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Abstract: The discharge of dyes from textile industries led to a broad range of toxicological and
environmental effects, posing severe health issues for humans and animals worldwide. These dyes
are highly stable and, if not adequately treated, remain in the environment for extended periods.
Adsorption, the most efficient and cost-effective method, offers unique advantages for using natural
adsorbents, such as marble waste composites, for dye removal. The easy availability of marble
waste, its low cost, its eco-friendly nature, its ease of operation, its simplicity of design, its flexibility,
and its great affinity for dyes make it a suitable option for dye removal. Golden marble waste
nanocomposites are prepared for dye removal. The results from the studies suggested that treated
golden marble composite materials exhibit better adsorption efficiency (224.8,299.5, and 369.2 mg/g)
for adsorptive removal of dyes than untreated golden marble composite materials (114.4 mg/g). This
research also used isothermic and kinetic models to evaluate the effects of numerous parameters,
for example, the initial dye concentration, pH, time, temperature, and adsorbent dose. The highest
removal of 369.9 mg/g was achieved during the present study for blue dye at an optimized pH
of 7 and a temperature of 30 °C. It was observed that golden marble waste composites gave better
R? (0.99) values for second-order kinetics in the kinetic model. Results obtained from comparing
Langmuir, Freundlich, Temkin, Dubinin, and Herkin Jura isotherms showed that the R? values of
the Langmuir isotherm for Foron red (0.97), the Temkin isotherm for Foron blue (0.98), and the
Freundlich isotherm for Foron black dye (0.97) fit on adsorption for both treated and untreated
composites. Characterization techniques, such as scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR), are also discussed for the structural determination of golden
marble waste composites.

Keywords: golden marble waste composites; Foron dyes; adsorption; SEM; FTIR

1. Introduction

There has been a tremendous increase in wastewater production in the last few decades
because of the growing pace of industrialization. It is one of the world’s most severe issues
today, owing to various industries [1]. The release of harmful chemicals has caused
severe health and environmental issues. Industrial wastewater contains a wide range of
toxins, including dyes and pollutants of both organic and inorganic origins. Heavy metals,
hydrocarbons, microbes, endocrine disruptors, and nutrients (nitrogen and phosphorus)
are the primary contaminants in wastewater. These contaminants and organic matter make
it suitable for the growth of pathogenic organisms, such as bacteria, viruses, and fungi.
These organisms are responsible for various waterborne diseases [2]. Moreover, most of
the dyes in this wastewater are carcinogenic and toxic [3]. Water pollution also negatively
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impacts aquatic ecosystems, as the amount of sunlight penetrating the water is considerably
reduced. Consequently, gas solubility and photosynthetic activities are decreased [4].

Water toxicity is due to various sources, including households and agricultural wastes,
but the most significant source is water from industries [5]. Among major industries, the
textile industry is responsible for the maximum discharge of dyes into the environment.
Moreover, cosmetic production, the printing industry, and plastic manufacturing all signifi-
cantly use dye as a vital ingredient in their manufacturing [6]. The textile industry is one of
the oldest industries, and with the increasing demand for textile products, the discharge
of harmful effluents from these industries has been increasing daily. This tremendous
increase in wastewater pollutants may cause health and environmental problems. Among
these pollutants, dyes have gained significant importance and are known for their adverse
effects worldwide. The environmental issues related to these textile industries are primarily
associated with toxic chemicals used during processing and untreated effluents discharged
into water bodies.

Dyes are very stable, as they can last in the air for a long time if they are not adequately
treated [7]. When discharged directly into water bodies, such as canals and rivers, these
effluents pollute the aquatic environment and adversely affect flora and fauna [8]. When
exposed now to these dyes, organisms can show chronic or acute effects, depending upon
dye concentration and exposure time. The most complicated side effect of polluted water is
the depletion of dissolved oxygen, which is highly important for the aquatic ecosystem.
This also limits the self-purification potential of water. In addition to these issues caused
during the dyeing process, industries also produce many effluents. These pollutants are
a complex mixture of toxins, ranging from original colors (lost during dyeing) to heavy
metals and pesticides. As environmental pollutants are not properly treated, they can
seriously contaminate the environment and water sources [9].

Adsorption has been recognized as one of the most effective options for the decon-
tamination of water from heavy metals, dyes, and organic compounds. It is preferred over
other techniques because of its insensitivity to contaminants and water reuse terms [10]. In
recent years, much research has been carried out to observe the removal efficiency of different
nanoadsorbents. Different types of nanoadsorbents have been applied [11]. Nanostructured
adsorbents have significantly higher efficiencies and faster adsorption rates than conventional
materials because of their large surface area. For potential applications in the detoxification
of drinking water, industrial effluents, surface and ground water, low-cost, environmentally
friendly, and efficient nanomaterials with distinct functionalities have been suggested. The
most efficient and ideal adsorbent for wastewater treatment should have high selectivity,
mainly for contaminants found in low concentrations in water. Moreover, these adsorbents
should be environmentally benign and demonstrate a high adsorption capacity. The pollutants
that are adsorbed on its surface should be easily removed and recyclable [12].

