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ABSTRACT: Innovative kaolinite nanotubes (KNTs) are synthesized utilizing a simple technique involving a sonication-induced
exfoliation process, followed by chemical scrolling reactions. The KNTs as a material have high reactivity and promising surface area
to be used in the purification of water from cationic dyes (safranin (SF) and malachite green (MG)) and anionic dyes (methyl
orange (MO) and Congo red (CR)). The kinetic studies of the four dyes SF, MG, CR, and MO show an equilibration time interval
of 240 min. The SF, MG, CR, and MO dyes’ uptake reactions are in agreement with the kinetic behavior of the pseudo-first-order
model and the equilibrium properties of the Langmuir model. Such modeling results, in addition to the Gaussian energies from the
Dubinin−Radushkevich (D−R) model (SF (1.01 kJ/mol), MG (1.08 kJ/mol), CR (1.11 kJ/mol), and MO (1.65 kJ/mol)),
hypothesize monolayer adsorption of the four dyes by physical reactions. The KNTs show theoretical qmax values of 431.6, 489.9,
626.2, and 675.5 (mg/g) for SF, MG, CR, and MO, respectively. The thermodynamic examination of SF, MG, CR, and MO
adsorption reactions using KNTs verifies their adsorption by exothermic and spontaneous reactions. The KNT adsorbents achieve
promising adsorption results in the presence of different coexisting ions and show significant recyclability properties. Therefore, the
production of KNTs from kaolinite shows a strong effect on inducing the textural, physicochemical, and adsorption properties of clay
layers as well as their affinity for different species of synthetic dyes.

1. INTRODUCTION

Extensive monitoring of various species of toxic inorganic,
organic, suspended, and biological water pollutants is highly
important for the safety of our contemporaneous world as they
have direct negative and poisonous effects on freshwater
resources, aquatic organisms, and plants.1−3 Synthetic dyes are
identified as one of the extensively detected organic
contaminants in different water supplies. About 90% of the
known synthetic dyes are classified as toxic and hazardous
compounds that can cause eutrophication, perturbation of the
aquatic ecosystem, and esthetic pollution in addition to their
threats to human health.4−6 Safranin (SF), malachite green
(MG), methyl orange (MO), and Congo red (CR) dyes are
very common types of dyes that are extensively used in several
industrial and human activities.7−9

Safranin (SF) is a synthetic dye that is of basic type, and its
existence in water supplies is recognized as the main reason for
some negative health impacts such as respiratory tract irritation
and skin irritation in addition to its role in causing injury to the
conjunctiva as well as the cornea of the human eyes.10,11 Also,
malachite green (MG) is a common type of highly toxic
synthetic dye that is used extensively in aquaculture, medical,
and food industries.4,12 Chromosomal fractures, mutagenesis,
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carcinogenesis, respiratory toxicity, and teratogenicity are the
commonly detected health side effects of malachite green as
water pollutants.13,14 Such hazardous impacts have also been
reported for the acidic Congo red (CR) dye, which is a highly
soluble synthetic dye and is applied widely in cosmetic, plastic,
and textile industries.15,16 The presence of the Congo red dye
in drinking water leads to significant toxic, carcinogenic, and
mutagenic effects.2,16,17 Methyl orange (MO) is another type
of acidic synthetic dye that has a vital role in the textile as well
as the printing industries.5,18,19 The release of the MO dye at
high concentrations has several dangerous effects as it is a toxic
compound with carcinogenic and mutagenic properties.19,20

Development of promising decontamination techniques for
such organic pollutants utilizing natural minerals and rocks was
recommended as they are economic and easily available.21

Also, there have been continuous scientific efforts from the
environmental authorities and innovative researchers to
produce novel forms of adsorbents that achieved promising
capacities within small time intervals.22 One-dimensional
nanostructures like nanorods and nanotubes as well as clay-
based nanomaterials were studied widely for the adsorption of
different species of water contaminants because of their high
surface area and high dispersion properties.23,24

Recently, synthetic kaolinite nanoscrolls or nanotubes
(KNTs) were developed from natural kaolinite minerals and
investigated as novel adsorbents for metal ions.25 Kaolinite is a
clay mineral with a 1:1 sheet structure and a hydrated
aluminum silicate chemical structure.14,26 It was reported that
the chemical and morphological modifications of the kaolinite
sheets have a strong influence on enhancing the surface
reactivity, the adsorption capacity, and the surface area of
kaolinite.15,28 The scrolling process of the well-developed

kaolinite layered units into different types of nanotubes was
observed as one of the best structural and morphological
modification techniques, which results in a semicrystalline
product having promising physicochemical properties and a
porous structure.28 Therefore, the production of nanoscrolls or
nanotubes from the kaolinite mineral will result in a promising
adsorbent material with amazing adsorption properties, low
production cost, simple preparation steps, and abundant
natural resources for its precursor.
Unfortunately, there are no previous research studies that

investigated the adsorption affinities and capacities of the KNT
structure for organic pollutants, especially synthetic dyes, as
well as the predicted adsorption mechanism. Therefore, this
study aims to investigate the adsorption properties of synthetic
kaolinite nanotubes (KNTs) as an effective and new adsorbent
for different types of basic synthetic dyes (safranin dye and
malachite green dye) and acidic synthetic dyes (methyl orange
and Congo red dyes) and a potential product for large-scale
applications. The study involves evaluation of the adsorption
properties of KNTs considering the main variables of pH,
contact time, dye concentrations, dosage, coexisting ions, and
temperature. Additionally, the addressed dye adsorption
systems are explained based on the scientific significance of
their thermodynamic, equilibrium, and kinetic properties.

