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Herein, a solid industrial waste management approach converting silico-manganese fumes (SMF) waste
to SMF impregnated cryogenic alginate beads (SMFCAB) and its applicability to remove potentially toxic
cadmium Cd(II) and lead Pb(II) was proposed. Infra-red, elemental, and XPS analysis data supported the
formation SMFCAB. Morphologically, pristine SMFCAB surface was synonymous to cauliflower with
agglomerated and interconnected particles. The respective XPS spectral peaks for Cd(II) and Pb(II) at
408 and 144.5 eV binding energies confirmed their adsorption on SMFCAB. The adsorption was pH depen-
dent, with maximum uptakes at pH: 5.5 (for Pb(II)) and 7.2 (for Cd(II)). Contact time studies depicts com-
paratively rapid Pb(II) adsorption, accomplishing 72% adsorption in 10 min, while only 50% Cd(II)
adsorption was accomplished within same time slot. The adsorption data at varied temperatures was fit-
ted to Freundlich isotherm model, while kinetics data was fitted to pseudo-second-order model.
Exothermic adsorption process with maximum monolayer adsorption capacities (qm) on SMFCAB were
200 mg/g (for Pb(II)) and 178.6 (for Cd(II)) at 298 K. Hydrochloric acid (0.01 M) eluted maximum amount
of metal ions.
� 2019 The Author(s). 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

Cadmium Cd(II) and lead Pb(II) are among the potentially toxic
heavy metals (Rao et al., 2011; Jalees et al., 2019). They are non-
degradable, carcinogenic and can impair human’s renal, hepatic,
reproductive and nervous systems (Alakhras, 2019). Therefore,
detection, determination, and thereafter diminishing their concen-
trations below permissible levels is a vital step towards safeguard-
ing flora and fauna. The allowable limits for Pb(II) and Cd(II) in
drinking water, reported by World Health Organization (WHO)
were 0.010 and 0.005 mg/L, respectively (Ajmal et al., 2006; Teoh
et al., 2013). The respective permissible limits for Pb(II) and Cd
(II) in drinking water set by SASO, a local regulatory authority were
0.010 and 0.003 mg/L (Aldawsari et al., 2017).The effluents dis-
charge from mining, fertilizer, paint, electroplating, battery indus-
tries contains higher levels of Pb(II) and Cd(II) (Khan et al., 2019a).
Therefore, these metals should be removed from aforementioned
effluents prior to their discharge in surface and sub-surface water.

Membrane filtration, chemical precipitation, adsorption, and
ion-exchange processes have been engineered to sequester heavy
metals from water. Adsorption is a most favorable water remedia-
tion process among them as it is facile, cost effective, and selective.
3-aminopropyl trimethoxy silane-modified kaolinite (Fatimah,
2018), Acacia senegal (L.) pods activated carbon (Adetokun et al.,
2019), polymers with bicomponent polymer brushes (Luo et al.,
2017), and CCM (Teoh et al., 2013) have been used to abate Cd
(II) and Pb(II) from water. Effectiveness of natural polymers viz.
sodium alginate (SA) and chitosan in the removal of pollutants
have also been studied (Lee et al., 2017; Farooghi et al., 2018).
Among them, SA is a non-toxic and cost effective polysaccharide
extracted from brown seaweeds (Garmia et al., 2018; Lee et al.,
2017). Sodium alginate can be easily transformed to composite
beads by encapsulation for water remediation applications
(Pawar et al., 2018). Khan et al. developed nano-graphite encapsu-
lated beads to remove Co(II) and Mn(II). About 80–92% metals

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2019.11.040&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2019.11.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mokhan@ksu.edu.sa
https://doi.org/10.1016/j.jksus.2019.11.040
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