The treatment of wastewater using indigenous rocks and different waste materials,
such as marble, limestone, shell, granite, mineral zeolite, refuse concrete, refuse cement, and
charcoal, has been studied [13]. According to a study, marble powder is an attractive option
for dye removal from wastewater. Marble powder shows higher adsorption efficiency due
to micro- and macrospores, resulting in longer contact time between dye and adsorbent [14].
Marble dust, a low-cost sorbent, is commonly available worldwide [15]. The chemical
name of marble is calcium carbonate. Adsorption is the fundamental mechanism for the
processing of dyeing water. Several disperse dyes, such as Foron black (FBL), Foron red
(FR), Foron turquoise (FT), Foron violet (FV), and Foron brown (FB), have been used in the
different studies, but there is limited literature on the decolorization of Foron dyes. Foron
class of dyes usually require 1-2 h for complete color removal [16].

Marble is preferred over other adsorbents in wastewater treatment due to its suitability
and cost-effectiveness. Several studies have shown that marble is a promising adsorbent
for dye removal. The attractive properties of marble include its cost-effectiveness and
environmental friendliness. Compared to activated carbon, the dye removal rate with
marble is faster, which is one of the critical requirements for the practical application of this
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treatment approach [15]. Marble is a metamorphic rock created from limestone that has
been subjected to extreme heat and pressure deep inside the Earth’s crust. Limestone is
a sedimentary rock composed of sea corals and animal skeletons from the sea. Calcite is
a mineral that is required for the formation of limestone. These calcite crystals melt and
recrystallize into larger, coarser crystals that interlock and form the carbonate rock known
as marble. Contamination-free limestone yields shining, clean marble [17].

The present study has focused on removing used Foron blue, Foron black, and Foron
red dyes from water using marble waste material. The effects of numerous parameters,
for example, initial dye concentration, pH, time, temperature, and adsorbent dose, were
optimized on dye uptake capacity. Furthermore, the obtained data were discussed in detail
using isothermal and kinetic models.

2. Materials and Methods
2.1. Materials

Foron red, blue, and black dyes were obtained from the dyeing industry in Faisalabad.
Golden marble stone was purchased from the local market of a nearby locality. Potassium
ferricyanide and sodium metasilicate were used to modify the golden marble powder. All
chemical reagents in this study, including 0.1M dil. HCl solution, 0.1M NaOH, Nitric acid,
and buffer solution of a pH 7 were of analytical grade. Distilled water was used for the
preparation of the required solutions.

2.2. Methods
2.2.1. Spectrophotometric Analysis

Solutions of all three dyes (Foron blue, Foron black, and Foron red) were prepared by
dissolving 0.001 g of each dye in 40 mL distilled water to prepare a 25-ppm dye solution.
Spectrophotometric analysis of dyes solutions was performed using a 721 D UV visible
spectrophotometer (WINCOM, Hunan, China) to find the maximum wavelength Amax of
each dye. Absorbance was monitored in the 380-1000 nm wavelength range for analysis.

2.2.2. Preparation of Golden Marble Powder

The golden marble used in this work was purchased in the form of stone from the
local market in Faisalabad, Pakistan. Golden marble stone was then ground to attain fine
powder to be used as an adsorbent for the removal of dyes from water.

2.2.3. Preparation of Composite Materials

Fifteen grams of pure golden marble powder were divided into three equal parts,
each with five grams of marble powder. One part was treated with a saturated solution of
potassium ferricyanide, and the second was treated with a solution of sodium metasilicate.
The third part was treated with a mixture of potassium ferricyanide and sodium silicate
to obtain a fine paste, which was further dried in the oven at 150 °C for approximately
2 h. All three dried samples were then washed and filtered using excess water to remove
water-soluble impurities, as well as the colors of the chemicals used. The residue on the
filter paper is collected and stored for further processing. After washing, the samples were
dried for the second time in the oven at 150 °C. After drying, the samples were ground in a
ceramic-based pestle and mortar to form a fine powder. The treated samples were stored in
bottles for further studies.

