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Converting waste into a resource: ethylenediamine
modification of iron blast furnace slag to fabricate
a cost-effective adsorbent for effective Pb(i)
removal

Wesam Abd El-Fattah,® Ahlem Guesmi, ©2*2 Rana Yahya,® Ahmed M. Alharbi,©
Naoufel Ben Hamadi,? Ahmed M. Eldesoky® and Reda F. M. Elshaarawy (2 *f

The current study represents a new and cost-effective approach to fabricate a potential scavenger for
adsorptive removal of Pb(i) from wastewater. Blast furnace slag, a byproduct of the iron manufacturing
process, was employed as a key starting material for fabricating an ethylenediamine-functionalized
adsorbent (NN@Slag). The spectral, microscopic and N,-absorption analyses revealed the porous
network of NN@Slag and the distribution of amine groups on the NN@Slag surface. The newly
developed adsorbent demonstrates a strong potential for removing Pb(i) ions from wastewater,
achieving a peak adsorption capacity of 108.04 mg g~* under optimal conditions: a pH of 6, a contact
time of 90 min, a dosage of 0.04 g NN@Slag, and an initial Pb(i) concentration of 100 mg L™%. The EDX
spectra and mapping confirmed the effective adsorption of Pb(i) onto NN@Salg. The fitting of Pb(i)
adsorption data onto the NN@Slag adsorbent exhibited a strong alignment with the Langmuir model (R?
= 0.98998) and pseudo-second order (PSO) kinetic model (R? = 0.98544), indicating that the adsorption
process is predominantly governed by a monolayer adsorption mechanism and is significantly influenced

rsc.li/rsc-advances by chemisorption.

1 Introduction

The discharge of industrial waste containing heavy metal ions
(HMIs) results in water pollution, presenting a significant
global environmental challenge. A frequent HMI found in many
industrial aqueous effluents is lead, which is generally
dangerous (e.g., battery manufacture, metal plating, paint, acid
rock drainage, ceramic and glass sectors)."” Lead exposure can
disrupt biological processes, including hemoglobin synthesis,
blood pressure regulation, and renal function, potentially
causing kidney failure. It is associated with adverse reproduc-
tive outcomes like miscarriages and stillbirths. Of particular
concern is its impact on neurological development, causing
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brain damage and impairing cognitive abilities in children.**
Consequently, the scavenging of Pb from wastewater is of
considerable importance and has extensive effects. The imper-
ative to mitigate Pb contamination in water sources has driven
the development of various treatment technologies, including
solvent extraction, chemical precipitation, membrane filtering,
ion-exchange resins, co-precipitation, and adsorption.>®
Nevertheless, the initial four techniques exhibit certain defi-
ciencies: they frequently achieve only partial purification,
necessitate substantial quantities of chemicals or energy, and
result in the production of hazardous sludge that requires
additional management.® As a result, with growing focus on
economic and environmental issues in recent years, sorption
has emerged as a more feasible and cost-effective process
compared to other remediation techniques.

Various low-cost and safe adsorbents have been developed
for lead ions removal, such as natural goethite,” monoliths
clay,® bentonite clay,”' chitin,' phosphorylated chitin,** iron-
coated sand,*® algae,* lignite," zeolite,'* brown seaweed,”
sawdust,'® olive stone waste, coal fly ash,*® furnace steel dust,*
fly ash bagasse,* red Mud,* blast furnace slag,”* agro-waste,*
and chitosan.”® Nonetheless, their wide applications are con-
strained due to factors such as relatively low efficiency and
challenges in using a very fine powdered form that often
remains suspended and is hard to retrieve.”” Consequently, the
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development of efficient, affordable, recyclable, and environ-
mentally friendly adsorbents for treating the lead-contaminated
wastewater has become critically important.

Currently, the expansion of the steel and construction
materials sectors has led to the steel manufacturing industry
generating large amounts of solid by-products. Among these,
blast furnace slag (BFS) is the primary by-product formed
during the iron-making process in blast furnaces. BFS repre-
sents 30% of the total pig iron production, translating to
a minimum of 418.8 million tons.?® The US Geological Survey
Mineral Commodity Summaries project that the global output
of blast furnace slag will reach 445.6 million tons by the year
2030.%® BFS primarily consists of metal oxides including Fe,O3,
Ca0, and SiO,, along with other oxides such as Al,0; and MgO,
as well as trace amounts of metallic elements including V, Ti,
and Mn.> Despite a significant amount of BFS has been used as
a supplementary cementitious material, a considerable amount
still unused and disposed into landfills, a considerable amount
still unused and disposed into landfills where it not only
contributes to environmental degradation but also represents
a missed opportunity for resource recovery.”® Therefore, it is
crucial to develop sustainable recycling approaches and utili-
zation strategies for BFS.

Over recent years, much effort has focused on developing
amine functionalized adsorbents to treat heavy metal polluted
waters. Silica,®® carbon materials,***> clays,* fly ash,** and
industrial waste***” have been treated with mono and poly-
amines (e.g. aminopropyl, ethylenediamine diethylenetriamine,
or triethylenetetramine) using silane coupling again polymer
coating or co-precipitation, producing sorbents capable of
forming stable inner sphere complexes with Pb(u) and other
cations. Studies have shown that metal affinity improves, and
selectivity can be achieved upon incorporating nitrogen donor
groups in ligands, while uncovering similar limitations: multi-
step activation or acid leaching protocols; dependency on
expensive precursors; fine powdered products difficult to sepa-
rate from treated water; modest recyclability under realistic
regeneration conditions. While most previous work into waste-
derived adsorbents has focused on coal fly ash, desulfurization
ash and coal gasification slag, BFS remains an underexplored
platform for organic functionalization despite its vast global
production and Ca/Fe-rich highly basic mineralogy.

In this regard, the current investigation proposes NN@Slag
as a process-oriented improvement, which focuses on that
particular gap. Unlike previous studies where multi-step coat-
ings were required, prior acid leaching was performed or high
temperature activation was employed, we used only BFS as an
inorganic precursor and single step post-grafting of N(3 (tri-
methoxysilyl)propyl)ethylenediamine under mild conditions.
The resulting granular, mechanically stable adsorbent retains
the native mesoporous slag architecture while surface -NH,/-
NH donor sites become accessible on its surface. We emphasize
that our approach (i) focuses on a converter blast furnace slag
(BFS), which has an extensive documentation and rapidly
growing global stock, (ii) employs a one-pot, post grafting
approach using N(3-(trimethoxysilyl)propyl)ethylenediamine
compatible with large scale, solvent based treatment of surfaces
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already practiced at large scale in industry and; (iii) results in
production of a granular adsorbent that is mechanically stable
to handling and that can be filtered and regenerated without the
handling issues typical for fine mineral or carbonaceous
powders. These features: (i) the nature of the waste stream; (ii)
the simplicity and scalability of the functionalization, enabling
its use as a highly dispersed material; and ultimately (iii)
practical “form factor” of this adsorbent, constitute the essence
of innovation in this study. By combining an overlooked high-
volume waste (BFS), a technically straightforward ethylene-
diamine functionalization, and demonstrable reusability,
NN@Slag bridges the gap between high-performance but costly
engineered sorbents and raw slags or ashes that lack sufficient
capacity and stability, thereby offering a realistic and scalable
route for heavy-metal remediation in large-throughput
applications