A.A. Alqadami et al. / Journal of King Saud University – Science 32 (2020) 1444–1450 1445
adsorption was accomplished within 4 h at pH: 8 (Khan et al.,
2014). Abas et al. developed composite beads using mangrove
and alginate for Pb(II) ions sequestering from water with an excel-
lent removal efficiency of about 99% (Abas et al., 2015). About
73.7% of Cd(II) adsorption was observed on cross-linked chitosan/
PVA beads at pH: 6 (Farooghi et al., 2018). Phosphate embedded
beads were used for Pb(II) and Cd(II) removal from single-metal
system with 263.2 and 82.6 mg/g as their respective adsorptive
capacities (Wang et al., 2016). The efficacy of iron oxide modified
clay-activated carbon composite beads were tested for Pb(II) and
Cd(II) removal fromwater with 74.2 and 41.3 mg/g uptake capacity
at 25 �C, respectively (Pawar et al., 2018). The anionic surfactant
bilayer anchored chitosan beads were tested in Pb(II) removal
(Pal and Pal, 2017).

Herein, silico-manganese fumes (SMF) waste, generated during
low-carbon steel production operation in a basic oxygen furnace
was used to develop beads by encapsulating SMF into SA. It is
chemically composed of 18% silica and 56% manganese along with
traces of other elements such as iron, and calcium. Conventionally,
SMF is used in building of roads, for sintering and as a raw material
for making cement. To skip the usage of toxic and high-priced
cross-linker for withholding structural geometry, developed beads
were lyophilized to obtain SMF impregnated cryogenic alginate
beads (SMFCAB). The SMFCAB was characterized by using state-
of-art characterization tools. The efficacy of SMFCAB as an adsor-
bent was tested in the removal of potentially toxic bivalent Pb(II)
and Cd(II) from water through batch scale experiments. The
reusability of SMFCAB was also tested.
2. Experimental

2.1. Chemicals and reagents

Nitrate salts of cadmium [Cd(NO3)2�4H2O, BDH, England] and
lead [Pb(NO3)2, BDH, England] were used to prepare the stock solu-
tions of model adsorbates. Sodium alginate (SA: C6H9NaO7, Sigma-
Aldrich, USA), calcium chloride (CaCl2: Sigma-Aldrich, USA) and
sodium hydroxide (NaOH: Sigma-Aldrich, USA) were utilized for
the synthesis of SMFCAB. Hydrochloric acid (HCl: Merck, Ger-
many), nitric acid (HNO3: Merck, Germany), and sulfuric acid
(H2SO4: Merck, Germany) were used to desorb heavy metal ions
from SMFCAB. The analytical reagent (A.R) grade chemical and
reagents were used throughout the research.
2.2. Synthesis of SMFCAB

Silico-manganese fumes waste (25 g, Jubail, Saudi Arabia) was
taken in 100 mL beaker, repeatedly rinsed with deionized (D.I)
water to remove unsettled dust particles. Thereafter, waste was
overnight dried at 60 �C. Sodium alginate (2%) was solubilized in
12.5 mL 0.1 M NaOH solution. Thereafter, SMF waste (2 g) under
continuous magnetic stirring at 120 rpm was suspended into it.
The suspension was continuously stirred for 2 h. 500 mL calcium
bath (0.1 M CaCl2 solution) was prepared, cooled to 5 �C in a refrig-
erator. The homogenized SMF/SA suspension was loaded in a clin-
ical syringe (5 mL). The syringe was inserted into a syringe pump
operated at 5 mL/min flow rate to avoid sedimentation. The beads
were dropped from 6 cm height into a cooled calcium bath to form
spherical SMF impregnated alginate beads of uniform size, aged for
48 h in a calcium bath. Thereafter, the beads were lyophilized (Vir-
Tis Bench Top Pro with OmnitronicsTM) to prepare cryogenic SMF
impregnated alginate beads, nomenclature as ‘‘SMFCAB” hereafter.
Scheme 1 illustrates the development of SMFCAB.
2.3. Characterization of SMFCAB

The IR spectra of the samples were recorded by Fourier trans-
form infrared (FT-IR) spectrometry (Nicolet 6700, Thermo Scien-
tific, USA). The surface morphology of SMFCAB samples was
examined by scanning electron microscopy (SEM; Nova 200 Nano-
Lab, FEI). Elemental composition of SMFCAB samples was deter-
mined by energy dispersive X-ray (EDX) spectroscopy (AMETEK
Nova 200). The surface elemental composition of pristine and met-
als saturated SMFCAB was evaluated by X-ray photoelectron spec-
troscopy (XPS: Joel JPS-9200). Zeta potential (f) analyzer (Nano
Plus Series, Particulate Systems, USA) was used to estimate the iso-
electric point (IEP) of SMFCAB sample.