2. RESULTS AND DISCUSSION

2.1. Characterization of KNTs. The formation of KNTs
was confirmed by both scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy
(HRTEM) images (Figure 1). The pseudohexagonal flakes
of the kaolinite mineral (Figure 1A) were converted strongly

Figure 1. SEM images of the kaolinite mineral (A) and KNTs (B) and HRTEM images of the produced KNTs (C, D).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05430
ACS Omega 2021, 6, 845−856

846

https://pubs.acs.org/doi/10.1021/acsomega.0c05430?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05430?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05430?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05430?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05430?ref=pdf


into scrolled or folded particles of tubular forms (Figure 1B).
The deep investigation of the scrolled particles in the HRTEM
images reflected their formation as nanotubes of cylindrical
hollow forms with an internal diameter from 2 up to 20 nm
(Figure 1C,D) as compared to the pure flaky nature of
kaolinite (Figure S1). The length of produced KNTs ranged
from nearly 50 to about 600 nm, and the outer diameters of
these tubes were detected within a range from 10 up to 50 nm.
As we presented in our previous studies, the used kaolinite

mineral was identified by its diffraction peaks at 12.33° (001),
20.8° (1̅10), 24.87° (002), and 26.6° (111) that were related
to its triclinic crystal system (Figure 2A.A). Dimethyl sulfoxide

(DMSO)-intercalated kaolinite layers showed a reduction for
most of the kaolinite peaks except the main peaks ((001) and
(002)) that were observed as broad and deviated peaks (Figure
2A.B). The same two peaks were observed for methoxy
kaolinite but with lower intensities than the observed peaks for
DMSO/kaolinite (Figure 2A.C). After the complete formation
of KNTs, the obtained pattern displays only one peak at nearly
10.6° that signifies the (001) plane of kaolinite scrolls (Figure
2A.D).25

Comparing the FT-IR spectrum of kaolinite with the one
obtained for KNTs reflected no obvious changes in the
chemical composition (Figure 2B). The spectrum of the
kaolinite mineral demonstrated the existence of Si−O, Si−O−
Al groups, Si−O−Si, OH bending, Al−OH, and Si−OH
groups considering their identification bands at 456, 680, 1020,
1641, 912, 3500.2, and 3689.4 cm−1, respectively (Figure
2B.A).15 The same bands were observed for KNTs but at
shifted positions, which suggested distortion of the basic
kaolinite units during the conversion processes (Figure 2B.B).
Also, the expected binding of the intercalated organic
compounds with the siloxane groups or the basal oxygen has
substantial impact on the structural units of KNTs.28

As for the texture of KNTs, the change of the isotherm curve
from type II for the kaolinite mineral to type IV with an H3
hysteresis loop for KNTs reflected changes in the morphology
from macroporous plates to nanoporous materials in which the
pores were of tubular or cylindrical forms25 (Figure S2).
Therefore, the surface area increased from 10 m2/g for the
kaolinite mineral to 105 m2/g for KNTs. Moreover, the total
porosity increased significantly from 0.052 cm3/g for the
kaolinite mineral to 0.51 cm3/g for KNTs. The average pore
diameter of the produced KNTs was 12 nm, and hence they
could be regarded as having a mesoporous structure. Also, the

transformation of the flaky sheets of kaolinite into nanotubes
had a slight effect on the ion-exchange properties. The ion-
exchange capacity slightly increased from 3 mequiv/100 g to
5.2 mequiv/100 g after the production of KNTs. This is in
agreement with the expected distortion in both the silicon
tetrahedrons and the aluminum octahedrons of kaolinite.

2.2. Influence of Process Variables on Adsorption.
2.2.1. Influence of pH on Adsorption. The pH value of the
polluted water has a controlling effect on the ionization states
of the dye molecules as well as the surficial charges of the solid
adsorbents.29 The experiments considering the influence of pH
as the essential variable were carried out for a wide range from
highly acidic pH 2 to alkaline pH 10. Moreover, the other
studied variables were considered at selected experimental
values of 500 mL as the treated volume, 120 min as the tested
contact time, 0.2 g/L as the KNT solid dosage, adjusted 100
mg/L as the tested concentration of the four dyes, and 25 °C
as the operating temperature. However, the affinity of KNTs
for SF and MG dyes significantly increased on performing the
tests under alkaline conditions, and their uptake capacity for
CR and MO dyes declined strongly under such basic
environments (Figure 3). These different adsorption trends

are related to the ionization properties of the dyes as the SF
and MG dyes are of cationic type, while the CR and MO dyes
are of anionic type. Therefore, the deprotonated sites of KNTs
that are negatively charged receptors at such basic environ-
ments have highly attractive properties for cationic SF and MG
dyes (positively charged molecules) and strong repulsive
properties for anionic CR and MO dyes (negatively charged
molecules).30 Moreover, the reported dipolar properties of CR
as cationic molecules under acidic environments (pH < 5.5)
and as anionic molecules at pH values higher than 5.5 greatly
affected the adsorption behaviors of CR molecules.31 The
greatest uptake capacities for SF (152.4 mg/g) and MG (173
mg/g) were achieved at pH 10. On the other hand, the highest
uptake capacities of CR (184.3 mg/g) and MO (206.2 mg/g)
dyes were observed at pH 2 (Figure 3). The previously
mentioned results and the related explanation were supported
by the detected pH value of zero point charge (pH(zpc))
considering the measured ζ potential values. The measured
pH(zpc) value of KNTs is 6.73, and this value is close to that
obtained for raw kaolinite (pH 6.54). The value of the pH(zpc)
reflected the enrichment of the KNT surface with the negative
charges during the adsorption of the four dyes at pH values

Figure 2. XRD patterns of the kaolinite mineral, DMSO/kaolinite,
methoxy kaolinite, and KNTs (A) and the Fourier transform infrared
(FT-IR) spectra of the kaolinite mineral and KNTs (B).

