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Abstract: Glauconite (Gl), a naturally occurring clay material, was utilized as an affordable and
ecologically friendly adsorbent to explore its capturing capacity towards Congo red (CR) dye from
textile industrial waste effluent. To improve adsorption and removal effectiveness, a modification
technique utilizing polyaniline (PAN) was investigated. An X-ray diffractometer (XRD), a scanning
electron microscope (SEM), and Fourier transformer infrared (FTI-R) were applied as strong familiar
characterization techniques for all used adsorbents. The effects of starting concentration, contact
duration, adsorbent dose, pH, and temperature on the adsorption process were also studied. The
reusability of the adsorbent was studied over four adsorption cycles. The results show that PAN
modification of Gl enhances the effectiveness of CR elimination. The clearance efficiency of raw and
modified glauconite at 25 ◦C and pH 7 was 77% and 91%, respectively. The kinetics and isotherms
of Congo red dye adsorption were investigated using batch studies to determine the impacts of
various experimental conditions. The maximum adsorption capacity of the glauconite/polyaniline
(Gl/PAN) nanocomposite rose from 11.9 mg/g for Gl to 14.1 mg/g in accordance with the isotherm
analysis, which shows that the Langmuir isotherm properly characterizes the experimental data. The
pseudo-second-order model (R2 = 0.998) properly expresses the experimental data. The reusability
research proved that the adsorbents may be reused effectively. The overall results suggest that the
modified Gl by PAN might be used as a low-cost, natural adsorbent for eliminating CR color from
textile effluent.

Keywords: polyaniline; glauconite; nanocomposites; adsorbents; water treatment; Congo red dye

1. Introduction

The issue of chemical pollution in water has become more significant to society,
the government, and—more importantly—the whole industrial world [1–5]. Numer-
ous factors contribute to water pollution, including energy consumption, radioactive
waste, urban growth, pesticides and chemical fertilizers, industrial waste, mining op-
erations, sewage, and wastewater [4,6–9]. Dye is one of these contaminants. Synthetic
dyes are widely utilized in a variety of high-tech sectors, including those that produce
plastics, cosmetics, rubber, paper and other types of textiles, as well as leather tanning
and food processing, and printing [10–15]. Thus, treating effluents has become essen-
tial for the industrial sector. Familiar physical, chemical, and biological technologies
including biodegradation, phytoremediation, membrane filtration, electrochemistry, evap-
oration, carbon adsorption, ion exchange, oxidation, solvent extraction, flotation, and
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precipitation methods have been extensively used as efficient methods for removing these
pollutants over the past three decades [4,5,7,16–23]. Due to its environmental and financial
sustainability, dye removal by adsorption is the most efficient and functionally practica-
ble of all these methods [8,24,25]. Numerous widely accessible and abundant naturally
occurring substances have been investigated as adsorbents for the removal of dyes from
wastewater [26–28]. For the treatment of wastewater polluted with dye, there is rising inter-
est in the use of inexpensive, easily accessible clays and clay-modified adsorbents, including
diverse natural materials and waste products from industry or agriculture [29–31]. In the
last 10 years, the advancement of nanotechnology has demonstrated incredible promise for
use in solving environmental issues. Owing to their individual and unique physical and
chemical properties—more precisely their noticeable elevated ratio between specific surface
area and volume, high capacity, high selectivity, and a large number of active groups
that can be used for binding heavy metals—nanomaterials have been extensively used as
high-efficiency adsorbents for removing dyes and heavy metals [32]. These nanomaterials,
however, have run into several problems, including high cost, nano-toxicity, poor separa-
tion and recovery efficiency after usage, etc. They may also produce new contaminants that
have a detrimental effect on ecosystems and living things [33]. Incorporating nanoparti-
cles into a different matrix to create a heterogeneous solid nanocomposite is an efficient
technique to get around some of these restrictions [34]. Due to its widespread availability,
low cost, and minimal impact on the environment, nano clay has been explored in a variety
of academic fields. A layered structure of nanoparticles called nanoclay is made up of
octahedral aluminum flakes and one or two tetrahedral silicon dioxide flakes. Functional
molecules can be anchored to the clay surface. However, they have relatively little ability
to adsorb heavy metals from aqueous solutions. Polyaniline polymers are mixed with raw
clay or other composites to create nanocomposites that combine the unique properties of
each matrix and enhance their adsorption capacity and structural characteristics [35–37].

