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INTRODUCTION

Clean and safe drinking water has emerged as a significant
concern for humans, aquatic flora and fauna in recent years
[1,2]. As a whole, water pollution is on the rise due to human
activity, which includes technological advancements, economic
growth, rising prosperity and population growth around the
world [3,4]. Chemical effluents from industries and human
garbage are the main sources of water contamination. Dye, metal,
organic and inorganic pollutants are the most common in effluent
stremes, which pose a serious threat to human health, the envir-
onment and animal life as a whole [5]. The presence of even
trace amounts of dye in effluents can have a negative impact on
aquatic life, including photosynthesis and visibility [5]. Other
significant obstacle against humanity must overcome is the
disposal of garbage from urban, rural and industrial settings
[6]. The advancement and realization of affluent human life-
styles are hindered by the creation of massive amounts of trash
through industrial production and scientific research and the
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subsequent disposal of this waste poses a threat to the environ-
ment due to pollution [7-9]. Based on the information provided,
a strategy to transform foundry sand, an industrial waste product,
into valuable adsorbent materials is developed [10].
Elimination of hazardous dyes from wastewater is a difficult
task that presents a significant obstacle. In literature, several
methods are reported like photodegradation [11], solvent extra-
ction [12,13], adsorption [14], chemical precipitation [15], ion
exchange [16], membrane filtration [17], physical adsorption
[18], chemical oxidation/reduction [19,20] and bio-removal
[21]. There has been a growing global interest in the sustainable
methods for the removal of colours from wastewater [22,23].
The every method have its own pros and cons and as a result,
researchers are scrambling to find the safest, most cost-effective
way to remove toxic pollutants from effluents. Among these
existing approaches, adsorption is well-known for its ease of
use, simplicity, low sludge formation and great utility [24]. A
wide range of adsorbent materials is utilized in adsorption
procedures, encompassing both naturally occurring and labor-
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atory synthesized compounds [25]. Methylene blue (MB) is a
dye commonly employed for the purpose of colouring various
products including as textiles, paper and leather [26]. Moreover,
it is commonly employed in the field of human and veterinary
medicine for many therapeutic and diagnostic uses [27]. In
human body, methylene blue induces many physiological resp-
onses including increased heart rate, vomiting, shock, organ
formation, cyanosis, jaundice, quadriplegia and tissue necrosis
[28,29]. There is evidence indicating a correlation between it
and lung and urinary bladder cancer, as well as chromosomal
damage in humans [30,31]. Due to its complex aromatic consti-
tuents, hydrophilic composition, light resistance and temperature
resistance, standard water treatment methods are unable to fully
breakdown it [32,33]. Therefore, the urgent necessity to address
the removal of toxic methylene blue dye is evident. Further-
more, the disposal of waste foundry sand (WFS) poses a signi-
ficant challenge for many foundry industries. A substantial
amount of this sand is disposed of in landfills, leading to soil
and water pollution.

Therefore, in order to tackle this issue and establish a waste-
to-useful approach in this study, the primary objective is to
utilize industrial waste as adsorbent materials for water remed-
iation. Following a minimal modification process involving
the annealing of WES at several temperatures in a muffle furnace,
the resulting WES is utilized as highly effective adsorbent mate-
rials. Furthermore, the practical findings obtained in the field
strongly suggest that the WFS adsorbent can be directly utilized
in large-scale wastewater treatment facilities to effectively
eliminate various types of pollutants, even in challenging cond-
itions. The primary objective of the study was to employ waste
foundry sand (WES) for efficient adsorption of methylene blue
dye and investigate the sorption capabilities of modified waste
foundry materials. The most common isotherms, such as Freun-
dlich and Langmuir, were used to elucidate the mechanism of
adsorption. The investigation of adsorption rate is conducted
utilizing the widely employed kinetic theoretical frameworks
of pseudo first order and pseudo second order kinetics. The
technology of adsorption has proven to be highly effective in
the removal of dyes throughout the water treatment process,
owing to its user-friendly nature, exceptional efficiency and
economic viability.

EXPERIMENTAL

Modification of waste foundry sand (WF'S) adsorbent:
Waste foundry sand (WFS) was collected from the local foundry
industry Kolhapur city of India. The collected WFS were rinsed
with deionized water to eliminate the colour impurities and
other water soluble materials. The WES dried in an electric oven
at 110 °C and annealed in muffle furnace at 300, 400 and 500 °C
(labelled as WFS-300, WFS-400, WFS-500). The effective
adsorbent materials were stored in air tight moisture free environ-
ment and used over the experiment.