Figure 3. Effect of solution pH values on the uptake capacities of
KNTs for SF, MG, CR, and MO dyes.
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higher than these values. This value is close to the obtained
value for kaolinite (pH 6.54).
2.2.2. Influence of Contact Time on Adsorption. The

uptake behaviors for SF, MG, CR, and MO dyes by KNTs
were followed from 30 up to 600 min. The other inspected
variables were considered at selected experimental values of
500 mL as the treated volume, 0.2 g/L as the KNT solid
dosage, 100 mg/L as the tested concentration of the four dyes,
and 25 °C as the operating temperature. The adsorption pH
values were selected to be 10 for SF and MG cationic dyes and
2 for CR and MO anionic dyes.
The observed SF, MG, CR, and MO adsorption curves are

of segmental shapes and different slopes, which suggested
strong variations in the dye uptake rates (Figure 4). The

observed segments during the initial stages of the curves for
both the cationic and anionic dyes are of steep slopes (Figure
4). This proves an immediate increase in the adsorbed dye
molecules with the initiation of the KNT-based adsorption
reactions. This is followed by noticeable segments of small
slopes or nearly plateau forms, signifying limited or nearly fixed
variations in the dye adsorption rates. These segments are
commonly identified as the saturation or the equilibration
segments (Figure 4). The reported decrease in the KNT
uptake rates for the dyes on increasing the studied contact time
depends on the availability of the effective uptake sites.30 The
receptor sites of KNTs were highly available during the
initiation of the reaction, which caused abrupt capturing of the
dye molecules. After a certain time, the receptors became
mostly occupied by the dye molecules, making the KNTs’
capacity restricted to the remaining sites on the surface of
KNTs.22 The equilibrium time was identified as 240 min for
SF, MG, CR, and MO dyes with equilibration capacities of
197, 209, 243.4, and 283 mg/g, respectively (Figure 4).
2.2.3. Influence of Dye Concentrations on Adsorption.

Evaluation of the behavior of KNTs during the uptake of
different concentrations of SF, MG, CR, and MO dyes (50−
400 mg/L) is essential to determine its maximum capacity and
its equilibrium properties.32 The other studied variables were
considered at selected experimental values of 500 mL as the
treated volume, 0.2 g/L as the KNT solid dosage, 480 min as
the reported equilibrium time, and 25 °C as the operating
temperature. The adsorption pH was selected to be 10 for SF
and MG cationic dyes and 2 for CR and MO anionic dyes. The
quantities of the adsorbed anionic as well as cationic dyes by
KNTs increased strongly on testing high concentrations of the

four dyes (Figure S3). The intensification of the driving forces
of the dye molecules at the highest concentrations supports the
extensive interactions between their ions and the effective
receptors of KNTs.28,33 This can be detected for SF, MG, CR,
and MO until tested concentrations of 300, 250, 300, and 200
mg/L, respectively, which are the equilibrium concentrations
of the studied systems (Figure S3). Such concentrations
resulted in complete or partial saturation of the sites of KNTs
by the dye molecules, at which the material could attain its
maximum capacity. The experimentally detected maximum
capacities for SF, MG, CR, and MO dyes are 427.6, 464.4,
586.5, and 639.2 mg/g, respectively (Figure S3).

2.2.4. Influence of KNT Dosages on Adsorption. The
predicted influence of KNT quantities on the removal of SF,
MG, CR, and MO dyes was studied experimentally from about
0.2 to 1 g/L. The other studied variables were considered at
selected experimental values of 500 mL as the treated volume,
480 min as the reported equilibrium time, 100 mg/L as the
tested concentration of the four dyes, and 25 °C as the
operating temperature. The adsorption pH was selected to be
10 for SF and MG cationic dyes and 2 for CR and MO anionic
dyes. Figure 5 verifies significant and positive effects of KNT

dosage on increasing the removal efficiency of SF, MG, CR,
and MO dyes. This was explained to be associated with the
enrichment of the dye solutions in the active sites of KNTs.4

The adsorption percentage of the SF dye was enhanced from
39.5 up to 100% with the increase of the KNT dosage from 0.2
up to 1 g/L. For the MG cationic dye, the attained percentage
using 0.2 g/L KNTs (41.8%) was augmented to 100% after
using 1 g/L (Figure 5). Also, the removal of CR and MO
anionic dyes significantly increased by the used KNT dosage as
the examined concentrations (100 mg/L) were totally
removed using about 0.8 g/L KNTs (Figure 5).

2.3. Kinetic and Equilibrium Studies. 2.3.1. Kinetic
Modeling. The kinetic study of SF, MG, CR, and MO uptake
reactions by KNTs was accomplished by the mathematical
fitting process of the experimental results with the formula of
the intraparticle-diffusion model. Additionally, the pseudo-first-
order, the pseudo-second-order, and the Elovich models were
adopted in this study. The descriptive equations of these
models, which were used in the fitting of SF, MG, CR, and MO
data, are listed in Table S1. The SF, MG, CR, and MO
intraparticle-diffusion curves have three obvious segments
without intersection with the source points (Figure 6A). These
segments verified the existence of different types of dye

Figure 4. Uptake behaviors of SF, MG, CR, and MO dyes as a
function of the contact time using KNTs.