Glauconite is a phyllosilicate heterogeneous mineral sediment with a documented
chemical formula of (K,Na)(Fe,Al,Mg)2(Si,Al)4O10(OH)2. Due to its bluish-green to greenish-
black color, glauconite has several names like green clay, green sand, or green earth [38].
The chemical analysis of glauconite indicated that the main components were SiO2 (50.52%),
Fe2O3 (20.17%), K2O (8.40%), Al2O3 (6.04%), and MgO (4.2%) [39]. The popularity of glau-
conite clay as an adsorbent in water treatment applications for the removal of various
metal ions and dyes has been documented by several researchers [40,41]. In this research,
environmentally friendly and low-cost raw materials (Gl, PAN, and HCl) were used to
prepare the Gl/PAN nanocomposite. To determine the optimum adsorbent technology
for efficiently removing and retaining waste dyes, particularly CR dye, from industrial
wastewater, this nanocomposite will be used in wastewater treatment with an emphasis
on CR dye. Adsorption kinetics, effects of several factors including CR dye removal, and
isotherms were examined in batch mode testing. These factors included starting CR dye
concentration, contact duration, adsorbent doses, pH changes, and temperature gradient.

2. Materials and Methods
2.1. Raw Materials, Dyes, and Reagents

Glauconite was donated by El-Nassr Company, a mining company that mines different
naturally occurring ores, and uses glauconite with further modification using the poly-
merized form of aniline (PAN). Sodium hydroxide granules with 99% purity, hydrochloric
acid (36%) which was used for pH adjustment, aniline (AN), potassium persulf (PPS), and
Congo red dye were supplied with the aid of Sigma Aldritch, and all dissolving processes
were applied using distilled water.

2.2. Preparation of Gl/PAN Composite

We used Gl powder with a particle size of 315 µm, polymerized on its surface using
aniline that has been dissolved in HCl at a concentration of 0.1 M, and used PPS (0.1 M)
as an oxidizing agent, as stated in [42,43]. The composite was created by swirling the
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mixture at room temperature for two hours while taking into account the 1:1 mass ratio of
Gl and PAN [43]. After a day, the mixture was filtered and carefully rinsed with distilled
water to achieve a neutral pH. The resulting solid was then separated and dried in a
vacuum for 24 h at 60 ◦C. Utilizing FTIR, XRD, and SEM, the samples of glauconite and
PANI composite were analyzed. FTIR spectra were obtained using a Bruker VERTEX
70FTIR spectrophotometer using the dry KBr pellet technique. Moreover, the XRD charts
were observed in the range of 10◦–70◦ with a scan step of 0.02◦ utilizing a PANalytical
diffractometer (Empyrean). Finally, SEM images were captured using a Quanta FEG
250 microscope (Switzerland).

2.3. Preparation of Adsorbate

Congo red (CR), our selected anionic dye, is the material to be adsorbed in this study.
This dye is known as the sodium salt of 3, 30-([1, 10-biphenyl]-4, 40-diyl) bis (4-amino
naphthalene-1-sulfonic acid) with a formula: C32H22N6Na2O6S2 as shown in Figure 1. A
stock solution of 1000 mg/L was prepared by dissolving the appropriate amount (1000 mg)
of CR in a liter of distilled water. The working solutions were prepared by diluting the stock
solution with distilled water to give the appropriate concentration of the working solutions.
The pH values of the solutions were adjusted to 2, 3, 4, 6, 8, and 12 by the addition of either
0.1 M HCl or 0.1 M NaOH solutions, and measured by the pH meter.
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Figure 1. Structure of Congo red.

2.4. Adsorption Studies

Four series of adsorption tests were implemented on the Gl and Gl/PAN composite
adsorbents using altered adsorption parameters. These parameters were: the dye initial
concentration; the temperature of adsorption; dosages of adsorbents; and finally pH of
the solution as shown in Table 1. All tests of CR dye adsorption were done in batch
mode scale in various conditions including dye initial concentrations (5–25 mg/L), contact
time (0–420 min), adsorbent dosage (0.02–0.1 g per 20 mL of CR solution), pH (2–12), and
temperature (25–60 ◦C) for 420 min. The experiment time was set at 420 min and the
volume of the solution was 20 mL in all experiments. By using a UV-Vis spectrophotometer
(PerkinElmer Lambada 950), the changes in the concentration of the analyzed dye were
illustrated by its characteristic absorption peaks.

Table 1. Conditions of experimental tests.

Series Dye Concentration, ppm
(mg/L) Gl and Gl/PAN Weight, g Temperature, ◦C pH Value

1 5 10 15 20 25 0.02 25 7

2 5 0.02 0.04 0.06 0.08 0.1 25 7

3 5 0.02 25 40 50 60 7

4 5 0.02 25 2 3 4 6 7 8 12

The reusing experiments of both Gl and Gl/PAN composite adsorbents were explored
4 times using 0.02 g of all adsorbents, with 20 mL of 5 mg/L as the initial concentration
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of CR for contact time 120 min 25 ◦C and pH 7. For each run, Gl and Gl/PAN composite
adsorbents were gathered from the solution, then washed with distilled water and set for
the next run.