2 Materials and methods

2.1. Chemicals and instrumentations

The reagents and solvents used in this were provided by the
chemical suppliers and used without purification. The specifi-
cations of these chemicals were presented in the SI. Addition-
ally, all instrumentations used for the characterization of new
materials are fully described in the SI. A stock Pb(u) solution
(1000 mg L~ ') was prepared by solubilizing the Pb(u) precursor
in (Pb(NO;),) in deionized water (DIW). To obtain serial
concentrations of Pb(u) solutions, stock solution was further
diluted by DIW (18.2 MQ c¢m™'). During adsorption experi-
ments, the pH level was adjusted using either 0.1 M HCI or
0.1 M NaOH standard solution.

2.2. Blast furnace (steel) slag

The slag utilized in this study is BFS, sourced from a steel
production facility in the industrial zone, Suez-Hurghada Road,
Ain Sokhna, Suez, Egypt. The chemical composition of slag was
investigated by X-ray fluorescence (XRF) analysis, as depicted in
Table 1. After sieving the slag, the size fraction 75-850 pm that
obtained from this process was heated to 100 £ 5 °C for 24 h,
and thereafter allowed to cool to room temperature.

2.3. Synthesis of amino-functionalized slag (NN@Salg)

The BFS was thoroughly rinsed with DIW under string for an
hour, then gathered through filtration and repeatedly washed
with DIW and ethanol until the supernatant achieved a pH of 7.
Following drying at 100 °C for 24 h, the slag was sieved to
eliminate coarse particles, affording pristine slag. This slag was
further modified by the post-grafting approach using N-(3-
(trimethoxysilyl)propyl)-ethylenediamine (TMSPen) as the
grafting agent. In brief, 2 g of slag was dispersed in 50 mLof
anhydrous toluene under ultrasonic irradiation for 15 min.
Concurrently, a solution of the grafting agent was prepared by
dissolving 3 mL of TMSPen in 25 mL of anhydrous toluene.
Subsequently, the grafting agent solution was incrementally
introduced into the slag solution under vigorous stirring, and
the resultant mixture was subjected to reflux with continuous
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stirring for a duration of 12 h. Finally, the modified slag was
filtered, washed with anhydrous toluene to remove the residual
unreacted TMSPen and then dried at 110 °C for 24 h.

2.4. Adsorption studies

2.4.1. Investigations using batch adsorption. Batch exper-
iments play a pivotal role in investigating the efficacy of any new
absorbent in removing its targeted pollutant. These experi-
ments were conducted under different conditions by varying the
pH level, adsorbent dose, adsorption time, initial pollutant
concentration, and solution temperature, to adapt the optimum
conditions required for the new absorbent to achieve maximum
removal efficacy. In this context, a series of batch experiments
were performed by exposing of NN@Salg adsorbent lead(n) ion
solutions under different serial conditions to evaluate its
adsorption performance. Initially, analytical grade Pb(NOj3),
was used as a precursor to prepare a stock solution of Pb(i) ions
(1000 ppm), which was then gradually diluted to prepare Pb(u)
solutions of serial concentrations. Pb(u) concentration was
estimated prior to and following the adsorption process using
the atomic adsorption spectrometry (AAS). The equilibrium
adsorption capacity (g.) and efficiency of Pb(u) removal (E%)
were computed utilizing formulas (eqn (1), and (2)),
respectively:

g — ([Pb]; — [Pb],) x volume of sample(L) )

mass of biosorbent(g)

¢ % 100 )

2.4.1.1 pH. The pH range of 1.0-8.0 was used to evaluate the
impact of pH on the Pb(u) ion uptake by the new adsorbent. A
set of batch adsorption experiments were conducted by
adjusting the pH level within this range using adsorbent dose of
0.03 g and 50 mL of Pb(u) solution with initial concentration of
100 ppm. The adsorption contact time was maintained at
60 min and a temperature of 298 K. Standard HCI (0.1 M) or
NaOH (0.1 M) solutions were used to adjust the pH level of
sample. At the end of experiment, the adsorbent was removed
filtration through a 0.45 pm syringe filter. After that, the free
Pb(u) ion in filtrate was analyzed using AAS.

2.4.1.2 Contact time. Batch experiments were conducted at
the predetermined optimal pH value and under the experi-
mental conditions outlined in the previous section to investi-
gate the effect of adsorption contact time, ranging from 5 to 200
minutes, on the uptake of Pb(i) ions by NN@Salg. At the end of
the adsorption experiment, the adsorbent was collected by
filtration through a syringe filter (0.45 um). After that, AAS was
used to periodically analyze the free Pb(u) ions in the filtrate.

Table 1 The chemical composition of the received steel slag
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Eqn (3) was employed to estimate the Pb(un) uptake by the
NN@Salg adsorbent, g, (mg g~ '), at time interval.

([Pb]; — [Pb],) x volume of sample(L)
mass of biosorbent(g)

qv = (3)
2.4.1.3 Adsorbent dose. This study examined the impact of
adsorbent dose (0.01-0.05 g) on the Pb(u) removal efficiency of
NN@®@Salg. This investigation was conducted under optimal pH
and time conditions. The experiments utilized a Pb(u) solution
with an initial concentration of 100 ppm at 298 K.

2.4.1.4 Initial concentration. To determine the optimal Pb(u)
concentration, aqueous Pb(u) solutions of serial concentrations
(10-300 ppm) were subjected to batch adsorption experiments
containing ions at the predetermined optimal pH, contact time,
and adsorbent dose levels, while keeping temperature at 298 K.

2.4.1.5 Effect of temperature. To assess how temperature
influences the adsorption capacity of NN@Salg, a series of
experiments were conducted. These experiments were per-
formed at temperatures ranging from 25 to 55 °C, adhering to
the predetermined optimal conditions throughout.

2.4.2. Adsorption kinetic. By analyzing the kinetics of Pb(u)
adsorption by the NN@Salg adsorbent through the evaluation
of batch adsorption experiments using various kinetic models,
we can gain valuable insights into the effectiveness and mech-
anism of this adsorption process.*®* In this context, the batch
adsorption experiment was conducted using 50 mL of Pb(u)
solution (80 ppm) under optimum conditions: pH = 6, adsor-
bent dose = 0.03 g, temperature = 50 °C. Thereafter, samples of
the adsorbate solution were taken at specified time intervals
(from 0 to 120 min), filtered through a 0.45 pm syringe filter,
and then analyzed to measure the residual free Pb(u). The
adsorption experiment findings were examined using pseudo-
first order (PFO), pseudo-second order (PSO), and intraparticle
diffusion (IPD) kinetic models (refer to Table S1, SI)** to eluci-
date the sorption mechanism.