Figure 5. Removal percentages of SF, MG, CR, and MO dyes using
different dosages of KNTs.
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Figure 6. Fitting of the dye adsorption data with (I) intraparticle diffusion model, (B) pseudo-first-order kinetic model, (C) pseudo-second-order
kinetic model, (D) Langmuir isotherm model, (E) Freundlich isotherm model, and (F) Dubinin−Radushkevich isotherm model.

Table 1. Theoretical Parameters for the Investigated Kinetic and Equilibrium models

kinetic models

model parameters SF MG CR MO

pseudo-first-order K1 (min−1) 4.9 × 10−7 7.47 × 10−5 2.72 × 10−6 4.49 × 10−6

qe(Cal) (mg/g) 202 217 251.7 294.3
R2 0.98 0.98 0.99 0.99
χ2 2.12 1.86 1.12 0.87

pseudo-second-order k2 (g/(mg min)) 2.49 1.95 2.26 2.09
qe(Cal) (mg/g) 207 221.4 254.2 297
R2 0.98 0.98 0.98 0.98
χ2 2.7 2.54 1.45 1.22

Elovich β (g/mg) 0.013 0.014 0.011 0.01
α (mg/(g min)) 3.23 4.49 4.2 4.72
R2 0.88 0.86 0.89 0.91
χ2 5.8 6.6 5.3 4.2

isotherm models

model parameters SF MG CR MO

Langmuir qmax (mg/g) 431.6 489.9 626.2 675.5
b (L/mg) 3.7 × 10−6 4.07 × 10−5 1.02 × 10−4 9.3 × 10−4

R2 0.99 0.98 0.98 0.90
χ2 0.87 2.14 2.23 3.6
RL 0.99−0.998 0.98−0.997 0.96−0.99 0.73−0.95

Freundlich 1/n 0.45 0.57 0.63 0.71
kF (mg/g) 182 234.5 128.8 30.7
R2 0.99 0.97 0.97 0.87
χ2 2.3 4.7 4.36 5.7

D−R model β (mol2/kJ2) 0.496 0.43 0.403 0.183
qm (mg/g) 446 486.9 607.4 667.8
R2 0.99 0.96 0.95 0.84
χ2 4.6 6.23 6.8 7.3
E (kJ/mol) 1.01 1.08 1.11 1.65
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adsorption mechanisms that were not restricted only to the
diffusion reaction of the dye molecules toward the receptors of
KNTs.21 The first segment was the dominant one in the four
curves and hypothesized uptake of SF, MG, CR, and MO dyes
essentially by the exterior receptors of KNTs27 (Figure 6A).
This showed the uptake of most of the dissolved dye molecules
(SF, MG, CR, and MO) by this mechanism.
This was followed by another segment that covered a

significant period during the uptake of SF, MG, CR, and MO
dyes (Figure 6A). This segment emphasized diminution of the
external adsorption mechanism as all of the external receptors
of KNTs were consumed by the molecules of the four dyes.
Additionally, this segment verified the dominance of the
layered adsorption processes as the essential mechanism and
their considerable role during the uptake of SF, MG, CR, and
MO dyes by KNTs at the intermediate stages of the
reactions.25,34 By the end of this segment, another new
segment was detected in the curves of SF, MG, CR, and MO
dyes that appeared to be of negligible effect (Figure 6A). This
segment was detected basically after the saturation of all of the
external and internal receptors of KNTs by the dye molecules.
The observation of this segment establishes the uptake of SF,
MG, CR, and MO as thick coating layers for the KNT fractions
and might be formed by inter-ionic attraction or by different
types of molecular association processes.34

The χ2 values as well as the values of correlation coefficient
(R2) were used to study the fitting degree of adsorption data of
SF, MG, CR, and MO dyes with the other three kinetic models
(Figure 6B,C). Although two models (pseudo-first- and
pseudo-second-order models (Figure 6B,C)) had high
correlation coefficients for the four dyes, the χ2 values
suggested better agreement with the first-order supposition
than the second-order supposition (Table 1). Such fitting
results declared the adsorption of the dyes by physical
processes which will be supported by further equilibrium
studies.35 The estimated values of the experimental SF (197
mg/g), MG (209 mg/g), CR (243.4 mg/g), and MO (283
mg/g) uptake capacities (qe) close to the theoretical values
from the pseud-first-order model (202 mg/g (SF), 217 mg/g
(MG), 251.7 mg/g (CR), and 294.3 mg/g (MO)) support the
fitting results (Table 1).
The significant fitness of the adsorption data of the four dyes

with the second-order supposition demonstrated the existence
of some supporting mechanisms that have more chemical
characteristics such as the surface complexation reactions,
electron sharing reactions, and electron exchange reactions.36

This was confirmed by the considerable agreement between
the dye adsorption data and the Elovich kinetic model, which
also reflected the energetic heterogeneous surface of KNTs
during the uptake of SF, MG, CR, and MO dyes37 (Figure S4).
2.3.2. Isotherm Modeling. The equilibrium behaviors of SF,

