samples play
a key role for Pb(Il) removal. In more detailed, both CaO and
MgO content in BFD samples had a positive linear correlation
with Pb removal and Q.. As suggested by Zhang et al. [18], it
was shown that removal of Pb(I) may occur through an ion
exchange process with Ca ions. The analysis suggested that
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removal of Pb(II) by MgO followed a similar mechanism; how-
ever, MgO promoted the Pb(II) removal in lesser extend
because it is less thermodynamic favourable and because its
composition is 10 times lower than CaO. In a similar way, it
was shown that iron species had a promotional effect for Pb
(IT) removal from aqueous solutions. It was evident that less
oxidized iron species (i.c., Fe’ and FeO) favoured Pb(II)
removal. Under the conditions used in this study, it was postu-
lated that iron species remove Pb though an ion exchange pro-
cess. The beneficial effect of Fe species was explained in terms
of a lower change of Gibbs free energy, being the of the
exchange process with Fe more favourable than FeO. These
bimolecular ion exchange process between Pb(II) ions and
Ca and Fe species was further supported by results obtained
from equilibrium and transient adsorption process.

The Pb(IT) removal performance of the samples collected
form a dust collector system of in a steelmaking plant showed
that those residues collected at the end of the collector system,
SC (from the wet scrubber) and SD (from the sludge dam)
exhibited higher Pb(II) adsorption capacity, 107.6 and
112.8 mg/g, respectively. This range of Pb(II) adsorption
capacity of these BFD samples is similar to Q. values reported
in the literature for analogous residues (furnace sludge and
ladle furnace steel dust). It is noteworthy that the BFD sam-
ples used in this study were no subjected to any pre-
treatment and, therefore, must be taken as a residue of the
steelmaking process that can be directly valorised for the
removal of heavy metals such as Pb(II) ions, with potential
economic benefits in the treatment of polluted industrial efflu-
ents. Finally, based on the results of this study, a set of guide-
lines could be set to improve the Pb(II) adsorption capacity of
the BFD samples. However, these improvements, such as the
tuning of the particle size, the adjustment of T and initial
pH, or the chemical treatment of the BFD, may have economic
implications for the practical viability of the heavy metal
removal process.

4. Conclusions

In the context of circular economy, the re-use of metallurgical
wastes has an increasing relevance, and a number of innovative
applications are under development. One of the most promis-
ing applications is water treatment of industrial effluents due
to its high availability, low cost, high chemical affinity for
heavy metals and magnetic properties that facilitate their
recovery after treatment. Several studies have addressed the
effect of experimental conditions on the removal of heavy met-
als such as lead from aqueous solutions. This study focused on
the effect of chemical composition of steelmaking residues on
the maximum Pb(II) adsorption capacity (Q.) from synthetic
aqueous solutions, by using samples collected from different
sections of a dust collector system in a steelmaking factory.
Chemical composition of the BFD samples used in the study
showed the presence of iron species (Fe, FeO, Fe,O; and
Fe;0,), basic oxides (CaO, MgO, SiO,) and C species as the
main components. Equilibrium and transient experiments of
Pb(II) removal from aqueous solutions by BFD samples were
conducted a 25 °C and initial pH = 5.0. Results showed that
CaO and MgO, as well as metallic Fe and FeO had a positive
linear effect in Pb(II) removal and Q,. Under the experimental
conditions used in this study, Pb(IT) removal process may take

place by two parallel routes; Pb(II) is removed by ion exchange
with CaO and MgO, and Pb(I]) is also removed by precipita-
tion on the surface of iron phases. A thermodynamics analysis
of the surface chemistry suggested that MgO and FeO pro-
moted the Pb(II) removal in lesser extend that CaO and metal-
lic Fe, respectively, because the surface ion exchange with
MgO and FeO are less thermodynamic favourable and their
lower composition in the sample. These bimolecular ion
exchange process between Pb(II) ions and Ca and Fe species
was further supported by results obtained from equilibrium
and transient adsorption process. Results of this work clearly
showed that removal of Pb(II) from aqueous solutions is a
strong function of the chemical composition of BFD samples
and it provided further insight to promote the valorisation of
steelmaking residues as heavy-metal adsorbents, contributing
to future development of sustainable processes.
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