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Abstract - Steel slag (SS), an industrial by-product, has been
investigated as a cost-effective adsorbent for removing hexavalent
chromium Cr(VI) from aqueous solutions. Unlike previous studies
that primarily focused on conventional adsorbents, this research
systematically investigates the adsorption behavior of SS,
emphasizing its kinetic and isotherm characteristics. Batch
experiments revealed that Cr(VI) adsorption reached equilibrium
within 150 minutes under acidic conditions, with optimal
performance at pH 3. Adsorption kinetics followed the pseudo-
second-order model (R?=0.985), indicating chemisorption
dominance. The Langmuir isotherm provided the best fit
(R*=0.986), with a maximum adsorption capacity of 13.32 mg/g at
an initial Cr(VI) concentration of 20 mg/L, suggesting monolayer
adsorption on uniform sites. This study provides novel insights by
demonstrating the effectiveness of SS as an alternative low-cost
adsorbent that has not yet received specific attention in Vietnam.
These findings confirm the feasibility of SS for Cr(VI) removal,
contributing to environmentally friendly water treatment solutions.
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1. Introduction

Hexavalent chromium (Cr(VI)) is a highly toxic trace
metal widely used in various industrial applications,
including chromium mining, electroplating, leather
tanning, dyeing, paper pigmentation, and photography [1].
Its presence in the environment poses significant threats to
human health and ecosystems due to its teratogenic,
carcinogenic, and mutagenic effects. The World Health
Organization (WHO) has set a strict guideline, limiting the
maximum permissible concentration of Cr(VI) in drinking
water to less than 50 pg/L [2]. Consequently, effective and
sustainable methods for Cr(VI) removal from wastewater
are of paramount importance.

Various technologies have been developed to remove
Cr(VD) contamination, such as membrane separation,
chemical precipitation, electrocoagulation, ion exchange,
biological processes, and adsorption. Among these,
adsorption stands out for its high efficiency, low cost, and ease
of operation [1, 3]. Identifying cost-effective adsorbents with
high adsorption capacities is crucial for optimizing adsorption
processes [4]. Many adsorbents have been successfully
studied for Cr(VI) adsorption from wastewater such as thetic
adsorbent (magnetic nanoparticles, Ppy- FesO4/rGO,
BaFe 2019 magnetic nanopowder) [5-7]; natural organic
(woody-activated carbon, grape waste, biochar from wheat
straw) [8—10]; inorganic adsorbents (kaolin, clay-zeolite
composite, red mud, fly ash, furnace slag) [11-15]. Compared
to the materials mentioned above, inorganic adsorbents offer
notable advantages, including superior chemical and

mechanical strength as well as a high ion exchange capacity -
key factors in effective adsorption processes for wastewater
treatment [16]. Consequently, adsorbents derived from waste
materials such as clay minerals, coal fly ash, blast furnace
slag, and steel slag have garnered increasing interest due to
their cost-effectiveness, widespread availability, and potential
for secondary applications.

SS, a byproduct of the steel production process,
accounts for approximately 15% of the total steel output by
mass [17]. According to the Vietnam Steel Association, the
country hosts over 70 factories producing crude and
finished steel. In 2020, crude steel production reached an
estimated 18 million tons, generating about 7.1 million tons
of slag [18]. With the Vietnamese steel market projected to
be one of the fastest-growing globally from 2020 to 2024,
the volume of steel slag produced is expected to increase
significantly [18]. In Vietnam, steel slag is primarily
utilized in construction. However, the lack of specific
guidelines and regulations for its application has led to a
considerable portion of slag being stored in factory yards
or buried rather than effectively utilized [18].

SS, rich in calcium, silica, aluminum, and iron oxides,
is highly suitable for multiple applications, such as serving
as ballast in concrete and acting as a sorbent for pollutants
[17]. Numerous studies have explored its effectiveness in
eliminating heavy metals from water. For instance, Liem
Nguyen et al. investigated the adsorption of arsenic (As)
using steel slag, achieving a capacity of 4.3 mg/g [17].
Similarly, Yang et al. demonstrated the effectiveness of
steelmaking slag in removing Pb(II), Cu(Il), and Cd(II),
with removal efficiencies exceeding 85% [19].