Equations (1)–(3) were used, respectively, to calculate the amount of CR absorption
uptake by the produced composite at equilibrium (qe (mg/g)), at time t (qt ), and the
amount of CR dye removal% [41,44–46]:

qe = (Co − Ce)V/m (1)

qt = (Co − Ct)
V
m

(2)

CR dye removal % =
(Co − Ct)

Co
× 100 (3)

where Co, Ct, and Ce stand for the initial (in mg/L), time, and equilibrium concentrations
of CR, respectively. The dye volume is indicated as in milliliters, while the mass of the Gl
and Gl/PAN composite is shown as in milligrams.

2.5. Adsorption Isotherm

Fitting the adsorption data with the isotherm models is critical in clarifying the adop-
tion behavior of dissolved ions using solid adsorbents [47]. Here we investigate three
isotherm models to understand the adsorption behavior of CR dye on the Gl and Gl/PAN
nanocomposite. Langmuir, Freundlich, and Tempkin isotherms models were represented
by Equations (4)–(6), respectively [48–53];

Ce

qe
=

1
KLQo

+
Ce

Qo
(4)

log qe = log KF +
1
n

log Ce (5)

qe = B lnKT + B lnCe (6)

Qo is the maximum amount of dye that Gl or Gl/PAN nanocomposite can remove. The
Langmuir, Freundlich, and Tempkin binding constants are denoted by KL, KF, and KT,
respectively. The adsorption density is represented by n. The constant B is equal to RT/b,
which is related to the heat of adsorption. Absolute temperature is denoted by T(K). R is
the universal gas constant (8.314 J.mol−1 K−1). Calculating the value of the dimensionless
separation factor constant (RL) from Equation (7) allows one to easily determine the degree
to which the Langmuir isotherms are favorable for the equilibrium data [54],

RL =
1

(1 + KLCmax)
(7)

where Cmax denotes the maximum initial CR concentration.

2.6. Adsorption Kinetics and Mechanism

The adsorption of CR onto Gl and Gl/PAN adsorbents was examined by intra-particle
diffusion, pseudo-first and second order, as well as the simple Elovich kinetic model as
a variety of adsorption parameters and kinetic models. Equations (8)–(11) represent the
pseudo-first-order kinetics model, pseudo-second-order kinetics model, simple Elovich
kinetic model, and Intra-particle diffusion model [55–60];

ln (qe − qt) = ln qe − K1 t (8)

t
qt

=
1

k2q2
e
+

t
qe

(9)
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qt =
1
β

lnαβ+
1
β

ln t (10)

qt = k3t
1
2 + I (11)

where K1, K2, and K3 represent the pseudo-first-order rate constant, pseudo-second-order
rate constant, and intra-particle propagation rate constant, respectively. α refers to the
adsorption rate at time = 0 min (mg/min), β represents the extent of surface coverage
(g/mg), and I is a constant associated with the thickness of the boundary layer.

2.7. Statistical Analysis

The adsorption data was a mean of three independent experiments. The regression co-
efficient (R2) values of Langmuir, Freundlich isotherm, pseudo-first-order, pseudo-second-
order, Intra-particle diffusion, and Elovich kinetic models were determined using statistical
functions of Origin Pro 2016 & Microsoft Excel, 2010 version.

3. Results and Discussion
3.1. Adsorbent Characterization
3.1.1. SEM Characterization

There are clearly discernible micro-aggregates with leaf-like patterns and crystal
morphologies that had multiple mesopores [61] which enhanced the adsorption ability [39],
as seen in SEM images of glauconite samples in Figure 2A,B. Figure 2B shows self assembled
nanoparticles to show nanosheets of nanoporous surface as shown in the inset. The average
particle size is 73 ± 4 nm. The many structural forms of typical polyaniline include flakes,
granules, nanofibers, nanotubes, nanospheres, and nanofibers [62]. Figure 2C,D of Gl/PAN
shows the spongy or netlike structure produced by Polyaniline chains as well as the sheets
or crystals generated by the aggregation of small glauconite granules. The high amount
of micropores in the composite suggests a wider liquid-solid contact, which might easily
speed up the adsorption process.