2.4.3. Sorption isotherms. Initially, Pb(u) solutions of serial
concentrations ranging from 0 to 500 mg L~ were used to
construct calibration curve. After that, batch adsorption exper-
iments were performed under optimal conditions using Pb(u)
solutions of serial concentrations. After performing batch
experiments and removing adsorbent by filtration, the filtrate
was analyzed to quantify the free Pb(u) ion. The study of Pb(u)
adsorption onto the NN@Salg adsorbent was conducted using
three well-established isotherm models: Freundlich, Langmuir,
and Temkin (refer to Table S1, SI).*

2.4.4. Recovery and recyclability. The new adsorbent's
recovery and reusability were examined by performing several
adsorption-desorption runes using 0.1 M HNO; solution as
a desorbing agent. Following each adsorption run, the adsor-
bent was collected by filtration through a 0.45 um syringe filter
and subsequently washed with deionized water (DIW). The

Elements CaoO Sio, Fe,O; MgO

ALO;

MnO P,0s Na,O Cr,0; V,0s TiO,

Content (wt%) 32.90 15.26 34.41 6.62
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6.65

2.05 0.39 0.11 0.42 0.24 0.67
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regeneration of the adsorbent was performed by agitating iso-
lated precipitate with 0.1 M HNO; solution (1:10 w/v) at 60 °C
for 30 min. The regenerated adsorbent was collected by centri-
fugation followed by filtration and then meticulously rinsed
with DIW prior to being used for the subsequent adsorption
cycle. On the other hand, AAS was utilized to measure the
liberated Pb(n) and desorption efficiency (DE) using eqn (4):

L [P
PECA) = )~ py)

free

x 100 (4)

3 Results and discussion

3.1. Characterization of pristine and amino-functionalized
steel slag (NN@Slag)

The XRF (X-ray fluorescence) analysis (Table 1) confirms that
the BFS is primarily composed of CaO (32.90 wt%), Fe,Os
(34.41 wt%), SiO, (15.26 wt%), MgO (6.62 Wt%), and Al,O;,
(6.65 wt%). This composition is characteristic of BFS, which
typically exhibits high alkalinity and metal oxide content,
making it intrinsically reactive toward acidic pollutants and
heavy metal cations.** The abundance of Ca®>" and Fe*' ions
suggests potential for ion exchange and surface complexation,
although unmodified slag often suffers from low selectivity and
slow kinetics for specific metal ions like Pb(u).*>

XRD patterns (Fig. 1) of both pristine and modified slag
reveal crystalline phases typical of BFS, including larnite (B-
Ca,Si0,, JCPDS 33-0302), brown millerite (Ca,(Al,Fe),0;5), and
wistite (FeO). The lack of new crystalline peaks in NN@Slag
indicates that the functionalization process is surface-limited
and does not induce phase transformation, a critical feature
for maintaining mechanical stability while introducing new
surface chemistry.*

Notably, the XRD patterns for pristine converter slag and
NN@sSlag show not only sharp reflections due to crystalline
phases (i.e., larnite, brownmillerite, and wiistite), but also
a diffuse background consistent with an important amorphous
component. This crystalline-amorphous two-phase nature is
indicative of a disordered Ca-Si-Fe supersaturated glassy
phase.** The presence of this amorphous fraction directly
affects the textural and sorption properties of NN@Slag. A such
partially depolymerized, vitrified silicate network generally
provides a high density of surface hydroxyl groups (=Si-OH,
=Fe-OH, =Ca-OH) and defect locations providing anchoring
points for the grafting of silanes* and potential coordination
sites for Pb(u). This is in line with the observed mesoporous

—— Steel siag.
NN@Salg

e
2 Theta (Degree)

Fig.1 The XRD of the steel slag before and after modification.
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nitrogen sorption behavior, moderate BET surface area and
presence of ethylenediamine layer as inferred from FTIR, XPS
and EDS analyses. By explicitly acknowledging the significant
amorphous contribution, we are now able to present a much
more realistic structural image in which both crystalline phases
and disordered matrix cooperatively govern surface chemistry,
roughness and accessible area-elements that collectively
underlie the high Pb(u) uptake and robust performance of
NN@Slag.

Fig. 2 illustrates the SEM analysis of the morphological and
microstructural characteristics of the modified slag (NN@Slag).
The NN@Slag clearly exhibited an irregular architecture with
a porous configuration, which increased the specific surface
area and offered more active sites for Pb(u) adsorption. This, in
turn, allowed Pb(u) ions to diffuse onto the steel slag surface
and improved the NN@Slag's adsorption capability.

As shown in Fig. 3, the EDS analyses of NN@Slag show
a thorough elemental composition that not only validates the
presence of major slag elements like Fe, Mn, and O, but also
shows that the silyl-propyl ethylenediamine group was
successfully grafted, as evidenced by the detection of C, O, and
Si peaks. It is important to note that the nitrogen (N) peak is not
present in the EDS spectrum, which could be due to several
factors.***” EDS is less sensitive to light elements like nitrogen
because X-ray emissions are weak in normal SEM conditions.
The concentration of nitrogen on the surface from ethylene-
diamine may not be very high, which could make the signal less
strong. Also, nitrogen detection could be hard because of signal
overlap from nearby peaks and matrix effects. Despite this, the
presence of C and Si peaks serves as a strong indicator of the
successful modification of the slag surface with the silyl-propyl
ethylenediamine group.

Fig. 3 displays the EDS results for NN@Slag after Pb(u)
adsorption, which reveals a significant change in the elemental
composition of NN@Slag post-adsorption process. The
elemental mapping show lead spread evenly across the
NN@sSlag surface, suggesting the NN@Slag adsorbs Pb(u) quite
efficiently under optimal conditions. The EDS spectrum also
shows clear Pb peaks that were nowhere to be found in the
original, native NN@Slag. At the same time the usual slag
constituents, Fe, Mn, Si, O and C, still observed. This combi-
nation of new Pb signals together with steady Si and Fe lines
may indicate that the slag framework stayed stable after the
adsorption process. Similar findings have been documented in
related studies of amine-functionalized adsorbents, where Pb(i)
adsorption is corroborated through elemental mapping and
spectral analysis,»® revealing enhanced Pb signals super-
imposed on the base adsorbent elements, thereby validating
surface complexation and adsorption efficiency. These results
collectively demonstrate that NN@Slag effectively captures
Pb(u) through surface functional groups without compromising
adsorbent integrity, underscoring its potential for practical
heavy metal remediation. The adsorption mechanism is
primarily attributed to chelation/complexation between Pb(u)
ions and the amine/imine groups (-NH,/-NH-) of the grafted
ethylenediamine ligand. Pb(u), a soft Lewis acid, exhibits high
affinity for soft Lewis bases like nitrogen donors, forming stable
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(A and B) SEM images, (C—F) color-coded elemental maps, and (G) EDS spectrum of the new adsorbent (NN@Slag) before uptake of Pb(i).