However, research on using steel slag for Cr(VI)
removal remains limited, especially in Vietnam.
Leveraging steel slag waste to produce adsorbents for
contaminant removal not only addresses the challenge of
waste management but also contributes to environmental
sustainability. In light of this, our study focused on
evaluating the potential of steel slag for Cr(VI) adsorption
from aqueous solutions. Key aspects such as the material's
properties, the effects of pH, contact time, initial Cr(VI)
concentration, as well as the kinetics and isotherms of the
adsorption process, were comprehensively analyzed.

2. Materials and methods
2.1. Materials

Chemical reagents such as potassium dichromate
(K>Cr207), hydrochloric acid (HCI), and sodium hydroxide
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(NaOH) were procured from Merck (Germany). A Cr(VI)
stock solution (1000 mg/L) was prepared by dissolving
0.5657 g of K»,Cr;07 in 200 mL of double-distilled water,
and working solutions were diluted accordingly.

SS from the Thai Nguyen Iron and Steel Corporation
(Vietnam) was thoroughly rinsed with tap water, followed
by distilled water, to remove residual impurities.
Subsequently, it was dried at 105°C for 48 hours and
ground to obtain a fine powder (<45 um). It was further
washed twice with hot deionized water, air-dried for 24
hours, and stored in glass containers for experiments.

2.2. Characterization of steel slag

The surface morphology of SS and SS after Cr(VI)
adsorption (referred to as SS and SS-Cr, respectively) was
examined using a scanning electron microscope (SEM)
(HITACHI S-4800). The crystal structures were
characterized by X-ray diffraction (XRD) analysis on a
D8 ADVANCE system, employing Cu Ko radiation
(L=1.54 A). To identify the functional groups in SS and SS-
Cr, Fourier transform infrared spectroscopy (FTIR-6300)
was performed across a spectral range of 4004000 cm ™.

2.3. Adsorption experiments

Batch adsorption experiments were conducted in 50 mL
Erlenmeyer flasks containing 25 mL of Cr(VI) solution at
varying initial concentrations. The pH of each solution was
adjusted using 0.1 M HCI or NaOH before introducing the
SS adsorbent. The flasks were tightly sealed and agitated
at 120 rpm using a mechanical shaker (PH-2A, China).
After the predetermined contact time, samples were filtered
through Whatman No. 1 filter paper (pore size 11 um), and
the residual Cr(VI) concentration was measured using an
inductively coupled plasma-optical emission spectrometer
(ICP-OES)

The adsorption capacity of SS at any time ¢ (¢, mg/g) and
at equilibrium (g., mg/g) was calculated using Eqs (1) and (2).
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Where: Cy, C; and C. (mg/L) represent the initial, time-
dependent, and equilibrium Cr(VI) concentration,
respectively; V' (L) is the solution volume, and m (g) is the
mass of SS used.

2.4. Theoretical study of the adsorption process

In this study, the kinetic data of the adsorption process
were evaluated using three commonly applied models:
pseudo-first-order, pseudo-second-order, and Elovich
models. These models provide insights into the adsorption
mechanism, distinguishing between physical adsorption
(pseudo-first-order), chemical adsorption (pseudo-second-
order), and heterogeneous adsorption involving different
activation energies (Elovich) [20]. The nonlinear equations
representing these commonly applied models are presented
as Eqgs (3), (4), and (5), respectively [20]:
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Where: ¢, and g. (mg/g) denote the adsorption capacity
at time ¢ (min) and at equilibrium, respectively; k; (I/min)
and k; (g/mg.min) are the rate constants of the pseudo-first-
order and pseudo-second-order models, respectively; o
(mg/g.min) represents the initial adsorption rate, and [
(g/mg) is a parameter related to the adsorption process in
the Elovich model.