3.1.2. FT-IR Analysis

Both Gl and Gl/PAN adsorbents revealed FT-IR characteristic bands which are dis-
played in Figure 3a. Nearly all peaks shifted or disappeared referring to the functional
groups on the surface of the glauconite that were covered or interacted with the treating
medium, polyaniline. The FT-IR spectrum of Gl clay revealed a broad absorption band
located at 3400–3700 cm−1 which is attributed to the stretching and bending vibrations
of –OH groups of adsorbed water molecules as well as metal hydroxides found within
the structure of Gl clay [63,64]. The vibrational bands located at 802 and 1023 cm−1 in
the adsorption spectrum refer to Fe–OH bending and Si(Al)–O–Si asymmetric stretching,
respectively [65]. The bending vibration of the Si–O bond appeared at 678 cm−1. Addi-
tionally, vibrational modes located at 445, 447, and 496 cm−1 are correlated to Si–O–Mg,
Si–O–Si, and Si–O–Fe3+ bending vibrations, respectively [66]. Furthermore, FT-IR spectra
of the Gl/PAN composite revealed two clear bands at about 1620 and 3450 cm−1 referring
to O–H bending and stretching modes of adsorbed water molecules and metal hydroxides,
indicating the formation of the hydrogen bonds in the composite [41]. Moreover, the two
vibrational bands which appeared clearly at 445 and 447 cm−1 for the raw Gl were shifted to
higher wavenumbers in the case of the prepared composites. This band shift was repeated
and noticed again in case of vibrations of the silica group comprising of Si–O–Si bend
and Si–O–Si symmetric and asymmetric stretches appeared at lower wavenumbers for
the prepared Gl/PAN composite compared to the Gl clay [63]. These bands appeared
at 447 and 496 cm−1 for Gl/PAN composite. The characteristic bands assigned to –NH2
and –OH groups in the wavenumber range of 3409–3529 cm−1 were noticed in the case of
the prepared Polyaniline/clay composites. The spectrum of the Gl/PAN also exhibited a
vibrational band at 2948 cm−1, which may be attributed to –CH stretching of polyaniline of
composite that also shows the bending vibrational bands due to methylene and methyl
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groups appearing in the range of 1316–1485 cm−1. The vibrational band located at about
1640 cm−1 is probably due to the –C=O group [41]. Finally, the band located at 1421 cm−1

refers to the bending mode of the –NH2 group.
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3.1.3. X-ray Diffraction Characterization

The X-ray Diffraction patterns for both Gl and Gl/PAN are shown in Figure 3b.
Diffraction patterns for the prepared Gl/PAN composites (Figure 3b) are quite similar
to that of Gl [67]. The most intense peaks at 2θ of 21.3◦ and 27.8◦ confirm the presence
of Gl in the two samples. However, there is a shift of the sharp peak to 2θ = 26.6◦ with
significant decrease in the intensity, which indicated the presence of polyaniline in the
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formed composite (Figure 3c). The average crystallite sizes were calculated using the
Scherer equation and were found to be 15.6 nm and 12.6 nm for Gl and Gl/PAN, in order,
which refers to the presence of the nanostructures of the newly synthesized composite.

3.2. Factors Influencing the Adsorption Process
3.2.1. Effect of Initial Dye Concentration

There is a clear variation in the removal percentage and the quantity of CR dye
captured by Gl and Gl/PAN adsorbents at varied initial dye concentrations and time as
shown in Figure 4 which indicates that during the first stages of the adsorption process, the
adsorption capacity and the removal percent were elevated till the equilibrium was reached.
Thereafter, contact time has no noticeable effect on the adsorption process using new
sorbents after equilibrium. The exposed active adsorption sites found on the adsorbent’s
surface with large quantities could be assigned for the rapid removal rate early in the
reaction. The uncovered sites get fully occupied by the adsorbed CR molecules when the
time of contact between adsorbent and adsorbate is increased [45].

Separations 2022, 9, x FOR PEER REVIEW 8 of 18 
 

 

 

Figure 4. Effect of CR dye concentrations and contact time on the removal % and amount of ad-

sorbed dye at 25 °C and pH 7 by 20 mg of (a,c) Gl, and (b,d) Gl/PAN nanocomposite. 

The amount of adsorbed CR increases as the initial CR concentration increases, as 

seen in Figure 4c,d. This might be explained by the fact that as the initial CR concentration 

was raised, the concentration gradient grew. As a result, the mass transfer barrier between 

the CR adsorbate and the Gl and Gl/PAN nanocomposite adsorbents is appropriately ob-

scured by rising draught forces. Maximum Gl adsorption capacities were found to be 3.8, 

6, 8, 2, and 10 mg/g, while Gl/PAN composite adsorption capacities were found to be 4.3, 

6.8, 10, and 12 mg/g for CR with starting concentrations of 5, 10, 15, and 25 mg/L, respec-

tively, at pH 7 and 25 °C. The outcomes demonstrated that the modification of Gl with 

PAN is a workable strategy to improve the effectiveness of CR elimination. 

3.2.2. Effect of Adsorbent Doses 

To determine the ideal adsorbent dosage that provides the greatest efficiency, the 

impact of adsorbent mass on CR removal percentage was evaluated to compute the ad-

sorption cost, as illustrated graphically in Figure 5a. Adsorbent dosages varied from 0.02 

to 0.1 g. It has been discovered that 0.02 g of adsorbent per 20 mL of CR solution with a 

starting concentration of 5 mg/l provides the maximum level of efficiency. The elimination 

Figure 4. Effect of CR dye concentrations and contact time on the removal % and amount of adsorbed
dye at 25 ◦C and pH 7 by 20 mg of (a,c) Gl, and (b,d) Gl/PAN nanocomposite.