2.4. Adsorption and desorption experiments

The batch scale experiments were carried out in laboratory to
study heavy metals adsorption and desorption on SMFCAB. Adsor-
bate (Cd(II)/Pb(II)) solution (25 mL) of Co: 25 mg/L was treated for
24 h at 100 rpmwith 0.01 g SMFCAB under room temperature con-
ditions. After 24 h, both adsorbate/adsorbent were separated. The
residual adsorbate concentration was analyzed by atomic absorp-
tion spectrometer (AAS: Perkin Elmer, PinAAcleTM 900 T). The equi-
librium uptake capacity (qe) and adsorption (%) of adsorbate were
determined as:

qeðmg=gÞ ¼ ðCo � CeÞ � V
m

ð1Þ

Adsorptionð%Þ ¼ Co � Ce

Co
� 100 ð2Þ

where Co and Ce are the initial and equilibrium concentrations of
heavy metal solution, respectively, V is the volume of heavy metal
solution, and m is the mass of SMFCAB.

Effect of experimental parameters viz. adsorbate concentration
(Co: 25–300 mg/L), adsorbent concentration (m: 0.01–0.05 g), tem-
perature (T: 298–318 K), contact time (t: 1–1440 min), initial pH
(pHi: 1.78–10.12) on adsorption was studied.

The adsorbed heavy metal ions were eluted from saturated
SMFCAB samples during desorption experiments using strong
acids (HCl, HNO3, and H2SO4) solutions of 0.01 M concentrations.
Briefly, 0.01 g of SMFCAB was equilibrated with 25 mL heavy metal
solution of Co: 25 mg/L for 24 h over a shaker incubator at 100 rpm
and T: 298 K. At equilibrium, SMFCAB was separated and washed
with D.I water to remove unadsorbed traces of metal ions. There-
after, heavy metal saturated SMFCAB was treated with 25 mL
0.01 M HCl to elute heavy metal ions. Similar procedure was
adopted with 0.1 M HNO3 and 0.1 M H2SO4 eluent solutions.
Desorption (%) was calculated as:

Desorptionð%Þ ¼ Concentrationofadsorbatedesorbedbyeluent
ConcentrationofadsorbateadsorbedonSMFCAB
� 100

ð3Þ
3. Results and discussion

3.1. Characterization of SMFCAB

Fig. 1a showed the FT-IR spectra of SA and SMFCAB (before and
after Cd(II) and Pb(II) adsorption). A band at 3449 cm�1 associated
with hydroxyl (–OH) group vibrations was exhibited by SA spec-
trum. Two side by side bands at 2850 and 2924 cm�1 displayed ali-
phatic C–H symmetric and asymmetric stretching (Saha and Ray,
2013). Weak band at 1730 cm�1 was due to free carboxyl groups
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Scheme 1. Schematic illustration of SMFCAB development.

Fig. 1. FT-IR spectra (a), Zeta potential plot (b), SEM images of pristine (c), Cd(II) saturated (d), and Pb(II) saturated (e) SMFCAB.

1446 A.A. Alqadami et al. / Journal of King Saud University – Science 32 (2020) 1444–1450
of SA. The bands at 1612, 1412, 1092 and 1031 cm�1 were attrib-
uted to carboxylate group’s asymmetric, symmetric stretching
vibrations, stretching vibrations of the CAO and CAOAC bonds,
respectively (Voo et al., 2015). Bands shifting, and hiding (present
in SA spectra) and reappearance of new bands was observed in FT-
IR spectra of SMFCAB. Band at 3449 cm�1 (for AOH group) moved
to 3424 cm�1. Bands at 2924 and 2850 cm�1 were shuffled to 2934
and 2859 cm�1 with reduced intensities. A strong band associated
with the presence of metal oxide appeared at 467 cm�1 in SMFCAB
spectrum, confirming the presence of metal oxide in SMF waste.
Band at 1032 cm�1 relocated to 1016 cm�1 in SMFCAB spectrum.
Cd(II) and Pb(II) ions saturated SMFCAB spectra showed shifting
and a decrease in band intensity at 1419 to 1422 cm�1. The sharp
bands with a slight shift in positions from1016 and 467 cm�1

to1022 and 474 cm�1 appear in heavy metals saturated SMFCAB.
The zeta potential (z) plot of SMFCAB is illustrated in Fig. 1b.