The Langmuir and Freundlich models were employed
to study the adsorption isotherm. The Langmuir model
assumes monolayer adsorption on a homogeneous surface,
while the Freundlich model accounts for multilayer
adsorption on a heterogeneous surface [21]. Comparing
these models provides insights into the adsorption behavior
of Cr(VI) onto steel slag. Their respective equations are
presented as Eqgs (6) and (7) [21]:
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Where: ¢, and ¢. (mg/g) represent the maximum and
equilibrium adsorption capacities of Cr(VI) onto SS,
respectively; C.(mg/L) is the concentration of Cr(VI) in the
solution; K; (L/mg) is the Langmuir constant; Kr (mg/g) is
the Freundlich constant and # is the adsorption intensity;

3. Results and discussion
3.1. Characteristic of adsorbent

The surface morphology and element composition of
SS and SS-Cr were analyzed using SEM and EDS
techniques. As shown in Figure 1a and lc, the surface of
SS-Cr exhibited greater porosity and roughness compared
to SS. Moreover, EDS analysis (Figure 1b and 1d) revealed
that the primary elements in SS were C, O, Si, Fe, Al, Mn,
Ca, Mg, Na. After loading with Cr®", Cr was detected in
SS-Cr at a concentration of 0.35%, confirming the
successful adsorption of Cr®" ions on the SS surface.

Figure 1. SEM and EDS of (a, b)-steel slag (SS), (c, d) steel slag
after Cr(VI) adsorption (SS-Cr)

XRD analysis (Figure 2) showed distinct differences
between SS and SS-Cr. SS exhibited peaks at 21.7°, 26.4°,
and 49.4° corresponding to calcium silicate hydrate [22],
along with hemicarbonate (31.1°) [23], CaCOs (35.4°,
36.4°,37.9°) [22], mayenite (38.7°) [24], magnetite (44.4°,
65.3°) [25], quartz (59.8°, 67.9°) [26], and hematite (71.6°)
[27]. After Cr¢* adsorption (SS-Cr), peak intensities
decreased, with slight positional shifts. These changes
suggest possible interactions between Cr(VI) and the steel
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slag components, potentially involving surface
complexation or ion exchange, leading to structural
modifications in the material.
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Figure 2. XRD graphs of steel slag (SS) and steel slag after
Cr(VI) adsorption (SS-Cr)
To further investigate the structural features of SS and
SS-Cr, Fourier Transform Infrared Spectroscopy (FTIR)
measurements were performed, as shown in Figure 3.
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Figure 3. FTIR spectra of steel slag (SS) and steel slag after
Cr(V1) adsorption (SS-Cr)

Both SS and SS-Cr exhibited weak peaks in the range
of 551 em™! to 756 cm™', which can be attributed to various
oxides (M-0), including Al,Os, Fe,O3, MgO, ferrites, and
other metallic oxides [28]. The absorption bands between
949 c¢cm™ and 1176 c¢cm! are characteristics of Si-O
stretching modes of silica and silicates [29]. Additionally,
absorption bands in this region may also correspond to
hydroxyl vibrations of aluminum oxyhydroxides and iron
oxyhydroxides [26, 27]. The adsorption bands for C-O
stretching modes of the CO3* ion were observed in the
range of approximately 1396 cm™ to 1508 cm™! [30]. Bands
appearing around 1651 cm™ to 1699 cm™ and 3335 cm™' to
3750 cm™! were assigned to the deformation modes of H-O
vibrations [31]. Furthermore, a broad peak near 2960 cm!
was attributed to the vibration of C—H stretching [32]. After
SS adsorbed Cr®*, notable changes were observed in the
FTIR spectrum. The intensities of several peaks, such as
those at 1396 cm!, 1508 cm™, 1683 cm’, 2960 cm’,
3392 cm!, and 3750 cm’!, decreased compared to SS.
Additionally, some peaks exhibited both a reduction in
intensity and a shift in position. Specifically, the peaks at
714 cm’!, 1044 cm™, 2960 cm™', 3392 cm™ in SS were

shifted to 756 cm’!, 1077 cm’!, 2951 cm’, 3335 cm™ in
SS-Cr. Moreover, new peaks were observed in SS-Cr at
1457 c¢cm’!, 1651 cm™ and 1699 cm’'. These spectral
changes indicate that the adsorption of Cr®" significantly
altered the surface functional groups of SS [33].