Separations 2022, 9, 384 8 of 18

The efficacy of adsorption increases with decreasing CR dye concentrations, partic-
ularly at beginning dye concentrations of 5 ppm. Glauconite had a removal percentage
of 77% in Figure 4a, while Gl/PAN removal percent in Figure 4b showed maximum ad-
sorption and removal percentage of nearly 87%. In contrast to higher concentrations, the
removal percentage drops at 10, 15, 20, and 25 ppm. The elevated removal rates at an early
stage of the reaction are assigned to the density of the substantial surface of uncovered
active sites on the surfaces of the adsorbent. As the duration extended and the adsorbent
and adsorbate were in contact with one another, the hot spots were covered step by step till
become fully occupied sites by CR molecules [68,69]. Hence repulsive forces are created
between CR molecules that have been adsorbed on adsorbent surfaces and the upcoming
CR molecules found in the bulk liquid phase [70].

The amount of adsorbed CR increases as the initial CR concentration increases, as seen
in Figure 4c,d. This might be explained by the fact that as the initial CR concentration was
raised, the concentration gradient grew. As a result, the mass transfer barrier between the
CR adsorbate and the Gl and Gl/PAN nanocomposite adsorbents is appropriately obscured
by rising draught forces. Maximum Gl adsorption capacities were found to be 3.8, 6, 8, 2,
and 10 mg/g, while Gl/PAN composite adsorption capacities were found to be 4.3, 6.8, 10,
and 12 mg/g for CR with starting concentrations of 5, 10, 15, and 25 mg/L, respectively,
at pH 7 and 25 ◦C. The outcomes demonstrated that the modification of Gl with PAN is a
workable strategy to improve the effectiveness of CR elimination.

3.2.2. Effect of Adsorbent Doses

To determine the ideal adsorbent dosage that provides the greatest efficiency, the
impact of adsorbent mass on CR removal percentage was evaluated to compute the ad-
sorption cost, as illustrated graphically in Figure 5a. Adsorbent dosages varied from 0.02
to 0.1 g. It has been discovered that 0.02 g of adsorbent per 20 mL of CR solution with a
starting concentration of 5 mg/l provides the maximum level of efficiency. The elimination
percentage was determined to be 63.6% for Gl and 81.6% for Gl/PAN. The figure also
demonstrates that the dye removal percentage in the two samples decreases with increas-
ing the adsorbent dose from 0.02 to 0.1 g, with the removal percentage in the Gl/PAN
composite decreasing to 69.2% with an increase in dose to 0.04 g and continuing to decrease
to 40.8% with a high dose of 0.1 gm. As the adsorbent dose increased to 0.04 gm, the
removal percentage dropped to 45.2%, and it continued to fall until it reached 32% with
0.1 g of Gl adsorbent. The screen effect, which happens when the adsorbent dose is raised
and a dense layer builds on the adsorbent surface owing to the accumulation of adsorbent
particles and the reduction in the space between adsorbent molecules, may help to explain
this behavior. A condensed coating on the surface of the adsorbent prevented CR molecules
from reaching the binding sites. The few binding sites for CR molecules were also a source
of competition due to the overlap between Gl and Gl/PAN. Agglomeration or aggregation
at higher adsorbent dosages lengthens the diffusion channel for CR adsorption, which
reduces the adsorption percentage [71–74].
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Figure 5. Effect of adsorption conditions on the removal% of CR dye (20 mL and 5 mg/L) by Gl and
Gl/PAN composite: (a) effect of adsorbent weight; (b) effect of initial pH of the solution; (c) effect of
adsorption temperature; (d) effect of the reusability test; and (e) zeta potential measurements as a
function of pH for GL and GL/PAN.