Preparation of adsorbate (MB dye) solution: Methylene
blue (MB) dye solution stock solution (1000 mg L) was prep-
ared by dissolving a calculated amount of solid MB dye crystals
in distilled water. All of the required test solutions were prep-
ared by diluting the MB dye stock solution.

Characterization: Various techniques were used to chara-
cterize the prepared WFS materials, including X-ray diffraction
analysis (XRD) (Bruker, D2-Phaser X-ray diffractometer) for
structural confirmation and the nature of WFS adsorbent.
Fourier Transformer Infrared spectroscopy (FTIR) (Jasco, FT
IR-4600 type A, Sr. no. D044761786) was used to identify
functional groups. Field Emission Scanning Electron Micro-
scopy (FE-SEM) (Jeol-JSM-6360) was used to determine the
morphology of porous surfaces and the alteration of surface
roughness. To confirm the chemical states and surface chemistry
of the adsorbent at room temperature, high-resolution X-ray
photoelectron spectroscopy (HR-XPS, VG Multi lab 2000, Thermo
VG Scientific, UK) was used. The elemental composition was
determined using energy-dispersive X-ray spectroscopy (EDS,
Oxford INCA system). UV-VIS spectrophotometer (EQIP-
TRONICS, Digital Spectrophotometer, EQ 825) for dye concen-
tration measurement.

Batch adsorption experiments: Batch adsorption tests
were carried out by agitating a series of 250 mL Erlenmeyer
flasks containing 0.3 g of WFS and 100-700 mg L' MB dye
solution on a mechanical shaker for 180 min. The pH of the
solution was adjusted to 9, and flasks were stirred at 150 rpm.
Following equilibrium, the dye was separated using Whatman
filter paper no. 41 and the concentration of unadsorbed dye
was evaluated using a UV-Vis spectrophotometer. After confir-
ming Beer-Lambert’s law, the dye absorption was measured
at 663 nm. Eqn. 1 was used to evaluate the amount of dye
absorbed per gram.

q. =———XV ey

where q. is the equilibrium concentration on the adsorbent, C,
and C. (mg L") are the initial and equilibrium concentrations
of MB dye; M is the mass of adsorbent employed; and V is the
volume of solution. The experimental findings were calculated
in terms of the percentage elimination of MB dye. Using eqn.
2, the elimination of MB dye was calculated

c,-C

R (%)= e %100 )

where C, and C. are the initial and equilibrium concentration
of MB dye.

RESULTS AND DISCUSSION

XRD studies: The phase formation and crystal structure
was determined by the XRD technique. Fig. 1 shows the XRD
patterns of WES annealed at different temperatures viz. 300,
400 and 500 °C demonstrated well-defined diffraction peaks
indicating the crystallinity is more at higher temperature [34].
The mineralogical composition WES is of a single crystalline
phase identified as quartz (SiO,) [35]. While the adsorption
efficiency of this sand decreased with increasing annealing
temperature. Finally, the dye molecules may have been well
distributed inside the WFS-300 micro- and macropores. The
WES-300 is more amorphous compared with others WFS-400,
WES-500 annealed sand. The XRD study revealed the change
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Fig. 1. XRD spectrum of annealed waste foundry sand

in crystallinity when annealed temperature increased also
crystallinity increased and adsorption decreased [9].

XPS studies: Fig. 2 depicts the XPS spectrum of WFS-
300, Fig. 2a shows XPS survey spectrum with presence of Si,
Fe, C and O, whereas Fig. 2b illustrates the binding energies of
Fe 2ps, and Fe 2p;, determined in this study [36]. The
originated at binding energy 707 eV is assigned to Fe-metal
while the peak at 711 eV is due to Fe** oxidation state. The
absorption peak at 719 and 723 eV is due to Fe;O, while the
statelite peak at 716 eV assigned the presence of Fe,O; [37,38].
At the outset waste foundry sand is composed Fe metal, Fe,O;
and Fe;0; structure. Fig. 2¢ shows the presence of carbon in
the core-level spectrum for C1 s, which contains three peaks
at the binding energy. 284.5 eV corresponds to a C-C bond,
286.7 eV to a C-O-C bond and 288.9 eV to O-C=0 functional
groups [39]. Fig. 2d depicts a deconvoluted oxygen spectra
with three peaks at binding energies of 529.6, 531.3 and 533.4
eV representing metal-oxygen, metal-carbon and C-O group,
respectively [40]. The existence of silica (Si 2p) was confirmed
in Fig. 2e with characteristic peak at 101.4 eV.