3.2. Effects of adsorption conditions on SS performance
3.2.1. Effect of solution pH

The adsorption of Cr(VI) onto SS was significantly
influenced by the initial pH of the solution, with experiments
conducted at pH values ranging from 2 to 8 (Figure 4).
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Figure 4. Effect of initial solution pH on adsorption capacity and
removal efficiency of Cr(VI) using SS. Experimental parameters:
initial Cr(V1) concentrations of 20 mg/L; contact time of 60 min,
and adsorbent dosage of 20 mg per 25 mL solution

The results indicate that the adsorption of Cr(VI) onto
SS was most efficient under acidic conditions, reaching
maximum capacity and removal efficiency of 4.74 mg/g
and 63.32 % at pH 3, respectively. Meanwhile, the Cr(VI)
adsorption capacity and removal efficiency decreased
significantly as the pH increased from 4 to 8. Under acidic
conditions, Cr(VI) is readily reduced to Cr(IlI), which
exhibits better adsorption properties compared to Cr(VI)
[1]. Additionally, Cr(VI) primarily exists as HCrO4 and
Cr,0+* at pH values ranging from 2.0 to 6.4, and as CrO4>
at pH > 6.4 [34]. Notably, HCrO4 has lower adsorption-
free energy (-2.5 to -0.6 kcal/mol) compared to CrO4*
(-2.1 to -0.3 kcal/mol) [34]. As a result, under identical
conditions, CrO4> is more challenging to remove than
HCrOy4 [34]. Similar findings were reported by Wang et al,
who found that a pH of 3.5 was optimal for the adsorption
of Cr(VI) onto activated carbon [3], and Akram et al , who
reported that the optimal pH for Cr(VI) adsorption onto a
bio-composite derived from mango was also pH of 3 [35].

3.2.2. Effect of contact time and kinetic study

A series of experiments were conducted to evaluate the
influence of contact time on Cr(VI) adsorption onto SS. As
shown in Fig.5a, the adsorption capacity of Cr(VI)
increased significantly during the first 60 minutes,
followed by a gradual decline in the adsorption rate
between 90 and 150 minutes. The maximum adsorption
capacity and removal efficiency were observed at 150
minutes, reaching 6.13 mg/g and 81.75%, respectively.
Beyond 150 minutes, the adsorption capacity remained
constant. This trend can be attributed to the abundance of
active sites on the adsorbent surface during the initial stage,
which facilitated rapid adsorption [36]. Over time, as the
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number of available active sites decreased, the adsorption
process slowed and eventually reached equilibrium [36].
Therefore, 150 minutes was identified as the equilibrium
time and was employed in subsequent experiments.
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Figure 5. (a) Effect of contact time on adsorption capacity and
removal efficiency of Cr(VI) using SS. (b) Adsorption kinetics of
Cr(VI) onto SS. Experimental parameters: initial Cr(VI)
concentrations of 20 mg/L, the adsorbent dosage of 20 mg/25 mL,
solution pH of 3.0, and contact times ranging 5—180 min

Table 1. Kinetics parameters of Cr(VI) adsorption models by SS

Kinetic model Kinetic parameters qe, exp (MG/Q)
e, cal (Mg/g) 16.08
Pseudo-first-order ki 0.033
R’ 0.970
qe, cal (Mg/g) |7.02
Pseudo- second-order k2 0.005 6.13
R’ 0.985
o 0.319
Elovich 1) 1.442
R’ 0.971

Three commonly used models, including the pseudo-
first-order, pseudo-second-order and Elovich models, were
applied to analyze the kinetics of Cr(VI) adsorption onto SS.
The corresponding kinetic parameters are shown in Table 1
and Figure 5b. The linear regression coefficient (R°) values
for the pseudo-first-order, pseudo-second-order, and
Elovich models were 0.970, 0.985, and 0.980, respectively,
indicating that all three models exhibited a good fit. Among
them, the pseudo-second-order model showed the highest R?
value, suggesting it best describes the adsorption behavior
[34]. Furthermore, the adsorption capacity predicted by the
pseudo-second-order model (7.02 mg/g) closely matched the
experimental value (6.13 mg/g). This demonstrates that the
pseudo-second-order model most accurately describes the
adsorption behavior of Cr(VI) onto SS and confirms that the
process is dominated by chemical sorption, involving
valence forces such as electron sharing or exchange [34].
These observations are consistent with trends reported in
other studies on Cr(VI) adsorption [33, 34].