3.2.3. Effect of Solution pH

The efficacy of adsorption is reliant on the solution pH because the difference in pH
leads to variations in the degree of ionization of the adsorptive molecule and the adsorbent’s
surface characteristics [75]. A pH range from 2 to 12 was selected to study the effect of
pH on the CR removal efficiency of the adsorbent as shown in Figure 5b. Gl adsorbent
shows removal percentages of 30%, 32.4%, 69.6%, 85.0%, and 89.0% for investigated dye
with initial concentration 5 mg/L, sorbent dosage 0.02 g of Gl per 20 mL of CR solution
at pH values of 2, 3, 6, 7, and 12, in that order. Meanwhile the Gl/PAN adsorbent shows
removal percentages of 85.5%, 87.0%, 93.4%, 91.4%, and 88.6% under the same previously
mentioned conditions. In the case of Gl/PAN, the CR removal % increases as the pH of the
CR solution increased to reach the highest value at pH 7. The lower removal % in acidic
media may be attributed to the presence of high mobility of H+ ions and the adsorbent
surface protonation. As a result of competition between H+ ions and CR molecules during
the adsorption process, the percentage of CR elimination drops [76]. The approximately
steady removal percent at high pH values is in agreement with the previously published
results [77,78] and also agrees well with the suggestion that if the maximum limit of dye
removal was attained by the adsorbent, there will be no effect achieved by increasing the
adsorbent dose [79]. For Gl, the highest removal % at pH 12 decreases due to the value of
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H+ ions concentration; hence, an elevation in the CR removal % by all adsorbents takes
place [80]. To find out the effect of pH on Gl and Gl/PAN, their zeta potentials in solution
were studied. Figure 5e shows the effect of pH on the zeta potential of Gl and Gl/PAN
in an aqueous solution. Figure 4e reveals that Gl and Gl/PAN acquired negative surface
charges in the pH range of 2–12. The more the pH range increased from 2 to 12, the higher
the surface charge value of the GI, which resulted in a gradual increase in the electrostatic
attraction between the adsorbent and the negatively charged CR. Large fluctuations in
adsorption capacity were observed in the pH range of 4 to 7 indicating large changes in
zeta potential. Generally, a higher zeta potential value moves towards a positive value,
reflecting a greater removal %. The lower zeta potential indicates that the adsorbent surface
is partially negatively charged at pH 2 to 10, and the electrostatic forces between Gl and
Gl/PAN and CR through the sulfonic acid groups (SO3−) are mainly repulsive during
the experiment [20]. In other words, as the pH of the system increases, the number of
negatively charged sites on the adsorbent surface decreases, while the number of positively
charged sites on the adsorbent surface increases. Therefore at higher pH the positively
charged surface has a rather high electrostatic interaction with the anionic dye, which
increases adsorption. In the pH range studied, in the case of both Gl and Gl/PAN, no pH
values at which the sorbent has zero point charge (pHzpc) were detected.

3.2.4. Effect of Temperature

The effect of temperature on CR dye adsorption is regarded as an additional consider-
able physicochemical factor since it usually causes variation in the adsorption capability of
the adsorbent [81]. The effect of temperature on the capturing capability of Gl and Gl/PAN
to CR dye was evaluated at different adsorption temperatures. These temperatures were
selected to be 25, 40, 50, and 60 ◦C, and the results are revealed clearly in Figure 5c. The
CR removal % by Gl is increased from 76.4% to 83.4% with increasing the temperature
from 25 to 60 ◦C. But, in the case of Gl/PAN nanocomposite, the removal % increased from
81.2% to 96% with increasing the temperature from 25 to 60 ◦C. This performance may be
owed to the growth in the CR diffusion rate with increasing the applied temperature as a
result of the decrease in the viscosity of the solution [82]. As a result, it is found that the CR
dye adsorption increases as the temperature rises, indicating that CR removal is greater at
relatively high temperatures. More molecules may gather sufficient energy to interact with
active regions on the composite surface. Additionally, the composite’s interior structure
may enlarge as a result of the elevated temperature, making it easier for dye molecules to
flow through [83].

3.2.5. Reusability of Adsorbents

Four repeated experiments were done to investigate the reusability of the GI and
Gl/PAN adsorbents for the capturing of CR dye with the same adsorbent and the same
adsorbent dosage, Figure 5d. The findings demonstrated that, during the four adsorption
cycles, the removal strength of every utilized adsorbent significantly fluctuated. The
documented dye removal percentages for Gl adsorbent were 72.5, 55, 48%, 35%, 31%, and
29% from the first to the sixth cycle, respectively. The dye removal percentage for Gl/PAN
adsorbent falls from 85% and 75.5% for cycles 1 and 2 to 68% and 57% for cycles 3 and 4,
and from 52% to 49% for cycles 5 and 6, respectively. The CR removal percentage may
decrease due to the clusters created by the assistance of CR molecules on the adsorbent
surface, which provide a shield on the Gl and Gl/PAN adsorbent surface and pores, and
provide protection from the dissolved CR molecules [84].

3.3. Adsorption Isotherm

The data fitting to Langmuir, Freundlich, and Tempkin isotherms was assessed using
the statistical significance of R2 (correlation coefficient) for linear plots of Ce/qe versus Ce,
log qe against log Ce, and qe against Ln Ce, respectively. The computed values of Qo, KL,
KF, 1/n, KT, B, and R2 were derived from the linear plots in Figure 6 and reported in Table 2.
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The data show that the Langmuir isotherm models with the highest R2 values are followed
by CR adsorption on Gl and Gl/PAN composite adsorbents. As a result, the adsorbed CR
molecules do not interact with one another and the dye is eliminated at the active sites
of the Gl and Gl/PAN adsorbents on a single surface layer. The R2 values for the Gl and
Gl/PAN Langmuir isotherms at 25 ◦C are 0.9908, 0.9822, and 0.9822, respectively. Since
RL is less than 1, it may be concluded that CR adsorption is advantageous in the scenario
under study [85]. The Langmuir isotherm model predicted that the highest amounts of CR
adsorbed on the surfaces of Gl and Gl/PAN would be 11.90 and 14.09 mg/g respectively.
The values of (1/n) in the Freundlich isotherm model for CR adsorption on adsorbents are
smaller than unity in the adsorption process.
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Table 2. Isotherm parameters for CR adsorption on Gl and Gl/PAN.