2.2.4. Adsorption

The adsorption process of golden marble-based composite materials was performed
by agitating the pure golden marble powder and composites with dye solutions using
an orbital shaker at 120 rpm speed for 3 h. Dye solutions of Foron blue, red, and black
were prepared with varying molar concentrations from 20 to 100 ppm. The pH of the
dye solutions was adjusted separately using 0.1 M NaOH and 0.1 M HCl solutions. An
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adsorbent dosage (0.01 g) was added to each dye solution. pHPZC (point of zero charge)
was determined by the pH drift method [18].

2.3. Optimization of Parameters

The effect of the initial dye concentration, adsorption dose, pH, temperature, and time
by varying the dye concentration from 20 to 100 mg/L was investigated for three dyes. The
time and shaking speed in the orbital shaker were 2 h for 300 rpm to remove the adsorbent
and were measured at a wavelength for maximum absorbance (A max is 570 nm for Foron
blue, 572 nm for Foron black, and 475 nm for Foron red dye).

2.4. Adsorption Isotherms

The adsorption isotherm explains adsorbent and adsorbate interactions and is critical
for optimizing adsorbent usage. These studies help to associate adsorption capacity (qe,
mg-g~!) and adsorbate concentration (Ce, mg-L~!) in the liquid phase. Different isotherm
models were applied to understand complex adsorption processes, including Langmuir,
Freundlich, Dubinin Radushkevich, Temkin, and Harkin—Jura adsorption isotherms. Ki-
netic data were examined using pseudo-first order and pseudo-second-order kinetic models
to study the effect of time on the adsorption process [19].

2.5. Characterization of Adsorbents

The surface morphology of golden marble-based composites was studied using a
scanning electron microscope (SEM), (FEI Nova 450 NanoSEM, Hillsboro, USA). SEM
analysis was carried out using ETD and TLD detectors, and specimens were observed in a
high vacuum at a 25,000 x magnification range. Fourier-transform infrared spectroscopy
was employed to determine functional group differences before and after the adsorption
processes. SEM analysis provides information about golden marbles by scanning them
using a focused beam of electrons.

3. Results and Discussion
3.1. Effect of Initial Dye Concentration

The effect of the initial dye concentration on the dye adsorption capacity was investi-
gated in the range of 20-100 mg/L at room temperature without changing the initial pH of
the medium. The results in Figure 1 show that the percentage of dye removal increased
with increasing initial dye concentrations. The actual amount of dye adsorbed per unit
mass of the adsorbent increased with the increase in dye concentration, showing that the
adsorption is highly dependent on the initial concentration of the dye (Figure 1). Foron
red, blue, and black dyeing water was treated separately with golden marble waste com-
posites to study the effect of initial dye concentration. Pure golden marble composites
(GM) adsorbed Foron red, blue, and black dyeing wastewater more at higher dye concen-
trations. A similar trend was observed when the solution of Foron dyes was adsorbed with
golden marble modified with potassium ferricyanide (GMP), golden marble modified with
sodium metasillicate (GMS), and marble modified with a mixture of both metasillicate and
potassium ferricyanide (GMPS).

The dye adsorption increased as the dye concentration increased from 20 mg/L to
40 mg/L, 60 mg/L, 80 mg/L, and then to 100 mg/L. The results show that with increased
adsorption, the removal percentage increases significantly. The increase in uptake at higher
concentrations resulted from an increased ratio of the initial adsorption number of moles of
the dye to the available surface area. The initial dye concentration provides a significant
driving force for overcoming the mass transfer resistance of the dye between the aqueous
and solid phases. Therefore, at higher initial dye concentrations, the number of ions
competing for the available sites on the marble surface was increased, resulting in higher
Foron dye adsorption capacity [20].
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Figure 1. Effect of initial dye concentration on adsorption capacity of golden marble stone powder

(a) Foron black dye, (b) Foron blue dye, and (c) Foron red dye.
3.2. Effect of Adsorbent Dose on Efficiency of Dye Removal

The solid /solution ratio is a crucial factor in determining adsorbent capacity. The
effect of adsorbent dose was studied at different doses of adsorbent, ranging from 5 to
40 mg, with dye concentrations of 100 mg/L at room temperature. Figure 2 depicts the
relationship between the dose and the percentage removal of adsorbents. It was seen
that the percentage of adsorption decreased as the dose of adsorbents increased. This is
due to increased mass transfer resistance; the increased number of adsorbents hinders
the movement of dye molecules and reduces the adsorption of dyes on the surface of
adsorbents, which becomes critical at high adsorbent doses.