This represents elemental Si, surface oxide and silica. This
also suggests that the waste sand containing a high ratio of
surface oxides [39]. Therefore, presence of smaller micro crys-
talline structure causes the high surface activity, which is leading
to stronger interaction between the foundry sand grains when
coupling with dye molecule [35].
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Fig. 2. (a) XPS survey spectra of WFS-300, (b) core-level spectrum of Fe 2p, (c) core-level spectrum of C1 s, (d) core-level spectrum of O1

s (e) core-level spectrum of Si 2p
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FE-SEM studies: Fig. 3a-b illustrate the rough surface
area of the adsorbent before adsorption, whereas Fig. 3c-d
show a micrograph of WFS-300 following dye adsorption with
a flat surface. The change in the surface area demonstrates that
methylene blue dye was successfully adsorbed on the rough
surface of the WFS-300 adsorbent.

FTIR studies: Using FTIR technique, the effective func-
tional groups responsible for WFS sites during sorption [41,42]
were analyzed. To address the decrease in transmittance for the
WES sample prior to adsorption (Fig. 4a). A spectrophotometer
with infrared spectra ranging from 400 to 4000 cm™ was used.
The changes in the infrared frequencies of bonds (O-H band,
H-O-H band, O-Si-O band and Si-O band) have wavenumbers
of 3400, 1711, 1402 and 564 cm’, respectively [43].
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Raman studies: The Raman spectra was used to investi-
gate the distinct phases of WFS-300 as depicted in Fig. 4b. The
band at 156, 417, 467, 666, 1005, 1113, 1609 cm™ gives the
characteristics of the materials in SiO, phase had seven major
peaks that were visible in the Raman band [44].

Particle size distribution: Fig. 5 depicts the particle size
distribution ranging from 353.4 to 1614.5 nm, with an average
value of 984 nm. This data confirmed the classification of the
waste as exhaust sand rather than exhaust dust as the latter has
lesser granularity. The particle size distribution curve, waste
foundry sand is effective and medium in size SiO,, Al,O; and
Fe,Os; make up the majority of the WES, with values of 94.36,
2.82 and 2.12%, respectively. The quantities of Na,O and CaO in
WES are quite low, accounting for 0.24% and 0.05%, respectively.
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Fig. 3. SEM image of (a,b) WFS-300 adsorbent material and (c,d) is after adsorption of methylene blue dye on surface of WES-300 sample
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Fig. 5. Particle size distribution of WFS-300 sample

Adsorption studies

Annealing effect of WFS on adsorption: To ensure the
effectiveness of adsorption process the WFS-300, WFS-400
and WFS-500 adsorbent material were tested with methylene
blue dye solutions. Three different conical flasks were used
containing 0.3 g of WFS-300, WFS-400 and WFS-500, respec-
tively. The 100 mL of dye solution with dye concentrations of
100 mg/L were added. The solution was agitated for a predeter-
mined time period. A UV-visible spectrophotometer was used
to measure the amounts of unadsorbed methylene blue dye.
The percentage removal efficiency of three annealed WFS is
illustrated in Fig. 6a. The results demonstrated that WFS-300
has more removal efficiency towards methylene blue dye than
WES-400 and WFS-500 adsorbent materials. Hence, it is opti-
mized that the WFS-300 is utilized for further adsorption studies.

Effect of pH: To evaluate the effect of initial pH of the
solution on adsorption process the pH of working solution was
adjusted in between range 2-10 by using HCl and KOH solutions.
A 100 mL of 100 mg/L dye solution containing and 0.3 g/100

Fig. 6. Annealing effect of waste foundry sand (WES) on methylene blue
adsorption

mL of adsorbent were added in a conical flask. The conical flask
was placed on the magnetic stirrer at room temperature and
after 60 min the solution was filtered with whatmann filter paper
and absorbance was recorded using a UV spectrophotometer.
Fig. 7a depicted the percentage removal of methylene blue dye
by employing WFS-300 adsorbent.