Langmuir isotherm

Adsorbent
Constant Qo (mg/g) KL (L/mg) Sd(yE±) RL R2

Gl 11.90 0.3300 0.46235 0.9954 0.9908

Gl/PAN 14.09 0.4582 0.34417 0.9910 0.9822

Freundlich isotherm

Adsorbent
constant n Kf Sd(yE±) R2

Gl 2.60 3.6886 0.16929 0.9877

Gl/PAN 2.65 4.9243 0.18817 0.9598

Tempkin isotherm

Adsorbent
constant B(J/mole) KT(L/mole) Sd(yE±) R2

Gl 2.4644 3.8018 2.51557 0.9790

Gl/PAN 2.8336 5.7621 3.29188 0.9417

3.4. Adsorption Kinetics

The adsorption process of CR on Gl and Gl/PAN was studied under various initial
dye concentrations to determine the most appropriate adsorption kinetics model. Figure 7
shows the first-order, second-order, and Elovich kinetics linear graphs, respectively, by
plotting ln (qe − qt) versus t, t/qt versus t, and qt versus ln(t), respectively. Table 3 shows
the adsorption kinetics parameters (k1, k2, qe, β, and α) of the assessment models, as well
as R2.
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Figure 7. (a,b) Pseudo-first-order, (c,d) Pseudo-second-order, and (e,f) Elovich sorption kinetics of
CR dye at 25 ◦C and pH 7 by 20 mg of (a,c,e) Gl and (b,d,f) Gl/PAN.

Table 3. Parameters of the kinetic models for CR dye adsorption on Gl and Gl/PAN.

Catalyst Conc, ppm
First Order Second Order Elovich Kinetic Model

qeexp qe calc. k1 R2 Sd(yE±) qeexp qe calc. k2 R2 Sd(yE±) β
(g/mg)

α
(mg/min) R2 Sd(yE±)

G
l

25 ppm 10 2.84 0.0044 0.43 0.48473 10 10.47 0.0041 0.99 0.52443 0.5840 1.6662 0.97 3.2973

20 ppm 9.28 3.53 0.0039 0.66 0.33911 9.28 9.90 0.0032 0.98 - 0.6236 1.3069 0.97 3.08573

15 ppm 8.21 4.06 0.0066 0.28 0.90031 8.21 8.91 0.0027 0.97 1.96346 0.7107 1.0020 0.96 2.71908

10 ppm 6.04 3.02 0.0052 0.29 0.69973 6.04 6.59 0.0032 0.97 1.8975 0.9741 0.6906 0.95 1.99781

5 ppm 3.86 1.82 0.0038 0.24 0.56167 3.86 4.35 0.0039 0.96 0.37251 1.4881 0.3752 0.91 1.3324

G
l/

PA
N

25 ppm 12 4.95 0.0057 0.30 0.52443 12 12.81 0.0025 0.9915 11.7526 −1.829 −0.01189 0.98 4.01386

20 ppm 11.57 2.71 0.0031 0.71 0.74402 11.57 15.33 0.002 0.99 9.81937 −1.9608 −0.00383 0.98 4.77362

15 ppm 10.07 61.74 0.0269 0.70 1.96346 10.07 10.53 0.00278 0.98 14.3475 0.59573 1.3501 0.98 3.21219

10 ppm 6.889 33.70 0.0262 0.71 1.8975 6.889 7.16 0.00497 0.99 21.01776 0.86258 1.0150 0.99 2.21156

5 ppm 4.3 1.68 0.0028 0.30 0.37251 4.3 4.58 0.0056 0.98 32.96873 1.3752 0.5363 0.98 1.39569

The CR adsorption onto Gl and Gl/PAN adsorbents is well handled with the Pseudo-
second-order diffusion model and this appears in the higher R2 values from 5 ppm to
25 ppm concentration [85]. This was further reinforced by the good approximation between
the estimated qe and experimental qexp.