3.2.3. Effect of initial Cr(VI) concentration and isotherms

The adsorption capacity of SS for Cr(VI) was examined
across an initial concentration range of 5-80 mg/L. The
obtained data were fitted to the Langmuir and Freundlich
isotherm models, with results in Table 2 and Figure 6.

As illustrated in Figure 6a, the adsorption capacity of SS
for Cr(VI) increased from 1.80 mg/g to 11.87 mg/g as the
initial Cr(VI) concentration rose from 5 to 60 mg/L. Beyond
60 mg/L, however, no further increase in adsorption capacity

was observed. Conversely, the percentage of Cr(VI) removed
decreased from 93.56% to 38.54% as the initial Cr(VI)
concentration increased from 5 to 80 mg/L. This behavior can
be attributed to the higher availability of active sites on the
adsorbent surface at lower Cr(VI) concentrations, enabling
effective adsorption. At higher concentrations, the active sites
became saturated, limiting further adsorption [21].
Furthermore, the ratio of available active sites to Cr(VI) ions
decreased at higher Cr(VI) concentrations, leading to a decline
in removal efficiency [21]. A similar pattern regarding the
influence of initial Cr(VI) concentration on adsorption has
been documented in studies involving Cr(VI) removal using
MnO:; [39] and walnut hulls [40].
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Figure 6. (a) Effect of initial Cr(VI) concentration on the adsorption
capacity and removal efficiency using SS. (b) Adsorption isotherms
of Cr(VI) onto SS. Experimental parameters: initial Cr(VI)
concentration ranging 5—80 mg/L, solution pH of 3.0, contact time

of 150 min, and adsorbent dosage of 20 mg/25 mL

Table 2. The adsorption isothermal parameters of Cr(VI) onto SS

Langmuir model Freundlich model (Z;';/x; )
qm 2 2
K R K 1/ R
(mg/g) | "t ! " 11.87
13.32 | 0.233 | 0.986 | 3.968 | 0.307 | 0.905

The Langmuir model was identified as the most
suitable for describing the adsorption of Cr(VI) onto SS,
based on its highest R? value (0.986) and the close
agreement between the calculated g, value (13.32 mg/g)
and experimental g.., value (11.87 mg/g). This indicates
that the adsorption predominantly occurred as a monolayer
or through a fixed number of uniform adsorption sites on
the SS surface. Additionally, the adsorption process took
place at homogeneous adsorption sites on the SS adsorbent
[36]. Moreover, the 1/n value (0.307) derived from the
Freundlich model was less than 1, suggesting that the
adsorption of Cr(VI) onto SS is favorable [10].

3.2.4. Adsorption mechanism of the Cr(VI) ions onto SS

Adsorption isotherms, kinetics, and mechanisms offer
crucial insights into the underlying reaction pathways. In
this study, the adsorption of Cr(VI) onto steel slag (SS)
may involve four primary mechanisms: (1) pore filling, (2)
adsorption-coupled reduction, (3) electrostatic attraction,
and (4) electron sharing or exchange.

As shown in Figure 1, the SEM images revealed that
after Cr(VI) adsorption, the steel slag surface (SS-Cr)
exhibited increased porosity and roughness. This suggests
that Cr(VI) may be physically retained within the pores of
SS, contributing to its removal from the solution.

The pH-dependent adsorption analysis indicated that
Cr(VI) adsorption was most effective under acidic
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conditions. During this process, Cr(VI) was initially reduced
to Cr(III) upon interaction with electron-donor groups on the
SS surface [41]. FTIR analysis (Figure 3) revealed a
decrease in the intensity of carboxyl (-COO") and hydroxyl
(-OH) functional groups at 1396 cm™, 1508 cm™, and 1651—
1699 cm!, suggesting their involvement in Cr(VI) reduction.
Additionally, Fe*" present in SS may have been oxidized to
Fe*', further facilitating the reduction of Cr(VI) to Cr(III)
[42]. Once reduced, Cr(IIT) was adsorbed onto SS via three
possible pathways: (i) substitution of Fe** with Cr*" under
acidic conditions, (ii) complexation with surface functional
groups, and (iii) precipitation as Cr(OH); [21]. The XRD
patterns indicated changes in the crystal structure of SS after
Cr(VI) adsorption, while EDS analysis detected Cr on the SS
surface, verifying its adsorption.