MG, CR, and MO adsorption reactions using KNT adsorbents
were followed considering the extent of agreement with the
hypothesis of the theoretical Langmuir and Freundlich models
in addition to the Dubinin−Radushkevich (D−R) model
(Table S1). The correlation coefficients (R2), as well as the χ2

parameters of the fitting processes, are presented in Table 1.
The uptake of the cationic dyes (SF and MG) and the anionic
dyes (CR and MO) followed the presumption of the Langmuir
(Figure 6D) rather than the Freundlich model (Figure 6E).
This hypothesized the existence of the adsorbed SF, MG, CR,
and MO dyes in monolayer forms and verified their uptake by
different types of homogeneous active sites on the reactive

surface of KNTs.25 Moreover, the adsorption of SF, MG, CR,
and MO dyes occurred by favorable reactions as estimated
from their RL parameters (Table 1). The predicted qmax values
of SF, MG, CR, and MO dyes were calculated from the
Langmuir fitting process and were 431.6, 489.9, 626.2, and
675.5 mg/g, respectively.
The assessment of the D−R isotherm model was performed

using values of its theoretical parameters for understanding the
nature of SF, MG, CR, and MO adsorption reactions as well as
their maximum adsorption capacities (Figure 6F). The
Gaussian energies (SF-1.01, MG-1.08, CR-1.11, and MO-
1.65 (kJ/mol)) were calculated from the excellent fitting with
the D−R model, and the reported values were related
essentially to physical adsorption reactions (less than 8 kJ/
mol)21 (Figure 6F and Table 1). Additionally, the expected
qmax values of SF, MG, CR, and MO as fitting parameters for
the model were 446, 486.9, 607.4, and 667.8 mg/g,
respectively.

2.4. Thermodynamics. The thermodynamics of SF, MG,
CR, and MO adsorption reactions using the prepared KNT
adsorbent were followed within an experimentally studied
temperature range from 25 °C as the starting value to 45 °C as
the upper value. The other studied variables were considered at
selected experimental values of 500 mL as the treated volume,
0.2 g/L as the KNT solid dosage, 100 mg/L as the tested
concentration of the four dyes, and 480 min as the contact
time. The adsorption pH was selected to be 10 for SF and MG
cationic dyes and 2 for CR and MO anionic dyes. The essential
descriptive parameters of the thermodynamic properties (ΔH°
(enthalpy), ΔS° (entropy), and ΔG° (Gibbs free energy)) are
presented in Table 2. Both ΔH° and ΔS° values were

determined based on the commonly used linear fitting process
between the experimental data and van’t Hoff equation (eq 1)
(Figure S5). The value of the incorporated Langmuir constant
(Kc) in eq 1 was determined from eq 2 where the Kd constant
is the ratio of the dye uptake capacities to their equilibrium
concentrations.38 The ΔG° values as theoretical parameters
were calculated from eq 3 directly.25

K
S

R
H

RT
In( )c = Δ ° − Δ °

(1)

K K 55.5c d= × (2)

G RT KIn cΔ ° = − (3)

The negative signs that were reported for the enthalpy values
of the cationic dyes (SF (−16.15 kJ/mol) and MG (−12.73
kJ/mol)) as well as the anionic dyes (CR (−7.45 kJ/mol) and
MO (−10.09 kJ/mol)) verified their exothermic adsorption by

Table 2. Thermodynamic Parameters for the Uptake of SF,
MG, CR, and MO Dyes by KNTs

parameters temperature SF MG CR MO

ΔGo (kJ/mol) 298.15 −12.88 −13.12 −13.81 −14.60
303.15 −12.95 −13.19 −13.92 −14.65
308.15 −12.95 −13.25 −14.00 −14.67
313.15 −12.88 −13.23 −14.12 −14.75
318.15 −12.73 −13.18 −14.23 −14.87
323.15 −12.64 −13.19 −14.36 −14.99

ΔH° (kJ/mol) −16.15 −12.73 −7.45 −10.09
ΔS°
(J/(K mol))

−10.67 1.48 21.33 14.99
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KNTs (Table 2). Moreover, the calculated entropy values with
a negative sign for the SF dye and with positive signs for MG,
CR, and MO dyes verified changes in randomness properties at
the interface between KNTs and the tested dyes (Table 2).
While the randomness properties of SF uptake reaction
decreased with the temperature, the randomness of MG, CR,
and MO uptake reactions increased observably with the
temperature (Table 2).21 The calculated free energies of SF,
MG, CR, and MO adsorption reactions were negative values at
all of the studied temperatures (Table 2). These negative
values revealed spontaneous, feasible, and favorable dye uptake
reactions in the presence of KNTs as the adsorbent.21 The
entropy and free energy values for the SF, MG, CR, and MO
adsorption reactions were within the suggested range for the
physisorption reactions, which strongly matched the results of
the previously investigated kinetic and isotherm models.29