The magnitude of z for studied pH range: 3 – 10 varied between
23 and �34 mV. The isoelectric point (IEP) for SMFCAB was at
~4.6. Thus, SMFCAB surface was positively charge below IEP and
negatively charged above IEP. Morphological analysis of pristine
SMFCAB showed uneven surface, structurally synonymous to cauli-
flower with irregular size agglomerated and interconnected parti-
cles (Fig. 1c). After heavy metals adsorption, the size of
agglomerated structures increases. Additionally, some cracks were
appeared over metals saturated SMFCAB, owing to diffusion of
adsorbate ions during the adsorption (Fig. 1d and e). Elemental
analysis data and plots showed the presence of Si and Mn in
SMFCAB (Fig. S1a). Also, the elemental Na of SA (used to encapsu-
late SMF) and elemental Ca of CaCl2 (used as calcium bath to form
beads) were present. Fig. S1 (b and c) illustrates the presence of
heavy metal ions over SMFCAB surface, confirming their adsorp-
tion over SMFCAB.

The peaks at 532, 348, 284.7, 202, 155, 109.9, 52, 34, and 711 eV
corresponds to O 1 s, Ca 2p, C 1 s, Cl 2p, Si 2p, Al 2 s, Mn 3p, Na 2p
and Fe 2p, respectively (Rauf et al., 2017; Ilton et al., 2016) were
observed in XPS spectra of pristine SMFCAB (Fig. 2). Among them,
the three peaks, corresponding to O 1s, C 1s, and Na 2p were for SA,
while other peaks were due to SMF waste encapsulated in SA
beads. The saturated SMFCAB samples showed peaks for Cd 3d
and Pb 4f at 408 and 144.5 eV (Chen et al., 2017), respectively, con-
firming their adsorption of on SMFCAB.

3.2. Adsorption studies

As illustrated in Fig. 3a Pb(II) and Cd(II) uptake on SMFCAB
increases with a rise in initial pH (pHi). For Pb(II), adsorptive
removal increases in pHi range: 1.8–5.5, while for Cd(II) removal
was found to increase in pHi range: 2.3–7.2. At lower pHi, the num-



Fig. 2. XPS spectrum of SMFCAB.
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ber of hydronium (H3O+) ions exceeds in solution resulting a com-
petition with cationic metal ions to occupy SMFCAB surface (Khan
et al., 2019a). Thus, Pb(II) and Cd(II) uptake on SMFCAB at lower
pHi values was very less. The respective maximum qe of Pb(II)
and Cd(II) (Co: 25 mg/L) were 57.29 and 59.9 mg/g at pHi: 5.5
and 7.2. Further increase in pHi for both heavy metal solutions
results a decrease in their respective removal. Metal ions hydroly-
sis might be a possible reason behind a decrease in adsorption.
Nearer pH values were observed for Pb(II) (Pal and Pal, 2017)
and Cd(II) (Bhunia et al., 2018) adsorption during previous studies.
Fig. 3. pH (a), contact time (b) plots for heavy metals adsorption on SMFCAB, SMFCAB co
Co: 25 mg/L; m: 0.01 g (for pH and contact time study); agitation speed: 100 rpm; V: 0
The contact time plots showed rapid initial uptake of Pb(II) on
SMFCAB accomplishing 72% adsorption in 10 min, while for Cd
(II) the uptake was comparatively slow and only 50% Cd(II) adsorp-
tion was accomplished in 10 min (Fig. 3b). Comparatively smaller
hydrated radii of Pb(II) is a probably responsible for its rapid
uptake. The respective equilibration time for Pb(II) and Cd(II)
removal were 90 and 120 min, comparatively better than previous
studies (Pawar et al., 2018; Fu et al., 2016; Bohli et al., 2015).
Uptake capacities of Pb(II) and Cd(II) at equilibrium were 60.3
and 56.2 mg/g, respectively.