The inset in panel 3G shows quantitative atomic and weight percentages.

five- or six-membered chelate rings.*® This is consistent with
previous studies on amine-functionalized silica, polymers, and
biochars for Pb(u) removal.*

Fig. 4 displays the N, adsorption-desorption isotherms for
both the pristine slag and its modified counterpart (NN@Slag).

According to the classification by the IUPAC standards, the
nitrogen adsorption isotherm of the slag samples aligns with
the standard type II isotherm. This alignment suggests that the
slag samples exhibit a mesoporous structure.*® Furthermore, it
was observed that the isotherms of the slags demonstrated

Fig. 3
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(A and B) SEM images, (C—F) color-coded elemental maps, and (G) EDS spectrum of the new adsorbent (NN@Slag) before uptake of Pb(i).

The inset in panel 4G shows quantitative atomic and weight percentages.
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a characteristic HIII-type hysteresis loop, suggesting that the
slag constituted a layered aggregate.>* Also, the NN@Slag
exhibited a relatively low specific surface area of 11.82 m*g " as
compared to the pristine slag sample (21.79 m? g~ ). This may
be attributed to the silane coupling agent coating the surface of
the slag. Furthermore, as illustrated in Fig. 5B, the pore size
distribution analysis indicated that both slag and modified slag
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(A) N, adsorption—desorption isotherm and (B) pore size distribution of the steel slag and the modified steel slag (NN@Slag).

(NN@Slag) demonstrated a singular peak within the micropo-
rous region, approximately at 1.69 nm.

3.2. Adsorption studies

To optimize the protocol for the efficient scavenging of Pb(u)
ions using a novel adsorbent, the parameters controlled in the
Pb(u) uptake using NN@Slag should be fine-tuned and opti-
mized. Therefore, it is crucial to study the impacts of various
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Fig. 5 Effects of various parameters such as pH (A), adsorption time
uptake by NN@Slag in comparison to the pristine slag at 25 °C.
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parameters (pH, time, adsorbent dose, initial Pb(u) concentra-
tion, and temperature) on the adsorption capacity NN@Slag.
This to determine the optimal level of each parameter, to ach-
ieve maximum removal efficiency.

3.2.1. Effect of pH. The pH level of the adsorbate (Pb(u))
solution determine the form of Pb(u) exist in the solution and
influences the resulting sorption or precipitation processes.
Consequently, it is important to maintain the pH at optimal
level to achieve a maximal removal efficiency. Fig. 5A illustrates
that the Pb(u1) uptake by both slag and NN@Slag was relatively
minimal when the pH value ranged from 1 to 3. Nonetheless,
the adsorption capacity of NN@Slag was remarkably enhanced
with pH elevation to reach maximal level (g. = 45.9 mg g™ ')
near-neutral pH (6). In contrast, pristine slag reached its peak g,
of 34.37 mg g ' at pH 5, with lower adsorption at higher pH
likely due to surface charge and precipitation effects. Two
reasonable factors are responsible for the significantly low
adsorption capacity of NN@Slag in a strongly acidic medium
(pH = 1-3). First, there is strong competition for the accessible
active binding sites on the NN@Slag surface between the large
population of protons and Pb(u) cations. Additionally, proton-
ation of the amine groups on the NN@Slag surface, resulting in
a positively charged surface that repels Pb(u) cations and
reduces adsorption efficiency.*> These groups deprotonate as
the pH rises, creating a negatively charged adsorbent surface
that promotes complexation with Pb(u) cations and electrostatic
attraction, increasing the adsorption capacity. This interaction
is typically optimized at pH values close to neutral, which
Pb(u) uptake. Importantly, as the solution
approaches neutrality, Pb(u) speciation will shift toward partial
precipitation of Pb(OH),. The reduction in dissolved Pb(u) is
attributed to the specific adsorption on NN@Slag and hydroxide
precipitation rather than mere adsorption. It is consistent with
the previous reports that biosorption/adsorption of Pb(u) can
occur simultaneously with precipitation of Pb(OH), at neutral to
weak alkaline pH.">**** When the pH rises above 7, hydrolyzed
species such as Pb(OH)" and Pb(OH)? can form.> These species
can precipitate out of solution, thereby decreasing the adsorp-
tion efficacy. More on the disentanglement of these contribu-
tions will be addressed in future work.

3.2.2. Effect of contact time. The kinetics of the adsorption
process are crucial for understanding the efficiency of an
adsorbent. In this context, the influence of varying adsorption
contact times, from 5 to 200 min, on the absorption of Pb(u) was
studied. As illustrated in Fig. 5B, the Pb(u) uptake by NN@Slag
increased with increasing time, reaching equilibrium within
90 min (g. = 46.09 mg g~ '), which is faster and higher than the
pristine slag (g. = 35.61 mg g '). This enhanced kinetic
behavior results from the increased active sites and affinity
introduced by ethylene diamine functionalization, which facil-
itates more efficient interactions with Pb(u).

3.2.3. Effect of adsorbent dose. Because the adsorbent
dosage changes the surface area and available active sites, it has
a significant impact on the adsorption kinetics and equilibrium
capacity. Due to increased adsorption site availability and faster
initial adsorption, increasing dosage

maximizes

improves removal

14784 | RSC Adv, 2026, 16, 14778-14792

View Article Online

Paper

efficiency. On the other hand, because of site overlapping,
particle aggregation, and possible site unsaturation, overdosage
can reduce adsorption capacity per unit mass. Therefore, opti-
mizing the dose of adsorbent is important to attain maximal
scavenging efficacy and adsorption capacity. Fig. 5D shows
a direct correlation between the adsorbent dose and removal
efficiency, with an optimal dosage of 0.04 g resulting in
a maximum removal efficiency of 89.16% for NN@Slag, which
exceeds the 83.14% efficiency recorded for slag. This indicates
that NN@Slag is more effective at lower dosages, which is
economically beneficial for large-scale applications. It worth
noted that, beyond the optimal dose, further increase in the
adsorbent dose results in efficiency decline.