Dye removal occurs with an increase in adsorbent dosage. This can be attributed to the
increase in surface area and active sites. With further increase, there was an observed fall in
the percentage removal of dye due to an increase in adsorbent dosage beyond maximum
adsorption capacity, which might be because of the overlapping of the adsorption sites
due to overcrowding of adsorbent particles beyond the optimum dose. The same pattern



Coatings 2022, 12, 1955

6 of 18

was observed for the removal efficiencies of golden marble waste composites (pure golden
marble, golden marble treated with potassium ferricyanide, sodium metasilicate, and their
mixtures). An increase in the amount of adsorbent should increase the adsorption rate
because of an increase in the number of available sites. However, the adsorption sites
remained unsaturated as the dye molecules could not get adsorbed on the surface due to
resistance offered by the increased amount of adsorbent [21].
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Figure 2. Effect of adsorbent dose on adsorption capacity (a) Foron black dye, (b) Foron blue dye
(c), and Foron red dye.

3.3. Effect of pH on Dye Adsorption

Figure 3 represents the adsorption capacity of the Foron dyes and golden marble
from 5 to 10 pH at the dye concentration of 100 mg/L. The pH initial-pH final curve in
Figure 3a was drawn using the measured pH initial and pH final values. The intersection
of the curves and the pH initial = pH final line showed that the pHpzc of the golden
stone nanostructure was estimated to be ca. 7.1. The effect of pH on the adsorption of
Foron red, Foron blue, and black dyes was determined in an aqueous solution of pure
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golden marble and its composites. The effect of pH on the adsorption of the dye on the
marble material was found to be quite distinct; the change in adsorption was regular, with
an increase in pH and had a maximum at pH 7 and decreased afterwards. The degree
of ionization of the adsorbent and the surface characteristics of the adsorbent are both
affected by the pH of the solution, and the initial pH of the solution influences more than
the final pH of the solution. The amount of Foron dyes adsorbed is more significant at
neutral pH and decreases at the dye solution’s basic and acidic pH. When the pH of the dye
solution increases, the surface tends to acquire a negative charge, resulting in increased dye
adsorption due to increasing electrostatic attraction between positively charged sorbate
and negatively charged sorbent marble, which is a fundamental substance, so an increase
in pH leads to increased adsorption of dyes [22].
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Figure 3. Effect of solution pH on adsorption capacity (a) pHipitia1 VS PHfinal graph for pHpzc
calculation, (b) Foron black dye, (c) Foron blue dye, and (d) Foron red dye.
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3.4. Effect of Contact Time and Solution Temperature

Temperature is a crucial parameter in adsorption reactions. The results in Figure 4
show that the percentage of dye removal increased with increasing temperature, depending
on the nature of the adsorbent. An increase in temperature leads to an increase in dye
adsorption because of an increase in the number of active sites and the kinetic energy
of the molecules. The study of the kinetics of elimination of the Foron dyes by golden
marble powder in an aqueous solution has shown that the temporal evolution of the
quantity of Foron dyes adsorbed per gram of marble for a given concentration (from 20 to
100 mg/L) increases as temperature increases. However, the adsorption phenomenon is
usually affected by many parameters, and the temperature significantly impacts the process
as it determines the equilibrium position [23].
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Figure 4. Effect of solution temperature on adsorption capacity (a) Foron black dye, (b) Foron blue
dye, and (c) Foron red dye.
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3.5. Optimization of Parameters by Theoretical Modeling
Adsorption Isothermal Modeling for Foron Black, Foron Blue and Foron Red Dyes

The adsorption isotherm describes how adsorbate interacts with an absorbent and is
critical in optimizing the use of the absorbent. Adsorption equilibrium studies are conducted
to correlate the adsorption capacity (qe, mg g~ 1) and absorbate concentration (Ce, mg L™1)
in the liquid phase. The nature of adsorption was examined using Langmuir, Freundlich,
Temkin, Dubinin-Radushkevich, and Harkin Jura isothermal models [24]. The results obtained
from the comparison of Langmuir, Freundlich, Temkin, Dubinin, and Harkin Jura isotherms
showed that the R? values of the Langmuir isotherm for Foron red, the Temkin isotherm for
Foron blue, and the Freundlich isotherm for Foron black dye are greater than 0.96 for treated
and untreated composites, and the ge (mg/g) experimental value is closer to the Langmuir
isotherm, Temkin isotherm, and Freundlich isotherm (Tables 1-3). The q (mg/g) values are
better for treated composites as compared to untreated composites, while q (mg/g) is the
value of the mass of dye adsorbed to the adsorbent at equilibrium [25].

Table 1. Comparison of Langmuir, Fruendlich, Temkin, Dubinin-Radushkevich, and Harkin Jura
isotherms for Foron black dye.