The results showed that when pH increased, the percentage
removal of methylene blue dye increased and reached equili-
brium at 98% in the presence of negatively charged groups
present at the adsorbent surface for cationic dye adsorption.
As aresult, higher dye removal was enabled by the availability
of a more negatively charged surface of adsorbent. As the pH
increased, the negative charged site also increased subsequently
the percentage elimination of methylene blue dye also increases
[45]. A similar results are reported in literature for the pH of
working solution by Patil et al. [46].

Effect of dosage: In a series of conical flask the WFS-300
were added as 0.05 to 0.45 g containing 100 mg/L of 100 mL
methylene blue dye solution. The solution were shaked for 1 h
on magnetic stirrer. The final dye concentration readings were
recorded and plotted as shown in Fig. 7b. Here the amount of
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Fig. 7. (a) Effect of solution pH, (b) Effect of amount of WFS-300 adsorbent, (c) Effect of contact period, and (d) Effect of concentration of

methylene blue dye on adsorption

adsorbent increases, the effective active site increases with
increasing surface area and the percentage removal increases
until it reaches equilibrium at 0.3 g for 98% removal, after
which no further significant variations were observed.

Effect of contact period: Fig. 7c represents the graph of
effect of contact period between WFS-300 and methylene blue
dye. The findings indicate that there is a positive correlation
between the duration of contact and the percentage of removal,
with the latter reaching equilibrium within a time frame of 60
min. The uptake rate of methylene blue dye was faster in the
beginning, but after equilibrium, it became constant and no
significant change was observed. However, 98% of dye was
successfully removed after 60 min. To determine the uptake
rate of methylene blue dye, the obtained experimental data was
used in the most used kinetic models such as pseudo-first order
and pseudo-second order.

Pseudo-first order and pseudo-second order kinetics:
The experimental data was used with a pseudo-first-order model
[47] to calculate the uptake rate and the graph of log (q. — q)

against t was plotted for methylene blue dye on WFS-300 (Fig.
8a). Eqn. 3 gives the linear form of the pseudo-first order model
as follows:

k
log(q. —q) = 10g(qe)—[7i)3jt 3)

where q. and q, (mg g') represent the amount of dye adsorbed
at equilibrium and time t, k; (min™) is rate constant. The plot
of log (q. — qu) versus t gives values of k;.

From the plot the adsorption capacity and constant were
calculated and tabulated in Table-1. K, was determined from
the slope and q. was determined from the graph’s intercept.

TABLE-1
KINETIC PARAMETER CONSTANT VALUE FOR
ADSORPTION OF METHYLENE BLUE DYE ON WES-300

Pseudo-first order g (mg/g) K, (IL/min) R’
kinetic model 4.3853 0.0177 0.84
Pseudo-second order K, 9e q’ R’
kinetic model 6.036 9.99 99.80 0.99
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The simplest linear form of pseudo-second-order kinetic
model, as proposed by Ho & McKay [48], is based on the
rate-limiting step of chemisorptions. The linear form is as given
in eqn. 4:

L:;{i} @
q kg \a.
where q. (mg g") and q, (mg g") is equilibrium amount and
time interval amount of methylene blue dye adsorbed. The k,
(g mg™ min™) is pseudo-second-order rate constant. The value
of q. and k, were obtained from plot of q, versus t using the
slope and intercept (Fig. 8b). A comparison of correlation
coefficient values reveals that the pseudo-second-order kinetic
model (R*=0.99) was better suited to fitting the experimental
data. Fig. 8b demonstrates that methylene blue dye adsorption
on WFS-300 follows a pseudo-second-order kinetic model.
Effect of initial concentration of methylene blue dye:
The dosage of methylene blue dye adsorbed per unit mass of
adsorbent increased while the percentage clearance decreased

as the initial concentration of methylene blue dye increased at
constant room temperature for 60 min. This effect was tested
at a concentration range of 100-700 mg L™ while holding all
other predetermined parameters constant and using 0.3 g of
WES-300 adsorbent. This batch adsorption study was run at a
constant room temperature for 60 min. Fig. 8d depicts the
effects of initial methylene blue dye concentration on efficient
percentage removal. With increasing dye concentration, the
percentage removal of methylene blue dye reduces from 98%
t0 91.37%. The initial concentration acts as a powerful driving
force in overcoming all methylene blue dye mass transfer resis-
tances across the aqueous and solid phases. As a result, greater
mass transfer of methylene blue dye from exterior to interior
was observed during this adsorption process at higher initial
concentration sites [49].