3.2.4. Effect of initial concentration. To enhance adsorp-
tion efficiency and develop successful remediation protocol, it is
crucial to study and understand the impact of the initial Pb(u)
concentration on the adsorbent uptake. This understanding
can help establish guidelines to limit Pb(u) levels in contami-
nated water sources to be treated, thereby reducing the risk of
lead contamination. Consequently, the adsorption experiments
were conducted by blending optimum adsorbent dose with
Pb(u) solutions of gradient concentrations (10 to 300 ppm)
under optimum conditions to investigate the optimal initial
concentration. Fig. 5E reveals that with an increase in the initial
concentration of Pb(u), its uptake is significantly improved.
Notably, at an initial concentration of 100 ppm, NN@Slag
achieves a maximal removal efficiency of 91.49%, while slag
shows a removal efficiency of 78.32%. Nevertheless, once the
concentration exceeded 100 ppm, the efficiency of removal
leveled off, signifying that the adsorbent had reached its satu-
ration point. The improved performance at higher initial
concentrations can be explained by the stronger driving force
for mass transfer, which makes it easier for Pb(u) ions to move
toward the adsorption sites on NN@Slag.>* Also, modifying by
ethylene diamine probably creates more binding sites that can
hold more Pb(u) ions, which increases the overall adsorption
capacity.

Remarkably, while the BET surface area of slag was reduced
following TMSPen functionalization, the Pb(u) adsorption
capacity of NN@Slag improved significantly showing that
adsorption is ruled more by surface complexation sites than
total gas-accessible area. This is consistent with a process
controlled by chemisorption, evidenced by the good fit to the
Langmuir and pseudo second-order models (see Section 3.9)
and spectroscopic evidence that specific Pb-N/O coordination
occurs at the modified surface. In fact, as any decrease in BET
surface area caused by pore blocking by organic moieties was
more than offset by the introduction of new sites that had
strong binding affinities for Pb(u) that stable coordination bond
formation with amine and oxygen functionality,® we found
a high density of grafted TMSPen provided excellent binding
between these heavy metals and slag network. Hence, the
increase in Pb(u) uptake upon modification should be attrib-
uted to the augmented chemical reactivity and availability of
these functional sites in aqueous phase rather than a mere
increase in physical surface area.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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% Fig.6 (A-C) Linear and (D—F) non-linear fitting of kinetic models to the data of Pb(i) adsorption onto NN@Slag including (A and D) PFO, (B and E)
S PSO, and (C and F) IPD, respectively.
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© 3.3. Adsorption kinetics order model. This value is notably higher than the adsorption
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% The kinetics of Pb(u) adsorption onto NN@Slag were system- cap_acmes rellaortzqfifo; the unmodified Bfls (:‘21'66 mgs )l a?ld
@ atically analyzed using the most common kinetic models: PFO, ~M!ROPIopy-modi ef BFS (‘110-62 mg g h] Ifnte}ll”estlng y, the
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= PSO, and IPD models, in linear and nonlinear regression style adsorption capacity of NN@Slag surpass that of other agro-, bio

(refer to Fig. 6). According to the regression fitting parameters
(Table 2), the nonlinear pseudo-second-order model emerged as
the most suitable for representing the, yielding a high correla-
tion coefficient (R> = 0.98544) and an equilibrium adsorption
capacity (g.) of 81.13 mg g, outperforming the pseudo-first-

(cc)

, and industrial waste adsorbents, which typically range from 14
to 70 mg g~ under comparable conditions.”” In comparison,
NN@Slag's performance is competitive, especially considering
its base material as industrial slag, which is abundant and low-
cost.

Table 2 Linear and non-linear fitting of the kinetic models for the data of Pb(i) adsorption onto NN@Slag”

Fitting parameters

Model ge (mg g™ k, (min™") x* RMSE COoD R
PFO Linear 49.89 0.02437 0.42388 —0.92702 0.85936 0.83592
Nonlinear 56.67 0.01958 9.82259 68.75815 0.97588 0.97254

ge (mgg™) k,x107? (g mg™ ' min™") x’ RMSE COD R’
PSO Linear 76.12 0.25766 0.16576 0.98235 0.96502 0.95919
Nonlinear 81.13 0.22803 5.15171 36.062 0.98735 0.98544

C(mgg™ kiq (mg g~* min~*?) X2 RMSE COoD R?
IPD Linear 0.53344 4.4551 190.84756 0.94377 0.8907 0.87248
Nonlinear 0.19297 4.50418 26.70358 186.92506 0.93444 0.92507

¢ x*> = Reduced Chi-Sqr; RMSE = residual sum of squares; COD = R-square; R> = Adj. R-square.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The kinetic fitting strongly favored PSO model for NN@Slag,
consistent with chemisorption being the primary adsorption
mechanism, a trend widely observed in heavy metal adsorption
studies involving pristine and modified slags®»®” and
biochars.*®>

In addition to the coefficients of determination (R* and COD)
already reported, Table 1 also provides the reduced chi-square
(x?) and residual root mean square error (RMSE) values for all
linear and non-linear fittings corresponding to the pseudo-first-
order, pseudo-second-order, and intraparticle diffusion models
in order to collect a more rigorous statistical validation from
kinetic fits. The much smaller values of x> and RMSE for the
pseudo-second-order model, as well as its larger R*/COD,
further support that this model best describes the kinetics of
Pb(u) adsorption onto NN@Slag and suggests a predominantly
chemisorption-controlled process.

It is important to note that while the Pb(u) uptake data fit
exceptionally well with a pseudo-second-order model, which
describes chemical absorption kinetics, the Weber-Morris
intraparticle diffusion plots are multi-linear and lines do not
pass through the origin, indicating that intraparticle diffusion
was involved in Pb(u) uptake on NN@Slag but was not the only
rate-controlling step.®® Therefore, overall kinetics are better
described by a mixed-control mechanism in which external film
diffusion, progressive diffusion into particle interiors and
surface chemisorption act sequentially or concurrently as
additives to the rate, consistent with the predominance of the
pseudo-second-order model and inability of intraparticle
diffusion alone to represent observed rate.

View Article Online
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3.4. Adsorption isotherms

Adsorption isotherms provide important information on the
equilibrium dynamics of the adsorbate-adsorbent system (Pb()
ions-NN@Slag). Furthermore, these isotherms play a crucial
role in forecasting the adsorption process, evaluating the
interaction between the adsorbent and adsorbate, and deter-
mining surface coverage. Therefore, the adsorption findings
were systemically modeled using both linear and non-linear
formulas of Langmuir, Freundlich, and Temkin fittings
models (refer to Fig. 7). Adsorption on a homogeneous surface
with similar sites is assumed by the Langmuir isotherm model,
and involves reversible monolayer coverage of adsorbate.®* In
contrast, a multilayer creation of heterogeneous adsorption
sites, reversible forces between adsorbate molecules, and an
exponential growth of adsorption capacity with sorbate
concentration are the assumptions of the Freundlich isotherm
model.*” The Temkin model assumes a significant correlation
between the adsorbate-adsorbent interaction and surface
coverage, resulting in a linear correlation between surface
coverage and adsorption energy.*