Adsorbents
Isothermal Models
GM GMP GMS GMPS
Qmax (€xp) 87.80 179.59 150.79 174.68
. eal (Mg/g) 144.92 277.77 188.67 188.67
Langmuir K (L/mg) 0.0146 0.0229 0.0346 0.1432
R? 0.89 0.93 0.93 0.99
Qmax (€xp) 87.80 179.59 150.79 174.68
Qeal (Mg/g) 84.77 171.18 140.92 175.07
Fruendlich K¢ (L/mg) 5.61 18.60 25.95 82.42
R2 0.97 0.98 0.96 0.96
N 1.66 1.98 2.62 5.85
Qmax (exp) 87.80 179.59 150.79 174.68
Qeal (Mg/g) 81.40 166.5 139.1 173.9
Temkin B 31.65 57.04 39.48 24.75
R2 0.94 0.93 0.90 0.95
At (L/g) 0.14 0.22 0.39 13.66
Qmax (exp) 87.80 179.59 150.79 174.68
. Qeal (Mg/g) 73.88 146.62 124.23 162.37
. g“b}ﬁlmi . R2 0.87 0.78 0.70 0.73
AAUSRKEVICY E (K] /mol) ~111.85 —~158.11 —158.11 —408.24
B (mol?/J?) —4 %1075 —2x10°° —2x10°° —3x107°
qmax (€xp) 87.80 179.59 150.79 174.68
Qeal (Mg/g) 13.937 35.741 35.673 75.235
Harkin Jura R2 0.88 0.97 0.99 0.98
A —769.23 —5000 —5000 —25,000
B —2.00 —2.00 —2.00 -25

3.6. Kinetic Studies

Pseudo-first order and pseudo-second-order kinetic models have been applied to investi-
gate the adsorption mechanism test and the experimental data and dye adsorption kinetics
onto golden marble waste composites (Tables 4-6). The model-predicted values and the
experimental data can be studied by correlation coefficients (R?, values near or equal to 1).
A high R? value showed the effectiveness of the model on adsorption process kinetics. The
results obtained from the comparison showed that the R? values for pseudo-second-order
kinetics are greater than those of pseudo-first-order kinetics and that the R? values are closer to
or equal to 0.96. Therefore, maximum dye adsorption was observed for pseudo-second-order
kinetics. The results obtained suggested that the R? values of the dyes were more significant
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than 0.96 or close to 0.96 in a pseudo-second-order reaction. The value of q (mg/g) was
comparable to pseudo-second-order kinetics instead of pseudo-first-order kinetics. Therefore,
the maximum adsorption removal is favored by pseudo-second-order kinetics [26].

Table 2. Comparison of Langmuir, Fruendlich, Temkin, Dubinin-Radushkevich, and Harkin Jura
isotherms for Foron blue dye.

Adsorbents
Isothermal Models
GM GMP GMS GMPS
Qmax (exp) 97.85 121.88 299.52 369.2
L . Qeal (Mg/g) 147.05 212.76 1111.1 45454
angour Ky (L/mg) 0.021 0.015 5% 1073 0.057
R? 0.99 0.96 042 0.98
qmax (€xp) 97.85 121.88 299.52 369.2
Qeal (Mg/g) 100.99 126.47 333.28 370.91
Fruendlich K¢ (L/mg) 9.18 8.17 7.98 65.45
R? 0.99 0.99 0.93 0.99
N 1.87 1.63 1.13 2.38
qmax (€xp) 97.85 121.88 299.52 369.2
Qeal (Mg/g) 97.03 120.5 298.4 356.2
Temkin B 34.22 46.77 137.2 97.39
R? 0.98 0.97 0.99 0.98
At(L/g) 0.18 0.15 0.12 0.61
Qmax (exp) 97.85 121.88 299.52 369.2
» Qeal (Mg/g) 88.278 107.93 281.54 308.36
. g“bﬁimi . R 0.88 0.86 0.98 0.82
AQUSIKEVICR  E (KJ/mol) —129.09 —~111.85 —~111.80 —316.45
B (mol2/J?) —3x10°° —4x10°° —4x10°° —5x10°
Qmax (€xp) 97.85 121.88 299.52 369.2
Qeal (Mg/g) 19.005 20.559 30.809 81.137
Harkin Jura R? 0.92 0.92 0.73 0.93
A —14285 —1666.6 —3333.3 —25,000
B -1.99 —2.00 —1.66 —2.00