2.5. Recyclability. The suitability of KNTs to be recycled
several times for the adsorption of the cationic and anionic
dyes was assessed for five runs as a vital factor deciding the
commercial value of the product. The regeneration of the KNT
particles involved washing of KNTs with NaOH aqueous
solution (0.2 M) at an adjusted temperature of 50 °C under
continuous shaking for 3 h using an orbital shaker in a hot
water bath for the samples that were used in the uptake of
anionic dyes. The samples that were applied in the adsorption
of cationic dyes were washed with dilute HCl acid (10%) for
60 min. Then, the solid KNT particles were isolated and
washed again extensively using distilled water, and this was
repeated for three cycles and each cycle was for 10 min.
Finally, the washed KNT fractions were dried at 85 °C for 12 h
and used in the next recyclability cycle. The accomplished
adsorption recyclability experiments were conducted at the
pre-identified best uptake conditions (500 mL as the treated
volume, 480 min as the reported equilibrium time, 100 mg/L
as the tested concentration of the four dyes, 1 g/L as the
incorporated KNT solid dosage, and 25 °C as the operating
temperature). The adsorption pH was selected to be 10 for SF
and MG cationic dyes and 2 for CR and MO anionic dyes.
The obtained data for the KNT recyclability tests proved the

high efficiency of KNTs in the adsorption of the four dyes for
the addressed five runs considering the studied concentration
(100 mg/L) (Figure S6). The KNTs as the adsorbent showed
removal percentages for the SF dye higher than 97.5% for three
recyclability cycles, higher than 94.4% for four recyclability
cycles, and higher than 91% for the addressed five recyclability
cycles (Figure S6). Also, MG removal percentages higher than
99% for two cycles, higher than 98.3% for four cycles, and
higher than 93.5% for five cycles were obtained (Figure S6).
For the CR dye, the recyclability studies emphasized removal
percentages higher than 98.6% for three cycles and higher than
95% for five cycles (Figure S6). For the MO dye, removal
percentages higher than 99% for three cycles, higher than
98.4% for four cycles, and higher than 96.5% for all of the
studied five cycles were documented (Figure S6). The
efficiency of KNTs for the adsorption of SF, MG, CR, and
MO dyes showed a decrease with increasing number of
recyclability tests. The continuous occupation of the main
receptors by the dyes molecules and the expected binding
between the siloxane groups and the dyes molecules caused a
reduction in the availability of such sites and in turn the
efficiency of KNTs.
2.6. Influence of Coexisting Ions. The role of coexisting

anions together with their activity as competitive ions for SF,

MG, CR, and MO dye molecules during their uptake by KNTs
was studied using four types of commonly detected water
pollutants (PO4

3−, NH4
+, Pb2+, and Zn2+). The performed

experiments were assessed at the pre-identified best uptake
conditions (500 mL as the treated volume, 480 min as the
reported equilibrium time, 100 mg/L as the tested
concentration of the four dyes, 1 g/L as the incorporated
KNT solid dosage, and 25 °C as the operating temperature).
For the SF dye, the adsorption percentages dropped to 78.3,

86.4, 42.6, and 44.7% in the presence of PO4
3−, NH4

+, Pb2+,
and Zn2+ as coexisting ions, respectively (Figure 7). For the

MG dye, the incorporation of PO4
3−, NH4

+, Pb2+, and Zn2+ as
competitive ions reduced the adsorption percentages to 82.6,
89.4, 47.2, and 53.6%, respectively (Figure 7). For the CR dye,
its removal efficiency was also affected significantly by the
existence of the selected competitive ions. The CR removal
values reduced to 61.7, 90.4, 57, and 51.2% by the coexistence
of PO4

3−, NH4
+, Zn2+, and Pb2+, respectively (Figure 7). Even

for the removal of the anionic MO dye, the values reduced to
83.5, 92.6, 70.3, and 65.6% for the same coexisting ions of
PO4

3−, NH4
+, Zn2+, and Pb2+, respectively (Figure 7).

Generally, the presented results reflected a strong negative
effect of the heavy metal ions on the affinity of KNTs for the
SF and Mg dyes. Also, the chemical ions of phosphate and
ammonium show considerable effect on the adsorption of
these basic dyes. For the anionic dyes (CR and MO), the
studied coexisting ions have significant impact on the affinity of
KNTs for their molecules, but KNTs show a higher affinity for
them in the presence of all of the studied competitive ions. The
decrease in the affinity of KNTs for the dyes in the presence of
coexisting ions was previously related to their competitive
effect with dye molecules on the free active sites in addition to
the predicted compensation of the solid charge by the ions.39

Based on previously reported results, the KNT particles exhibit
higher efficiency in the purification of water from the cationic
and anionic dyes even in the presence of other species of water
pollutants. This qualifies KNTs to be incorporated effectively
in remediation techniques.

2.7. Adsorption Mechanism. KNTs as a modified clay
nanostructure are a highly active scrolled tetrahedron and
octahedron sheets of kaolinite mineral. Such scrolled layered

Figure 7. Effect of different coexisting (phosphate (PO), ammonium
(NH), Pb2+ ions (Pb), and Zn2+ ions (Zn)) ions on the uptake of SF
(A), MG (B), CR (C), and MO (D) dyes using KNTs.
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units are characterized by highly exposed and dominant
siloxane groups (Al−OH and Si−OH).40 The siloxane groups
were reported as very active groups that have strong reactivity
to form a complex with different species of dissolved chemical
ions in addition to their role in the capturing of such ions by
different types of electrostatic interactions.40 The obtained FT-
IR spectra of the incorporated KNTs for the adsorption of SF,
MG, CR, and MO showed a strong reduction for the well-
known bands of Al−OH and Si−OH (Figure S7). Such
observations might be related to their predicted consumption
during the adsorption of the four dye molecules. This
emphasizes their role as essential sites during the electrostatic
attraction of the charged dye molecules. The observation of
several bands related to the chemical groups of the studied
dyes indicated their effective role in the complexation
processes during the capturing of SF, MG, CR, and MO
molecules by KNTs (Figure S7). The reported groups of SF
molecules are −NH (3460 cm−1) and aromatic-N groups
(1334 cm−1), CC (1603 cm−1), and C−H (1422 cm−1).41