According to the fitting parameters depicted in Table 3, the
nonlinear Langmuir model best one to describe the adsorption
behavior Pb(un) adsorption on NN@Slag as evidenced by the
highest correlation coefficients (R* = 0.98998) and a remarkable
maximum adsorption capacity (¢max) of 108.04 mg g *. These
findings suggest that the adsorption process is predominantly
monolayer, taking place on a surface with a limited number of
uniform sites. These results clearly position NN@Slag as
a highly effective adsorbent in Pb(ir) remediation applications,
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Fig.7
Temkin isotherm models for Pb(i) adsorption on NN@Slag.
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(A—C) Linear and (D—F) non-linear regressions of different kinetic models including (A and D) Freundlich, (B and E) Langmuir, and (C and F)
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Table 3 Linear and nonlinear fitting of the adsorption isotherms for the Pb(i) uptake onto NN@Slag

Langmuir Freundlich Temkin
Model Gmax (Mg g™ ") b(Lmg ) R? Ki(mgg™) n(Lmg™") R? Kr(mgg™) br (Lmg™ ") R?
Linear 105.74 0.01276 0.98143 5.12224 2.03990 0.95838 0.19242 20.5697 0.90897
Nonlinear 108.04 0.00721 0.98998 6.03056 2.16464 0.96405 0.19242 20.5697 0.93233

Table 4 Thermodynamic parameters of adsorption of Pb(i) onto
NN@Slag adsorbent

Temperature AS° AH° AG®

(°K) (kJ mol™* K) (kJ mol ™) (kJ mol ™) R?
298.15 —29.44 —6.93 8.77 0.97474
303.15 8.92

308.15 9.07

313.15 9.21

318.15 9.36

323.15 9.51

328.15 9.65

outperforming many reported materials in both capacity and
adsorption strength, while benefiting from the economic and
environmental advantages of slag utilization.

The excellent fit to the Langmuir model (R*> = 0.99) confirms
that the uptake of Pb(u) occurs mainly by monolayer coverage
on a finite number of energetically equivalent sites rather than
unrestricted multilayer deposition. Such behavior is entirely
consistent with the surface structure of NN@Slag, wherein
grafting  N-(3-(trimethoxysilyl)propyl)ethylenediamine  onto
a partially amorphous slag framework results in a population of
well-defined amine/oxygen donor centers anchored to silanol
and metal-oxide functional groups. This suggests that the
Langmuir maximum capacity (¢max = 108.04 mg g~ ') may be
interpreted as an estimation for the density of these available
complexation sites under the given conditions, while significant
values for the Langmuir affinity constant (b) indicate a strong,
chemisorptive nature of the Pb(u)-surface interface. Thus, along
with the pseudo-second-order kinetics and spectroscopic
evidence of Pb-N/O coordination (refer to Section 3.8), the
Langmuir fit supports a mechanistic picture in which Pb(u)
forms stable inner-great complexes with a rather uniform set of
amine-functionalized sites on NN@Slag, accounting for both its
high capacity as well as efficient regenerability of the adsorbate.
Notable, while comparatively high initial Pb(u) concentrations
were used in these experiments to allow for clear determination
of the Langmuir isotherm parameters and saturation behav-
iour, the strong affinity indicated by the fit suggests NN@Slag
could also have potential of treating more dilute, realistic
wastewater streams.

3.5. Adsorption thermodynamics

The additional thermodynamic analysis of Pb(u) uptake by
NN@Slag was performed for further understanding of the
nature of adsorption process which agrees well with kinetic and

© 2026 The Author(s). Published by the Royal Society of Chemistry

isothermic studies.* The Van't Hoff plot generated based on the
equilibrium data across the investigated range of temperatures,
298-328 K shows a linear trend (Fig. S1, SI), implying that the
standard thermodynamic parameters are well defined over the
temperatures studied and no phase change nor significant
change in adsorption mechanism occurs within this window.
The enthalpy change is negative when calculated (AH® =
—6.93 k] mol ') (Table 4), indicating that Pb(i) adsorption onto
NN@Slag is an exothermic process which is consistent with the
experimental decrease in different capacity at higher tempera-
tures. This behavior aligns with most reported sorption systems
of heavy metals on amine functionalized mineral and silica
surfaces, where the binding of metal-ligands and electrostatic
interactions normally liberate heat.

It is also important to note that the entropic contribution
related to adsorption is negative (AS® = —29.44 J mol ™" K '),
indicating a gain of order near the solid-solution interface, as
Pb(u) ions move from aqueous solution into specific coordina-
tion positions on the NN@sSlag surface. This ordering is based
on the partial desolvation of hydrated Pb(u) and formation of
fewer flexible inner-sphere complexes with surface -NH,/-NH
as well as oxygen donors (XPS and FTIR data). In line with an
exothermic process governed by specific binding and not
entropy-driven physisorption, the Gibbs free energy change
becomes less favorable with increasing temperature within this
thermodynamic formalism. Collectively, these thermodynamic
results lend credence to the notion that Pb(u) uptake by
NN@Slag occurs via energetically favorable exothermic chemi-
sorption at well-defined sites, reinforcing the mechanistic
interpretation drawn from the Langmuir and PSO fits while
underscoring the versatility of NN@Slag as an effective adsor-
bent for Pb(u) remediation under ambient conditions.

3.6. Effect of competing ions

To further assess the practical performance of NN@Slag under
more realistic water-chemistry conditions, additional batch
experiments were conducted at the optimized adsorption
conditions in the presence of common coexisting cations (Na®,
Ca®", Mg”**, Cd*" and Mn**; 0.1 mM each). Results (Fig. 8A)
indicated that the presence of common background electrolyte
ions such as Na*, Ca®*, and Mg”*'had little effect on Pb(n)
removal efficiency by NN@Slag which was retained at high
levels after equilibration, while Mn** caused the most signifi-
cant but still moderate inhibition for Pb(u) uptake. Such
behavior is ascribed to the intense and specific coordination of
Pb(u) with amino and hydroxyl functional groups on the
NN@Slag surface, giving rise to a clear selectivity advantage

RSC Adv, 2026, 16, 14778-14792 | 14787
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relative to lighter competing cations thus supporting the
applicability of the material for Pb(n) removal from complex
natural and industrial waters.

3.7. Adsorbent recovery and reusability

The recovery and reusability of adsorbents have become a focal
point in environmental research. This interest is driven by the
importance of improving the overall efficiency and cost-
effectiveness of systems through the optimization of regenera-
tion and recovery processes. Therefore, the potential for recov-
ering and reusing the new adsorbent was examined by
performing several adsorption-desorption cycles, utilizing
HNO; solution as the desorbing agent. After each adsorption
cycle, the adsorbent was retrieved and examined for the
subsequent run. As illustrated in Fig. 8, the NN@Slag demon-
strated exceptional reusability, preserving 87% of its initial
adsorption efficacy after completing five sequential adsorption—
desorption runs. This performance underscores its potential as
a sustainable and cost-effective scavenger for water remedia-
tion. This study brings to light the significant potential of
NN@Slag as an effective and sustainable adsorbent for the
removal of HMIs.