Electrostatic interactions also played a role in Cr(VI)
adsorption [43]. Under acidic conditions, functional groups
on the SS surface may become protonated, enhancing
interactions with Cr(VI) species [1]. Additionally,
adsorption could occur due to charge imbalances, vacancy
sites, and chemical bonding with magnetite (Fe;O4) and
hematite (Fe3O4) present on the SS surface [43].

Adsorption kinetics and isotherm analyses (Sections 3.2.2
and 3.2.3) indicated that the adsorption process involved
electron sharing or exchange between Cr(VI) and active sites
on SS, which contributed to adsorption stability. This suggests
that Cr(VI) adsorption onto SS followed a homogeneous
adsorption mechanism, where electron transfer played a role
in binding Cr(VI) to the SS surface. This mechanism is
consistent with previous studies [33, 34, 36].

Table 3. Comparison of SS adsorption capacity toward Cr(VI)
in aqueous solution with other adsorbents

Equilibrium| Langmuir
Adsorbent Cr(VI)_ MAXIMUM p eferences
concentration adsorption
range (mg/L)|capacity (mg/g
Steel slag (SS) 5-80 13.32 This study
Fly ash-based
geopolymer 20-120 49.75 [15]
adsorbent (FAGA)
Furnace slag (FS) - 4.83 [11]
Magnetic nanoparticles
(Fe304) capped with
cetyltrimethylammoniu | 10 - 200 18.5 [46]
mbromide
(FesO4/CTAB)
Mechanical-chemical
activated red mud 5-200 6.7 [47]
(MCARM)

To assess the Cr(VI) adsorption capacity of SS, the results
of this study were compared with those from other reports, as
presented in Table 3. The data in Table 3 show that the Cr(VI)
adsorption capacity of SS was lower than that of fly ash-based
geopolymer adsorbent (FAGA) [15] and magnetic
nanoparticles (FesO4) capped with cetyltrimethylammonium
bromide (Fe;04/CTAB) [46]. However, it was higher than that
of furnace slag (FS) and mechanically-chemically activated
red mud (MCARM). These findings indicate that SS is an
economical adsorbent with promising efficiency for Cr(VI)
removal from aqueous solutions.

4. Conclusion

This study demonstrated that steel slag (SS) is a
promising adsorbent for Cr(VI) removal from aqueous
solutions due to its cost-effectiveness and efficient
performance. The adsorption process reached equilibrium
within 150 minutes, with the highest adsorption capacity
observed at a pH of 3.0. The findings indicate that
increasing the SS dosage and extending the contact time
enhanced Cr(VI) removal efficiency. The maximum
adsorption capacity, as determined by the Langmuir model,
was 13.32 mg/g at an initial Cr(VI) concentration of
20 mg/L. Kinetic and isotherm analyses indicated that the
pseudo-second-order kinetic model and Langmuir
isotherm best described the adsorption behavior. The
removal of Cr(VI) by steel slag occurred through a
combination of four key mechanisms: physical entrapment
within the material’s pores, reduction-assisted adsorption,
electrostatic interactions, and electron exchange or sharing
at active sites. These mechanisms collectively contribute to
the effective adsorption performance of steel slag.

Although pH 3 facilitated optimal Cr(VI) removal, the
potential dissolution of metal ions from SS, particularly Fe,
Ca, and Al, under acidic conditions should be considered.
This study primarily focused on the adsorption
performance of SS, and further research is needed to assess
the stability of SS in acidic environments. Future studies
should explore potential modifications to the material to
minimize unwanted metal leaching while maintaining its
adsorption efficiency for Cr(VI).
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