3.7. FTIR Analysis

According to the FTIR spectra of treated and untreated golden marble waste com-
posites, all the prepared samples have shown absorption peaks in 1794, 1395, 872, 711,
and 1032 cm ™! (Figure 5). However, by comparing untreated golden marble with treated
golden marble, an additional peak was observed at 2510 cm~!. Absorption bands at 2510,
1794, 1395, and 711 cm ! were observed and assigned to calcite CaCOs. The absorption
band indicates the carbonyl group at 1794 cm~!. The peak at 1032.5 cm ! is assigned to
sulfoxide. This indicates that the functional groups at these wave numbers participate
in dye adsorption by sharing or exchanging electrons among sorbent and sorbate. Ad-
ditionally, when the dye is adsorbed, the vibration’s peak becomes smaller, suggesting
that carbonyl groups may play a crucial role in the adsorption of these dyes [27]. Thus,
the addition of potassium ferricyanide increased the adsorption power of the adsorbent.
Sodium metasilicate is used as the adhesive agent, and the addition of sodium metasilicate
to the marble powder increased the absorbance efficiency of the marble stone powder.
The golden marble waste treated with sodium metasilicate and potassium ferricyanide
further enhanced the dye removal capacity of the absorbent. Since marble is the common
component in all three treated samples, the FTIR spectra show almost the same peaks for
these treated samples.
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Table 3. Comparison of Langmuir, Fruendlich, Temkin, Dubinin-Radushkevich, and Harkin Jura

isotherms for Foron red dye.

Adsorbents
Isothermal Models
GM GMP GMS GMPS
Qmax (€xp) 107.17 224.81 123.50 124.83
. eal (Mg/g) 41.81 227.27 212.76 135.13
Langmuir Ky (L/mg) 8.85 0.171 0.0161 0.0788
R2 0.97 0.97 0.98 0.96
Qmax (€xp) 107.17 224.81 123.50 124.83
Jeal (Mg/g) 35.09 230.18 131.12 116.26
Fruendlich K (L/mg) 221.34 74.38 7.585 48.43
R? 0.67 0.84 0.96 0.86
N —247 3.87 1.56 5.10
Qmax (€xp) 107.17 224.81 123.50 124.83
eal (Mg/g) 30.43 2252 263.06 116.0
Temkin B —28.52 42.69 47.57 19.44
R? 0.75 0.81 0.99 0.82
At(L/g) —35x 1073 245 -0.15 447
Qmax (eXp) 107.17 224.81 123.50 124.83
. Qeal (Mg/) 38.89 206.52 113.87 108.24
N ?“‘;‘E‘n'. N R 0.92 0.82 0.95 0.61
adushkevic E (KJ /mol) —2236 —316.2 —111.7 —267.2
B (mol?/J?) —1x107° —5x107° —4 %1075 —7x10°°
Qmax (€xp) 107.17 224.81 123.50 124.83
eal (Mg/g) —28.98 71.59 19.38 44.98
Harkin Jura R? 0.39 0.87 0.83 0.92
A 2000 —20,000 —1428 —10,000
B —0.4 -2 —~1.85 -3

Table 4. Comparison of pseudo-first-order kinetics and pseudo-second-order kinetics for Foron black
dye using golden marble waste composites at different temperatures.

Pseudo-First-Order Kinetics Pseudo-Second-Order Kinetics

Adsorbents 30°C
Q° Qe Ky R? Q° Qe K> R2
GM 59.57 88.74 —0.012 0.99 99.00 88.74 0.01 0.99
GMP 101.88 179.96 —0.011 0.98 196.07 179.96 0.01 0.99
GMS 65.64 153.89 —94x1073 0.98 161.29 153.89 0.01 0.99
GMPS 68.81 175.61 —0.014 0.98 181.81 175.61 0.02 0.99
40 °C
GM 56.84 77.28 —6.6x1073 0.94 92.59 77.28 0.01 0.94
GMP 56.85 170.10 —0.017 0.84 175.43 170.10 0.02 0.99
GMS 43.27 135.46 —0.014 0.94 138.88 135.46 0.02 0.99
GMPS 51.89 172.76 —0.011 0.97 178.57 172.76 0.02 0.99
50 °C
GM 68.32 80.05 —0.02 0.99 89.28 80.05 0.02 0.99
GMP 90.80 162.58 —0.01 0.99 172.41 162.58 0.01 0.99
GMS 52.77 136.52 -0.02 0.98 140.84 136.52 0.02 1.00
GMPS 67.67 166.92 —0.02 0.98 172.41 166.92 0.02 0.99
60 °C
GM 46.00 75.70 —0.01 0.89 82.64 75.70 0.02 0.99
GMP 45.49 127.83 —0.01 0.95 131.57 127.83 0.02 0.99
GMS 48.37 132.17 —0.02 0.97 136.98 132.17 0.03 1.00
GMPS 39.71 158.24 —0.01 0.99 161.29 158.24 0.02 0.99
70°C
GM 42.66 62.67 —0.01 0.97 69.93 62.67 0.02 0.99
GMP 60.47 114.80 —-0.02 0.99 120.48 114.80 0.02 0.99
GMS 40.02 123.49 —0.01 0.99 128.20 123.49 0.02 0.99
GMPS 60.08 145.21 —0.01 0.81 151.51 145.21 0.02 0.99
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Table 5. Comparison of Pseudo-first-order kinetics and Pseudo-second-order kinetics for Foron blue

dye using golden marble waste composites at different temperatures.