Adsorption isotherm studies: The most commonly used
models are the Langmuir and Freundlich isotherms. Both models
were utilized in this study to explain the relationship between
the amount of methylene blue dye adsorbed and its equilibrium
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concentration [50,51]. This is the linear form of the Langmuir
adsorption isotherm [52,53].

cC__t G
qe qmXKL qm (5)

where q., (mg g') is maximum adsorption capacity, K; (L mg™)
is Langmuir constant, q.is equilibrium amount and C. is equili-
brium concentration. The parameters . and K; was calculated
from the plot of C./q. vs. C. with 1/q, is slope and 1/K, gm
equal to intercept [46].

Freundlich adsorption isotherm [54] based on adsorbate
uptake by multilayer adsorption on heterogeneous surfaces.
Freundlich’s equation has a linear form:

Inq, =InK, +(lj InC, (6)
n

where Kr (mg g') is the Freundlich constant related to the
adsorption capacity and n indicates the intensity of adsorption,
g.(mg g") and C, (mg L") are amount adsorbed and equilibrium
concentration of methylene blue dye.

The suitability of an isotherm corresponds with a coeffi-
cient of variation (R?) tabulated with other parameter values
in Table-2. The linear graph of both isotherms is depicted in
Fig. 8c-d. The Langmuir model demonstrates better suitability
(R? = 0.98) compared to Freundlich isotherm model ((R* =
0.97) as evidenced by the maximal monolayer adsorption capa-
city of WFS-300 at 190.47 mg g™

TABLE-2
ISOTHERM PARAMETER CONSTANT VALUE

Langmuir model Freundlich isotherm
Constant Value Constant Value
K, (L mg") 0.072 K;(L mg") 47.44
Qrmax 190.47 1/n 0.263
R? 0.98 R? 0.97

Recyclability study: The ability of annealed WFS-300
as an adsorbent to regenerate and maintain performance during
the adsorption process is the two key factors that determine its
practical application. The sorbent employed in this study for
the removal of methylene blue dye molecules and subsequent
regeneration of the used sorbent was subjected to tests to assess
its recyclability [55,56]. The results of five times recycling
are shown in Fig. 9 and the sorbent can be utilized again. The
comparisons of efficiency of the adsorption capacity with other
adsorbent materials is tabulated in Table-3.

Conclusion

Waste foundry sand (WFS) was successfully modified at
300 °C and utilized as adsorbent materials for adsorption of
methylene blue dye. The comparative XRD spectra shows a
good crystalline nature of WES and WFS-300 showed excellent
response for removing the methylene blue dye compared to
other WFS-400 and WFS-500. The maximum 98% methylene
blue dye were adsorbed at optimized pH-8, within 60 min at
0.3 g WFS-300 adsorbent dosage. The results were matched
with the well-known Langmuir adsorption isotherm, with a
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97.5
97.4

97.3 \
97.2

97.1

Removal (%)
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Fig. 9. Recyclability test of WES-300 adsorbent
TABLE-3

COMPARISON OF THE ADSORPTION CAPACITY OF
WES-300 IN COMPARISON WITH OTHER ADSORBENTS

Adsorption

Adsorbent . Ref.
capacity

Cobalt-zinc ferrite 32.30 mg/g [57]
WEFS/Cu(II) 7.153 mg/g [58]
Lignocellulosic agriculture waste 148.8 mg/g [55]
AC500/NZ 51 mg/g [56]
Twigs-derived activated carbons 217 mg/g [59]
Graphene Oxide 1.939 mg/mg [60]
Spent rice biomass (SRB) 8.13 mg/g [61]
Soursop 55.39 mg/g [62]
Sugarcane bagasse 17.43 mg/g [62]
WES-300 190.47 mg/g Present work

maximum monolayer adsorption capacity of 190.47 mg/g. The
uptake rate of methylene blue dye on WES-300 follows a pseudo-
second order kinetic model. These findings indicated that a
waste-to-use methodology can be applied to efficiently utilize
the waste foundry sand as an absorbent for methylene blue dye.
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