The reported chemical groups of MG are C−H (2960 cm−1),
CC (1573.4 cm−1), and C−N (1324 cm−1).42 The identified
groups of CR are −CH2 (2934 cm−1), NN (1580 cm−1),
and C−N (1410 cm−1). The identified groups of the MO dye
are C−H (stretching, 2973 cm−1), CC (vibration, 1584
cm−1), and NN (1534 cm−1).43 Previous results verified the

occurrence of a strong interaction between the siloxane groups
(OH-bearing groups) and the ions of the four dyes forming
new hydrogen bonds.41,44

Therefore, the adsorption mechanism of SF, MG, CR, and
MO molecules by KNTs involved two essential mechanisms.
The first mechanism was related to the chemical complexation
of the exposed Al−OH and Si−OH groups or the basal oxygen
of the structural units of KNTs and the ions of the studied dyes
by different types of hydrogen bonding.45 The second
mechanism was related to different types of electrostatic
attraction between the charged dye ions and the charged
structural units of KNTs.45 Other studies verified the effective
role in the predicted intercalation of the layered units by the
organic pollutants, which was supported by the presence of
KNTs as multilayer scrolls of kaolinite.44

2.8. Comparison Study. The achieved SF, MG, CR, and
MO uptake capacities by KNTs compared well with other
highly effective adsorbents reported in the literature (Table 3).
The synthetic KNTs as an adsorbent for both the cationic and
anionic dyes show higher efficiency than most of the listed
adsorbents in the table. The KNTs as a modified form of
kaolinite appears to be more promising than several types of
clay minerals such as kaolinite, bentonite, serpentinite, and
halloysite either in their pure phase or their modified forms.
The presented results reflected obvious enhancement in the

Table 3. Comparison between the Adsorption Capacities of KNTs and Other Natural and Synthetic Adsorbents for SF, MG,
CR, and MO Dyes

cationic dyes anionic dyes

adsorbent qmax (mg/g) reference adsorbent qmax (mg/g) reference

Safranin Dye Congo Red Dye
Ppy NF/Zn−Fe LDH 63.4 22 serpentine 93.45 33
glass-MCM-48 62.5 46 phosphate/kaolinite 149.25 14
activated carbon 576 47 chitosan/montmorillonite 290 16
MCM-41 68.8 48 willow leaf AlOOH 420 64
MgO-FLG-FE 201.1 49 Na montmorillonite 58.21 15
araphene oxide/chitosan 425 50 HDTMA/clinoptilolite 200 65
N/porous graphite 20.66 30 ZnO−AlOOH 524 64
fume-MCM-48 57.47 46 Mg−Al LDH 584.6 66
clinoptilolite 42.9 10 Ni/Co-LDH 909.2 67
ferruginous kaolinite 59.3 51 CTAB−H2SO4/celery residue 526 68
magnetic clay 18.48 52 hierarchical ZnO 334 64
raw kaolinite 14.37 this study NiO−Al2O3 357 69
KNTs 431.6 this study γ-Al2O3 416 70
Malachite Green Dye bentonite/zeolite-NaP 46.29 71
Pinus roxburghii cone 250 13 NiCo2O4 366 72
activated carbon 395 5 NiO 534 73
MBCNF/GOPA 270.27 53 Raw kaolinite 40.6 this study
chitosan/polyacrylic acid/bentonite 454.55 54 KNTs 626.2 this study
Artocarpus odoratissimus leaves 422 55 Methyl Orange Dye
CMC-g-P(AAm) 158.1 56 chitosan/bentonite 136.8 74
CMC-g-P(AAm)/MMT 172.4 56 CH/poly(vinyl alcohol)/zeolite 153 75
nanochitosan-STP 317 57 pHEMA-chitosan-MWCNTs 306 76
graphene oxide/lignin aerogels 113.5 11 functionalized CNTs/TiO2 42.85 77
Fe3O4/PT/GO 560.58 58 functionalized CNTs 310 78
biochar/nZVI 515.77 59 zeolite NaA/CuO 79.42 79
mesoporous carbon 476.1 60 NiFe-LDH 169 80
reduced graphene oxide 576.2 61 acid-salt/CoAl LDH 827.4 81
activated carbon 210.1 62 h-MoS2 41.5 19
carbon/Zn−Al-LDH 126.58 63 3D l PbS/ZnO 159 17
raw kaolinite 63.4 this study raw kaolinite 11.5 this study
KNTs 489.9 this study KNTs 675.5 this study
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affinity of the kaolinite layers after their scrolling process into
nanotubes as compared to the normal flaky layers. This is
related mainly to the increase in the reactivity and the surface
area of KNTs as compared to raw kaolinite. Also, it showed
higher capacities than several synthetic adsorbents including
CNT-based adsorbents, LDH-based adsorbents, some biogenic
adsorbents, some polymers, and some metal oxide-based
adsorbents (Table 3).