3.8. NN@Slag structural integrity during adsorption-
desorption cycles

FTIR (Fig. 9A) and SEM analyses (Fig. S1, SI) of fresh, Pb-loaded,
and regenerated NN@Slag directly support the fact that during
repeated use this new adsorbent retains its structural as well as
chemical integrity. FTIR spectroscopy clearly depicts the
sequential alteration of slag surface after ethylenediamine
grafting, Pb(u) adsorption and subsequent regeneration.
Freshly collected slag displays a broad O-H stretching band (at
3500 cm™ ') together with characteristic strong signals for C=0
of carbonate CO;> groups (1850 cm™ '), and Si-O-Si struc-
tures,” in the range 900-1100 cm ™% which is typical for basic
oxygen furnace slags and confirms the predominance of
hydroxylated silicate and carbonate phases. Indeed, a new band
appeared at 3300-3400 cm ™' region along with a broad band
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centered at 3489 cm ™' in combined to be attributed as the NH,
stretching vibrations and overlapping N-H/O-H stretching
peaks after functionalization of NN@Slag.”> Additionally, the
C-H stretching bands of the propyl linker were observed in the
2930-2870 cm ™' rang. The band located at 1594 cm™ " related to
N-H bending of the grafted ethylenediamine, which is in good
agreement with similar observations made for aminosilane
modified mineral and silica surfaces.

Notable, these characteristic bands of the ethylenediamine
functionality including N-H stretching, C-H stretching of the
propyl linker, and N-H/C-N vibrations are clearly observed in
the initial NN@Slag yet decline slightly after Pb(u) uptake
(because of coordination with Pb(u)), but are essentially
restored in the regenerated material after acid desorption. This
reversible band intensity modulation, without band disap-
pearance or distortion of the spectrum, suggests that the
diamine layer based on ethylenediamine silane is not stripped
off from the slag surface in adsorption-desorption cycles and
that Pb(u) binding occurs predominately via recoverable deco-
rated surface complexation rather than irreversible elimination
of functional groups which is consistent with previous results
reported in amine functionalized mineral and silica sorbents.

Further confirmation of the integrity of operational
NN@Slag is observed with top-view SEM micrographs (Fig. S2,
SI). The as-prepared adsorbent shows rough, irregular granular
morphology with abundant meso/macropores, which provides
available sites for the stable uptake of Pb(u) ions, while the
regenerated adsorbent retains its overall texture and particle
size distribution without any severe agglomeration or cracking/
collapse. Due to the observation that NN@Slag retains ~88% of
its original Pb(n) removal efficiency after 5 consecutive adsorp-
tion-desorption cycles, these structural and spectroscopic
results cumulatively reflect excellent stability of both the inor-
ganic slag supporting backbone and definitely bound organo-
silane amine monolayer when subjected to used conditions.
This durability complemented by high Langmuir capacity and
favorable kinetics render NN@Slag a practically reusable waste
derived adsorbent, even under regeneration protocols typical of
Pb(u) remediation process in the real world.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) FTIR spectra of the pristine steel slag (slag), ethylenediamine-functionalized slag (NN@Salg) adsorbent, adsorbent after Pb(i) uptake

(Pb-NN@Salg), and recovered adsorbent (R NN@Salg) after Pb(i) desorption. (B) XPS curves of slag, NN@Salg, and Pb-NN@Salg. (C) Schematic
representation for the fabrication of the new adsorbent (NN@Slag) and the possible mechanism responsible for its performance in Cuf(i)

scavenging.

3.9. Adsorption mechanism

The FTIR spectra of the nascent adsorbent (NN@Slag) and Pb-
loaded adsorbent (Pb-NN@Slag) (Fig. 9A), directly support the
success of adsorption process as well as provide an insight into
the mechanism of this process. Upon Pb(u) uptake (Pb-
NN@sSlag), the intensity of N-H/C-N band decreases and
shifts as higher energy bands appear at low wavenumber in 500
to 700 ecm™ ! attributable to Pb-O/Pb-N coordination,® con-
firming amine and oxygen donor groups strongly coordinating
with Pb(u) through inner sphere complexation instead of merely
electrostatically interacting. Importantly, the FTIR spectrum of
the regenerated adsorbent (R NN@Slag) closely mirrors that of
the fresh NN@Slag: re-appearance of N-H/O-H and N-H/C-N
bands re-intensifies while Pb-O/Pb-N features largely vanish,
confirming that covalently bonded ethylenediamine still
adheres to slag and also that Pb(u) is desorbed but without
chemical degradation to its functional groups. Combined with
the retained slag lattice bands, these IR signatures point to
a strong reversible mechanism of chemisorption wherein Pb(u)
is captured by amine and oxygen-bearing sites followed by
desorption upon acid treatment further establishing NN@Slag
as structurally stable and regenerable adsorbent for remedia-
tion of Pb(u).

Further, a direct, surface-sensitive evidence of successful
grafting of ethylenediamine to slag and subsequent Pb(u)
capture by the functionalized material were obtained from X ray

© 2026 The Author(s). Published by the Royal Society of Chemistry

photoelectron spectroscopy (XPS). As shown in Fig. 9B, pristine
slag shows weak signals characteristic of its typical lattices (Ca
2p; Si 2p; Al 2p; Fe 2p; C 1s(adventitious carbon); O 1s) without
any contribution detectable from nitrogen.*® In contrast, the
NN@sSlag presents a distinct N 1s peak and increased Si 2p
intensity is evident which is expected due to the formation of
siloxane-anchored organic layer based on N(3 (trimethoxysilyl)
propyl)ethylenediamine and terminal -NH,/-NH groups are left
exposed at surface. The transition from a purely inorganic (Si-
O) to one containing N is quite consistent with earlier XPS
studies on aminosilane-functionalized oxides and slags, in
which the emergence of the N 1s alongside enhanced Si 2p
features have been considered as unambiguous indicators for
covalent grafting.