3.5. Sorption Mechanism

To comprehend the rate-controlling steps and mechanisms that influence adsorption
kinetics. Weber’s Intra-particle diffusion was used to suit the experimental results. The
availability to apply the Intra-particle diffusion concept is computed by a straight line
in the plot of qt vs. t1/2 (Figure 8a,b). The slope and intercept of the plot can be used
to calculate K3 and I. The results are shown in Table 4. The intercept I value is not zero,
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indicating that the intra-particle diffusion model may not be the primary rate-controlling
mechanism in determining the adsorption process kinetics [86]. The boundary layer effect
is reflected in the intercept in Figure 8. The bigger the contribution of surface adsorption in
the rate control phase, the larger the intercept [86]. Figure 8 reveals a noticeable diffusion
process following multi-linearity, which indicates that the adsorption process is controlled
via more than one mass transfer step. At least two linear regions could be fitted with the
experimental data [37]. From this can be inferred that the sorption process proceeds by film
and intraparticle diffusion
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(b) Gl/PAN composite.

Table 4. Intra-particle diffusion constants for different initial CR concentrations at 25 ◦C.

Catalyst Conc, ppm
Intraparticle Diffusion Kinetic Model

I k3 (mg/g min1/2) R2

G
l

25 2.2523 0.4441 0.8361

20 1.6566 0.4297 0.8936

15 1.1161 0.3891 0.9440

10 0.7108 0.2876 0.9550

5 0.2779 0.1933 0.9707

G
l/

PA
N

25 1.9956 0.5646 0.9118

20 2.5729 0.6684 0.9036

15 1.667 0.4535 0.9188

10 1.3227 0.3072 0.8895

5 0.6206 0.1996 0.9427

3.6. Comparison of Adsorption Capability of Gl and Gl/PAN with Other Adsorbents

The Congo red dye adsorption capacity of different adsorbents was compared with
Gl and Gl/PAN in Table 5. The Gl/PAN, arguably, has a higher adsorption capacity and
a short contact time. As a result, Gl/PAN is a novel comforting adsorbent for CR dye
removal from wastewater.
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Table 5. Comparison of the optimized conditions, removal%, and adsorption capacity of different CR
adsorbents relative to Gl and GL/PAN adsorbents.

Adsorbent

Conditions

Reference
dye Co

(mg/L)
dose
(g/L) pH Time (min) Qm

(mg/g) R%

Modified glauconite with
thermal activation RY160 10–80 1 1 180 - 64% [66]

Modified glauconite with
acetic acid activation RY160 10–80 1 1 180 - 81% [66]

Phosphate-modified kaolinite CR 25–300 0.1 3–8 5–600 - 65% [87]

Poly(N-isopropyl
acrylamide-co-acrylic acid)

microgel assemblies
Orange 2 - - - - - 73% [88]

Poly(N-vinyl-2-pyrrolidone-
co-acrylonitrile) treated with

hydroxylamine–
hydrochloride

Acid-fast
Yellow G - - - - 7.6 - [89]

PANI Nano fibers (PANI NFs) CR - 1 7 30 - 60% [90]

Poly(N-vinyl-2-pyrrolidone-
co-acrylonitrile) treated with

hydroxylamine–
hydrochloride

Direct Blue
3B - - - - 7 - [91]

Poly(N-vinyl-2-pyrrolidone-
co-acrylonitrile) treated with

hydroxylamine–
hydrochloride

Reactive
red SH - - - - 7.4 - [89]

Gl
Gl/PAN composite

CR
CR

5–25
5–25

0.02
0.02

7
7

420
420

11.9
14.1

77%
86%

Present
study

4. Conclusions

The hybrid Gl/PAN nanocomposite was prepared simply from environmentally
friendly and low-cost raw materials. The morphological and structural features were stud-
ied by SEM, XRD, and FTIR. The values of average crystallite size were 15.6 nm and 12.6 nm
for Gl and Gl/PAN. The performances of raw and modified glauconite in the adsorption of
CR dye were investigated. The results show that initial dye concentration, contact time,
adsorbent dosage, and pH all have a substantial impact on the adsorption process. The
maximum uptake of the CR dye was observed at pH 8.0 for modified glauconite and pH 12
for raw glauconite. The removal efficiency of the dye reached the maximum with a Gl/PAN
dose of 0.02 g. The experimental data were better fitted by the Langmuir model, which
specified monolayer sorption. The maximum sorption capacity of CR dye was 11.9 and
14.1 mg/g for Gl and Gl/PAN, respectively. Furthermore, the adsorption kinetics could
be well described for raw and modified glauconite by the pseudo-second-order kinetic. In
addition to that, natural and modified glauconite can be regenerated for up to six cycles.
According to the findings of this study, natural and modified glauconite with polyaniline
can be used to successfully remove Congo red dye from textile effluent.
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Nomenclature

Gl Glauconite
Gl/PAN Glauconite/Polyaniline composite
CR Congo Red dye
AN Aniline
PPS Potassium per sulfate
HCl Hydrochloride acid
XRD X-ray diffraction
SEM Scanning electron microscopy
FT-IR Fourier Transformer-Infrared Spectrometer
pHzpc pH at zero point charge
ppm Parts Per Million (1 milligram per liter)
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