Influence of SMFCAB concentration on heavy metals adsorption
was assessed in range: 0.01–0.05 g. Fig. 3c showed a drop in Pb(II)
removal from 57 to12 mg/g, while %uptake increases from 91 to
94% with an increase in SMFCAB concentration. Likewise, for Cd
(II), as illustrated in Fig. 3d the removal capacity decreases from
55 to 11.5 mg/g, while %adsorption increases from 87.6 to 93.6%
for aforesaid SMFCAB concentration. The higher concentration of
SMFCAB offers greater number of active binding sites which led
to enhanced sequestration of metals (Pal and Pal, 2017).

Effect of initial concentrations (Co: 25–300 mg/L) on heavy met-
als adsorption onto SMFCAB was evaluated at varied temperatures
(T: 298–318 K) (Fig. 4 a and b). At 298 K, Pb(II) adsorption increases
from 58 to 248 mg/g, while for Cd(II), the removal increases from
26 to 102 mg/g, respectively. Higher concentration of metal ions
provides superior driving force to diffuse into SMFCAB surface.
Also, at higher metal ions concentration the collisions between
metal ions and active binding sites present on SMFCAB surface
increases, finally resulting in higher metal uptake (Khan et al.,
2019b). On the other hand, the metal ions uptake on SMFCAB
deceases with a rise in temperature depicting exothermic adsorp-
tion on SMFCAB, similar to previous results (Aldawsari et al., 2017).
ncentration plots for Pb(II) (c), and Cd(II) (d) adsorption. (Experimental conditions:
. 025 mL; T: 298 K; contact time: 24 h (for pH and SMFCAB concentration study).
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3.3. Adsorption modeling

3.3.1. Adsorption isotherms
The two-parameters Langmuir (Langmuir, 1918) and Freundlich

(Freundlich, 1906) isotherm models (details in Text S1 and data
presented in Table 1) were fitted to adsorption data. Comparatively
greater regression coefficient (R2) values of Freundlich model for
both metals adsorption on SMFCAB at studied temperatures sup-
ported the fitting of model. Thus, it could be concluded that Pb
(II) and Cd(II) adsorption on SMFCAB surface was heterogeneous,
in line with previous research (Alsohaimi et al., 2015). The process
favorability was further supported by Freundlich constant n values
(n > 1). Freundlich constant (Kf) values at varied temperatures
decreases with a rise in temperature this means significant adsorp-
tion at lower temperature. The respective maximum monolayer
uptake capacities (qm) for Pb(II) and Cd(II) adsorption on SMFCAB
were 200 and 178.6 mg/g at 298 K, comparatively higher than pre-
vious studies (Table S1) (Pal and Pal, 2017; Bhunia et al., 2018;
Ngah and Fatinathan, 2010; Tran et al., 2010; Feng et al., 2017;
Sahraei et al., 2017).
3.3.2. Adsorption kinetics
The data for heavy metals adsorption on SMFCAB was fitted to

Lagergren-first-order (Lagergren, 1898) and pseudo-second-order
(Ho and McKay, 1998) kinetic models. Supplementary information
(Text S2) furnished models details. As illustrated in Table 2, the R2

values of pseudo-second-order model were comparatively higher
(nearer to unity) than pseudo-first-order model, confirming its
applicability for Pb(II) and Cd(II) adsorption on SMFCAB. Fitting
of the model to kinetic data was further supported by closer qe,cal.
and qe, exp. values. The observed results agreed well with previously
reported results (Aldawsari et al., 2017; Alqadami et al., 2018a).