After Pb(u) adsorption, the spectrum of Pb-NN@Slag is
characterized by the appearance of intense Pb 4f and Pb 4d
doublets superimposed on existing Ca, Si, Al, Fe, C, N and O
signals post adsorption confirming successful retention of Pb at
adsorbent surface. Simultaneously, slight shifts and broad-
ening of the N 1s and O 1s envelopes suggest that nitrogen and
oxygen donors in the grafted layer engage in coordination to
Pb(u), compatible with a chemisorption mechanism where
complexation through Pb-N/O inner sphere is dominant over
simple electrostatics. This XPS based evidence of metal-ligand
bonding is also consistent with previously reported amine
functionalized silica, carbon and slag systems and strengthens
the basis for monolayer chemisorption established from the
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Table 5 Comparison of adsorption performances of different reported adsorbents and that obtained in this study”

Optimum adsorption conditions

Recyclability RE after n

pH Time (h) Dose (g L) Temp. (K) Gmax (Mg g™ 1) (cycle (n)) cycles (%) Ref.
BFS 5.4 0.5 10.0 293 34.26 NA NA 66
ASAC 4 48 20.0 298 22.8 NA NA 67
SS 5 0.5 12.0 298 24.36 NA NA 68
Kaolin 6 3.0 20.0 298 4.50 NA NA 69
Bentonite 6 3.0 20.0 298 7.56 NA NA 69
BFS 6 3.0 20.0 298 5.52 NA NA 69
Fly ash 6 3.0 20.0 298 4.98 NA NA 69
FGD ash 6 1.5 40.0 296 130.2 NA NA 70
T-AC 5 4.0 0.5 298 268.61 NA NA 71
MWCNTSs/iron oxides/CD 5.5 24 0.4 293 12.3 5 95.44% 72
Oxidized MWCNTSs 6.5 36 1.0 293 4.1 NA NA 73
CGFS-PS-NH,, 5 3.0 1.0 298 113.90 5 87.62 74
CGFS-PS-SH 5 3.0 1.0 298 76.81 5 85.33 74
NN@Slag 6 1.5 0.8 298 108.04 5 87.79 ™

% RE: removal efficiency; ASAC: activated carbon prepared from apricot stone; SS: steel slag; FGD ash; dry desulfurization slag; T-AC: amino
functionalized activated carbon derived from coal gasification fine slag; MWCNTs: multiwalled carbon nanotubes; CGFS-PS: coal gasification

fine slag-functionalized porous silica; TW: this work.

Langmuir/PSO fitting. Collectively, the N 1s feature observed
upon NN@Slag modification and the Pb 4f/4d signatures
recorded postexposure to Pb(u) present a consistent picture
whereby NN@Slag functions as a stable, covalently modified
chelating surface with high-affinity binding to Pb(u), where the
slag matrix remains intact.

Consequently, the possible mechanism for Pb(u) removal by
TMSPen-modified slag (NN@Slag) involves multiple key steps.
The grafting of slag by TMSPen results in the formation of
NN@sSlag through the introduction of ethylenediamine moie-
ties, which are rich in amine (-NH,) groups, onto the slag
surface (refer to Fig. 9B). These functional groups provide active
chelation sites capable of selectively binding Pb(u) ions from
aqueous solutions. The complexation and immobilization of
Pb(u) ions on the modified slag surface are facilitated by the
strong coordination between the ions and the lone pairs of
electrons on the nitrogen atoms within the ethylenediamine
groups during adsorption. Additionally, the porous slag matrix
enhances this chelation mechanism by offering a large surface
area and accessibility for metal ions.

3.10. Rank of the new adsorbent compared reported ones

As shown in Table 5, NN@Slag exhibit a competitive perfor-
mance with respect to Pb(u) removal and its Langmuir
maximum capacity (108.04 mg g ') is obtained under mild
conditions (pH 6; 1.5 h; 0.8 g L™"; 298 K). This is more than
threefold higher than that of common unmodified slag (5.52—
34.26 mg g~ ') and greatly exceeds those of low-cost sorbents
such as kaolin and fly ash (4.5-22.8 mg g~ ') used under high
dosages (10-20 g L™'). Although designed systems such as
amino-functionalized activated carbon (T-AC, 268.61 mg g )
exhibit superior capacities, the needs of complex precursors,
higher doses or more intense methods usually obscure their
scalability and cost-effectiveness compared to NN@Slag.

14790 | RSC Adv, 2026, 16, 14778-14792

Furthermore, NN@Slag is a good performer compared to
other amorphous, amine-functionalized, slag-related materials.
It indicates comparable capacity to CGFS-PS-NH,, derived from
coal gasification slag (113.90 mg g~ ') but lower solid loading
(0.8 vs. 1.0 g L") and shorter contact time (1.5 vs. 3 h), while
similar recyclability in five cycles (87.79% vs. 87.62% removal
efficiency). NN@Slag shows drastically better capacity (108.04
vs. 4.1-12.3 mg g ') than carbon-nanotube composites &
oxidized MWCNTs, in addition to easier synthesis, shorter
equilibration times and similar or even improved performance
across cycles. This highlights its practical benefit over expensive
nanoscale powders. In summary, NN@Slag typically out-
performed low-cost adsorbents with established behavior in
terms of capacity, dosage, contact time and reusability but
deriving from a limitless steelmaking by-product and
a commercially available silane. The multi-parameter perfor-
mance and scalability of NN@Slag render it one of the most
versatile adsorbents available for Pb(un) remediation and
valuing-converter slag as a highly effective material in the state-
of-the-art environmental applications.

4 Conclusion

This study utilized an innovative and economical method to
create a highly efficient adsorbent for Pb(u) removal from
wastewater. Blast furnace slag, a byproduct of the iron industry,
served as a scaffold template for creating this adsorbent
(NN@Slag) by grafting it with N-(3-(trimethoxysilyl)propyl)-
ethylenediamine (TMSPen). The successful formation of
NN@Slag as well its structural and morphological characteris-
tics were elucidated based on the findings of spectroscopic and
microscopic measurements. These analyses reveled the porous
network of NN@Slag and scattering of the amine groups on the
NN@sSlag surface. The new adsorbent shows a promising

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capability in scavenging of Pb(u) ions from aqueous effluents
with maximum adsorption capacity of 108.04 mg g " under
optimum conditions: pH 6, 90 min contact time, 0.04 g
NN@Slag dosage, and Pb(m) initial concentration of 100 mg L™".
In addition, the fitting of adsorption data exhibited a strong
alighment with the Langmuir model (R* = 0.98998) and the
pseudo-second-order kinetic model (R*> = 0.98544), indicating
a homogeneous adsorption process governed by chemisorption
mechanisms, which underscores the adsorbent's efficacy and
suggests its suitability for practical applications in mitigating
Pb(u) pollution in aqueous environments.

While NN@Slag possesses a high Pb(u1) removal efficiency
and favorable regenerability, the environmental safety of
NN@sSlag needs to be assessed for potential leaching from
intrinsic slag components as well as the stability of grafted
amine layer under realistic operating conditions before large-
scale utilization. This said, future efforts will be directed
towards standardized leaching and ecotoxicity (e.g., bioassays)
tests to ensure that the technical use-mined NN@Slag and their
disposal do not pose secondary contamination hazards in
treated waters or in receiving environmental compartments.

Another limitation of this study is that the leaching of
intrinsic slag metals (including thus far unknown values for Fe,
Mn and Cr) during adsorption-desorption ciclo-destructive
cycles was not quantified since our investigation and available
resources were focused on Pb(u) removal performance (full
characterization of the leachate fell out of the scope). Future
studies will include systematic analyses of treated solutions and
eluates, using standardized leaching and ecotoxicity tests to
elucidate the release of these elements from NN@Slag under
realistic operational conditions as well to evaluate whether its
application entails secondary contamination risks.
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