Pseudo-First-Order Kinetics

Pseudo-Second-Order Kinetics

Adsorbents 30°C
Q° Qe K4 R? Q° Qe K, R?
GM 49.65 97.58 —0.01 0.99 104.16 97.58 0.02 0.99
GMP 41.80 127.62 —0.01 0.99 131.57 127.62 0.02 0.99
GMS 53.53 297.84 —0.01 0.99 303.03 297.84 0.02 0.99
GMPS 46.33 367.9 —0.01 0.99 370.37 367.9 0.03 0.99
40 °C
GM 34.64 77.56 —0.01 0.99 81.96 77.56 0.02 0.99
GMP 30.95 115.61 —0.01 0.96 119.04 115.61 0.03 0.99
GMS 35.55 275.81 —0.01 0.99 277.77 275.81 0.03 0.99
GMPS 37.32 345.90 —0.01 0.99 344.82 345.90 0.03 0.99
50 °C
GM 26.04 57.53 —0.01 0.99 60.60 57.53 0.03 0.99
GMP 33.77 95.58 —0.01 0.98 99.00 95.58 0.03 0.99
GMS 37.24 257.79 —0.01 0.99 263.15 257.79 0.03 0.99
GMPS 34.21 335.89 —0.01 0.96 333.33 335.89 0.03 0.99
60 °C
GM 18.31 37.51 —0.01 0.99 39.84 37.51 0.03 0.99
GMP 26.04 77.56 —0.01 0.99 80.00 77.56 0.03 0.99
GMS 29.86 235.76 —0.01 0.99 238.09 235.76 0.03 0.99
GMPS 31.72 325.87 —0.01 0.98 333.33 325.87 0.03 0.99
70 °C
GM 31.36 29.50 —0.01 0.99 50 29.50 0.01 0.89
GMP 26.04 55.53 —0.01 0.99 58.82 55.53 0.03 0.99
GMS 38.53 215.73 —0.01 0.91 217.3 215.73 0.03 1.00
GMPS 24.62 305.85 —0.01 0.98 3125 305.85 0.03 0.99
(d) W
(c)
=
L
= (k)
‘W
[ o
QL
£
@) ﬂv/y
—— Potassium ferricyanide and Sodium metasilicate treated golden marble powder
—— Sedium metasilicate treated golden marble powder
—— Potassium ferricyanide treated golden marble powder
pure golden marble powder
T T T T T
4000 3500 2500 2000 1500 1000

Wavenumber (cm ™)

Figure 5. FTIR analysis of (a) pure golden marble powder, (b) potassium ferricyanide treated golden

marble powder, (c) sodium metasilicate treated golden marble powder, and (d) potassium ferricyanide

and sodium metasilicate treated golden marble powder.
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Table 6. Comparison of pseudo-first-order kinetics and pseudo-second-order kinetics for Foron red
dye using golden marble waste composites at different temperatures.

Pseudo-First-Order Kinetics Pseudo-Second-Order Kinetics
Adsorbents 30°C
Q° Qe K4 R? Q° Qe K, R?
GM 31.39 114.41 —0.0147 0.99 117.64 114.41 1.1x 1073 0.99
GMP 26.01 223.14 —0.0101 0.98 227.27 223.14 12 %1073 0.99
GMS 29.50 122.37 —0.0140 0.99 125 122.37 12x 1073 0.99
GMPS 24.29 127.67 —0.0128 0.99 129.87 127.67 1.4 x 103 0.99
40 °C
GM 19.25 103.80 —0.0115 0.99 105.26 103.80 1.7 x 1073 0.99
GMP 37.38 204.58 —0.0165 0.99 208.33 204.58 1.1x 1073 0.99
GMS 26.04 117.06 —0.0135 0.99 119.04 117.06 1.4 x 103 0.99
GMPS 28.05 122.37 —0.0142 0.99 125 122.37 13 x 1073 0.99
50 °C
GM 13.89 90.54 —0.0142 0.99 91.74 90.54 29 %1073 0.99
GMP 29.90 183.36 —0.0149 0.99 185.18 183.36 13 x 103 0.99
GMS 28.05 109.11 —0.0142 0.99 111.11 109.11 13 x 103 0.99
GMPS 29.43 114.41 —0.0140 0.99 117.64 114.41 12x1073 0.99
GM 24.24 82.59 —0.0128 0.99 84.74 82.59 13 x 1073 0.99
GMP 26.04 170.10 —0.0135 0.97 172.41 170.10 1.4 x 103 0.99
GMS 28.04 95.85 —0.0142 0.98 98.03 95.85 12 %1073 0.99
GMPS 29.57 103.80 —0.0112 0.97 106.38 103.80 1.0x 1073 0.99
70 °C
GM 26.04 64.02 —0.0135 0.97 66.67 64.02 11x10°3 0.99
GMP 33.04 140.93 —0.0124 0.94 144.92 140.93 1.0x 103 0.99
GMS 28.04 95.85 —0.0142 0.98 98.03 95.85 12 %1073 0.99
GMPS 29.57 82.59 —0.0112 0.97 85.47 82.59 9.5 x 104 0.99