3.3.3. Adsorption thermodynamics
Gibbs free energy change (DG�), standard enthalpy change

(DH�), and standard entropy change (DS�) parameters were calcu-
lated. Supplementary information (Text S3) furnished over all
details. Table 3 presents thermodynamics data. Magnitudes of
DH� for both Pb(II) and Cd(II) adsorption on SMFCAB at varied ini-
tial concentrations were negative, confirming exothermic process,
in line with earlier study (Bhunia et al., 2018). The spontaneous
process was affirmed by the negative magnitudes of DG�. Higher
negative value forDG� at 25 �C (lower temperature) indicates more
favored adsorption process. The negative DS� values indicate ran-
domness at solid/solution interface. Similar result was observed
for Pb(II) removal (Pal and Pal, 2017).
3.4. Desorption studies

Batch mode desorption experiments were conducted. As shown
in Fig. 4(c and d), Pb(II) and Cd(II) elution from saturated SMFCAB
was 88 and 86% (maximum) with 0.01 M HCl, respectively fol-
lowed by 0.01 M HNO3(with 71% Pb(II) and 68% Cd(II) recovery)
and 0.01 M H2SO4 (with 66% Pb(II) and 56% Cd(II) recovery).



Table 1
Isotherm parameters for Pb(II) and Cd(II) adsorption on SMFCAB.

Metal ions Temperature (K) Isotherm models

Langmuir Freundlich

qm (mg/g) b (L/mg) RL R2 Kf (mg/g)(L/mg)1/n n R2

Pb(II) 298 200.0 0.350 0.103 0.923 58.5 3.35 0.979
308 192.3 0.147 0.254 0.925 40.2 2.86 0.977
318 178.6 0.104 0.325 0.942 33.7 2.81 0.978

Cd(II) 298 178.6 0.105 0.323 0.957 34.3 2.86 0.984
308 161.3 0.080 0.385 0.976 29.4 2.90 0.982
318 137.0 0.056 0.471 0.961 20.5 2.66 0.972

Table 3
Thermodynamic parameters for the adsorption of Pb(II) and Cd(II) on SMFCAB.

Metal ions Co (mg/L) �DH� (KJ/mol) �DS� (J/mol�K) �DG� (KJ/mol)

298 K 308 K 318 K

Pb(II) 50 36.92 109.83 4.28 2.89 2.09
100 13.09 38.19 1.75 1.26 0.99
200 12.18 38.21 0.83 0.35 0.07

Cd(II) 50 27.23 83.46 2.28 1.67 0.61
100 32.12 105.25 0.69 0.14 1.43
200 14.02 51.15 1.21 1.75 2.24

Table 2
Kinetic parameters for the adsorption of Pb(II) and Cd(II) on SMFCAB.

Metal ions Co (mg/L) qe, exp. (mg/g) Kinetic models

Pseudo-first-order Pseudo-second-order

qe, cal. (mg/g) K1 (1/min) R2 qe, cal. (mg/g) K2 (g/mg-min) R2

Pb(II) 25 60.31 35.59 0.049 0.904 61.72 0.004 0.999
Cd(II) 25 56.31 32.95 0.026 0.947 58.47 0.002 0.997
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Maximum recovery with 0.01 M HCl solution might be due to the
relatively smallest ionic size of chloride ion (Cl�) than sulfate
(SO4

2�) and nitrate (NO3
�) ions. The results were in line with previ-

ously reported works on mesoporous amide citric anhydride metal
organic framework (Alqadami et al., 2018b), and magnetic bone
biochar (Alqadami et al., 2018a).
4. Conclusions

In conclusion, present work successfully reported the conver-
sion of SMF (steel industry waste) to SMFCAB and its utilization
to sequester potentially toxic bivalent heavy metals. The studied
experimental parameters have a sound impact on Pb(II) and Cd
(II) adsorption. Pb(II) uptake was comparatively higher and rapid
than Cd(II). The magnitudes of qm for Pb(II) and Cd(II) adsorption
on SMFCAB at 298 K were 200 and 178.6 mg/g, respectively.
Adsorption kinetics data was fitted to pseudo-second-order model.
Thermodynamically, the process was favored at lower tempera-
ture. 88 to 86% heavy metal ions were recovered from SMFCAB
by 0.01 M HCl. Hence, it could be inferred that conversion of SMF
to SMFCAB and its environmental remediation applications is an
ecological and economical alternate step towards steel industry
waste management.
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