3. CONCLUSIONS

Kaolinite nanotubes (KNTs) were produced and used in the
purification of water from cationic dyes (safranin dye (SF) and
malachite green dye (MG)) and anionic dyes (methyl orange
dye (MO) and Congo red dye (CR)). The product exhibited
theoretical qmax values of 431.6, 489.9, 626.2, and 675.5 mg/g
for SF, MG, CR, and MO, respectively. The SF, MG, CR, and
MO dye uptake reactions fitted excellently with the kinetic
behavior of the pseudo-first-order (R2 > 0.9) model and
equilibrium behavior of the Langmuir model (R2 > 0.9). The
equilibrium results, the thermodynamic parameters, and the
values of Gaussian energies for the four dyes (less than 8 kJ/
mol) suggested monolayer adsorption by exothermic, sponta-
neous, and physical reactions. The product demonstrated
promising adsorption results even in the presence of other
coexisting ions and showed significant recyclability properties.

4. EXPERIMENTAL WORK

4.1. Materials. The kaolinite mineral that was used in the
scrolling process was obtained from CMRDI Institute, Egypt.
The used chemicals are NaOH pellets (Sigma-Aldrich; 97%
purity; CAS: 1310-73-2), dimethyl sulfoxide (DMSO) (Sigma-
Aldrich; >99.5% purity; CAS: 67-68-5), methanol (Sigma-
Aldrich; >99.9% purity; CAS: 67-56-1), and cetyltrimethy-
lammonium bromide (CTAB) (Sigma-Aldrich; >98% purity;
CAS: 57-09-0). The chemicals are of analytical grade and
incorporated directly in the reactions without any purification
processes. The safranin-O dye (C20H19ClN4) (≥85% dye
content, Sigma-Aldrich; CAS: 477-73-6), malachite green dye
(C23H25N2) (90% dye content, Sigma-Aldrich; CAS: 18015-
76-4), Congo red dye (C32H22N6Na2O6S2) (34% dye content,
Sigma-Aldrich; CAS: 573-58-0), and methyl orange dye
(C14H14N3NaO3S) (85% dye content, Sigma-Aldrich; CAS:
547-58-0) powders were obtained from Sigma-Aldrich, Egypt,
as the sources of the synthetic dye contaminants.
4.2. Synthesis Steps of KNTs. The production of KNTs

was completed considering the three main steps reported by
Abukhadra et al.25 This involved breaking of the hydrogen
bonds, exfoliation of the kaolinite layers, and scrolling of the
exfoliated layers. About 15 g of the kaolinite powder was mixed
with DMSO (50 mL; 80%), and the resulting mixture was
stirred for about 24 h as an essential step to confirm the
destruction of the hydrogen bonds and the intercalation of the
kaolinite layers with the DMSO molecules. Afterward, the
resulting particles from this stage were washed five times with
methanol for nearly 20 min for developing hybrid materials of
methanol-intercalated kaolinite known as methoxy kaolinite.
This hybrid product was treated with the surfactant solution
(500 mL of CTAB (1 mol/L)), and this continued for 2 days
to verify effective expansion and exfoliation of the kaolinite
layers from each other. The expansion step was continued
effectively using sonication waves (80%) for another 48 h,
which resulted finally in scrolled layers of kaolinite in the form

of nanotubes. This was followed by separation of the product
from the solution, which was washed with both methanol and
distilled water and dried at 65 °C for 10 h.

4.3. Characterization Techniques. The crystal structure
of KNTs was identified by a PANalytical X-ray diffractometer
(Empyrean). The XRD results were obtained within a selected
range from 5 to 70° and a scanning speed of 5°/min at 40 kV.
A scanning electron microscope (Gemini, Zeiss-Ultra 55) was
employed for determining the surficial morphology. The
microscopic investigation was performed after coating the
material using thin gold layers and at a certain voltage of 30 kV
as an accelerating voltage. A transmission electron microscope
(JEOL-JEM2100) was used for studying the internal structures
of KNTs at 200 kV as an acceleration voltage. A Fourier
transform infrared spectrometer (Shimadzu) was used to
follow the expected changes in the chemical groups of KNTs.
The spectrum of the material was determined at scans of 37°,
adjusted resolution of about 4 cm−1, and selected frequency
from 400 cm−1 as the starting point to 4000 cm−1 as the upper
limit. The porosity and the surface area of KNTs were
measured based on its N2 adsorption/desorption isotherm
curve that was treated by BJH and Brunauer−Emmett−Teller
(BET) methods. This was conducted using a surface area
analyzer after a preprocessing step that involved degassing of
the material for 5 h at 300 °C under vacuum, and the
estimation temperature was adjusted to be 77 K. ζ potential
values of the synthetic KNTs were determined at different pH
values using a zetasizer with a disposable ζ cell (Malvern,
version 7.11) to detect pH(zpc).

4.4. Adsorption System. The tested samples were
prepared by directly dissolving certain quantities of the dye
powder in distilled water (1000 mg/L in 1000 mL). The
affinity of KNTs for SF, MG, CR, and MO dyes was evaluated
by batch uptake experiments considering the main variables
(pH, time (min), KNT dosage (g/L), tested dye concentration
(mg/L), and temperature (°C)). All of the accomplished
experiments for each variable were repeated as three runs, and
the determined results were presented as average values during
the evaluation of the uptake behavior. The principal
procedures involved a homogeneous dispersion of the KNTs
at a certain dosage (0.2−1 g/L) in 500 mL of dye aqueous
solutions (50−400 mg/L) for certain intervals (30−480 min).
As an initial stage, the influence of pH was examined from pH
2 as the starting point to pH 10 as the upper experimental
limit. By the end of the experiments, the purified samples were
analyzed directly by a UV−vis spectrophotometer to measure
the residuals considering λmax values of the dyes (521 nm for
SF, 617 nm for MG, 497 nm for CR, and 460 nm for MO).
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