3.8. SEM Analysis

Scanning electron microscopy with TLD and ETD analysis was used to study the
surface morphology of composites. The SEM micrographs obtained for composites at
various resolutions are shown in Figures 6-9. These micrographs suggested that the pure
golden marble had shown a massive aggregated coarse morphology with a heterogenous
surface. At the same time, the treated golden marble composites depict several pores
with irregular shapes and rough and uneven surfaces. These pores exhibit higher contact
areas and easy diffusion of pores during adsorption. Different cage-like cavities were also
present. Due to the enhanced surface area, porosity, and number of cavities, the treated
composites were very efficient in dye removal by providing more sites for the reaction to
occur. Therefore, by comparing the micrographs of pure golden marble and its treated
composites, it was observed that treated samples possess a larger surface area due to a large
number of pores. These pores provide many active sites for molecules of dye to adsorb and
enhanced the percentage removal of dye [15].

3.9. Comparison of Adsorbents

A comparison of the removal efficiency of golden marble and its nanocomposites with
other adsorbents for dyes is listed in Table 7. It was observed that the produced composite
materials showed a higher removal capacity than the reported adsorbent.
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Figure 6. SEM images of pure golden marble powder at various resolutions, (a) 200 nm, (b) 500 nm,
(¢) 1 um, (d) 2 pm, (e) 4 um, and (f) 5 um.

Figure 7. SEM images of potassium ferricyanide treated golden marble powder at various resolutions,
(a) 200 nm, (b) 500 nm, (c) 1 pm, (d) 2 um, (e) 5 pm, and (f) 10 um.
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Figure 8. SEM images of sodium metasilicate treated golden marble powder at various resolutions,
(a) 200 nm, (b) 500 nm, (c) 1 um, (d) 2 um, (e) 5 um, and (f) 10 pm.

Figure 9. SEM images of potassium ferricyanide and sodium metasilicate treated golden marble
powder at various resolutions, (a) 200 nm, (b) 500 nm, (c) 500 nm, (d) 2 um, (e) 4 um, and (f) 5 um.
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Table 7. Comparison of removal capacity of golden marble with other adsorbents for dyes.

Adsorbents Removal Capacity (mg/g) References
GM 114.48 This study
GMP 22481 This study
GMS 299.52 This study
GMPS 369.20 This study
Natural Rubber 0.0245 [28]
Activated Carbon 26 [29]
Modified Magnetic Ferrite Nanoparticles 55.5 [30]

4. Conclusions

Treated golden marble waste composites have shown significant advantages over pure
or untreated golden marble because of their high adsorption ability. Furthermore, nontoxic,
and environmentally compatible marble composites appeared to be an excellent alternative
for removing various pollutants from industrial wastewater. The adsorption method
offers unique advantages owing to the use of natural adsorbents, such as marble waste
composites for dye removal, due to their easy availability, low cost, eco-friendly nature,
ease of operation, simplicity of design, flexibility, and great affinity for dyes. Golden marble
waste nanocomposites are prepared for dye removal. Adsorption, a cheap and effective
method, showed excellent results for all dyes discussed in the study without producing
any waste. Removal efficiency has been significantly increased using the adsorption
technique. Different factors greatly influence the adsorption capacity, such as absorbance,
pH, time, temperature, concentration, and dose of the adsorbent. Spectrophotometric
analysis suggested that treated golden marble composite material had better removal
efficiency than pure golden marble waste composites. Optimization of a parameter, such as
concentration, contact time, and temperature, was also discussed, and their results were
calculated using isothermal and kinetics models. It was observed that golden marble waste
composites gave better R? values for second-order kinetics in the kinetic model. The results
obtained from comparing the Langmuir, Freundlich, Temkin, Dubinin, and Harkin Jura
isotherms showed that the R? values of the Langmuir isotherm for Foron red, the Temkin
isotherm for Foron blue, and the Freundlich isotherm for Foron black dye fit the adsorption
for both treated and untreated composites. Characterization techniques, such as scanning
electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR), are also
discussed for the structural determination of golden marble waste composites.
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