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halloysite nanotube composite for
sequestration of anionic and cationic dyes

M. A. Barakat, *ab Rajeev Kumar, a M. Balkhyoura and Md. Abu Taleba

In this study, an Al2O3/graphene oxide/halloysite nanotube (Al2O3/GO/HNT) nanocomposite has been

synthesized and used as an adsorbent for the sequestration of cationic methylene blue (MB) and anionic

congo red (CR) dyes from wastewater. The properties of the synthesized Al2O3/GO/HNT were

characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron

microscopy (SEM) and transmission electron microscopy (TEM). Various factors such as pH, contact time,

initial concentration and temperature have been investigated for evaluation of the optimum adsorption

in the batch sorption experiment and experimental results showed the highest adsorption capacity was

found to be 329.8 mg g�1 for CR and 258.4 mg g�1 for MB at an initial concentration of 500 mg l�1

which was three times higher than the individual Al2O3 GO and HNT concentrations. Freundlich and

Langmuir adsorption isotherm models were fitted to the experimental data and the results implied that

the adsorption of MB well described with Langmuir and CR is related to the Freundlich isotherm model.

The kinetics data of CR and MB adsorption was well fitted to pseudo-first-order. The calculated values

for thermodynamic parameters indicated that the MB and CR adsorption process were spontaneous and

exothermic in nature. The effectiveness of the Al2O3/GO/HNT composite was also tested for adsorption

of Cu(II), oxytetracycline (OTC) antibiotic, and 2-chlorophenol (2CP) and the results revealed that the

Al2O3/GO/HNT composite is a promising adsorbent for the dyes as well as heavy metals and other

organic pollutants.
1. Introduction

Excessive anthropogenic activities have a remarkable impact on
the environment and contamination of natural resources
including water.1 The different industries like textiles, food and
beverage, printing, cosmetics, etc. are extensively using dyes for
coloring applications and releasing a large volume of contam-
inated wastewater. Congo red (CR) and methylene blue (MB)
both are well-known dyes for their applications and toxic
properties. These dyes may have an adverse effect on the envi-
ronment, aquatic life, and humans.2–4

Different chemical, physical and biological processes
including chemical occulation,5 chemical oxidation,6 biolog-
ical degradation,7 photocatalysis,8 adsorption,9–11 ion
exchange,12 and membrane ltration13 have been used to
removed contaminants from wastewater. The previous studies
revealed that adsorption is more acceptable method due to its
high efficiency and cost-minimizing for dyes sequestration from
wastewater.1 Different adsorbents including modied clay,14

peanut hulls,15 aloe vera,16 cashew nutshells,17 kaolin18,
lty of Meteorology, Environment and Arid
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an 11421, Cairo, Egypt

6

activated carbon,11 alumina,19 and graphene oxide20 etc. have
been investigated for the removal of the pollutants. Gupta et al.
reported that the activated carbon is the most effective adsor-
bent for color removal, but it is expensive as well as time-
consuming for regeneration.21 Wasti and Awan have been
examined and nd out the alumina as one of the efficient and
economically reasonable adsorbents.19 Moreover, alumina
(Al2O3) possesses excellent physical and textural characteristics,
which make it one of the most favorable adsorbent material. It
has the ability to alter the mechanical strength, porosity,
hydrophilicity and sorption capacity of nanocomposite mate-
rials.22 Al2O3 has been doped with other material for improving
the efficiency of wastewater treatment such as; CNTs-TiO2/
Al2O3,23 Al2O3/MWNTs.24,25 Deng et al., revealed that the gra-
phene oxide (GO) another potential adsorbent having hydro-
philic nature, eagerly disperses into a form a stable suspension
for removal of dyes.20 It has investigated that, the halloysite
nanotube (HNT) is hollow and layered structure ultrane
particles with diameters < 100 nm and having a large surface
area ranging from �500 nm to >1.2 microns, are ease to
chemically modify to increase the adsorption efficiency.25 It was
also reported HNT is a promising, inexpensive compared to
other nanotubes, nontoxic, safe and environment-friendly
adsorbent for dye sequestration in the wastewater treatment
process.26,27 Recently, researchers are exploring low-cost
This journal is © The Royal Society of Chemistry 2019
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composite adsorbents with nanoparticles for effective
adsorption.28

This study aimed to evaluate the adsorption capacity of
Al2O3/GO/HNT nanocomposite for sequestration of MB and CR
dyes from aqueous solution. The effect of pH, temperature,
initial concentration, and contact time was evaluated. Freund-
lich and Langmuir's models have been applied to equilibrium
data. Pseudo-rst order and pseudo-second-order kinetic
models are also tted to the adsorption data to nd the rate of
the dyes adsorption process.
2. Materials and methods
2.1. Materials

In this experiment pure grad materials have been used without
further purication. CR having a molecular formula of C32-
H22N6Na2O6S2 (anionic dye), and MB with a molecular formula
of C16H18ClN3S$xH2O (cationic dye), were purchased from the
Techno Pharm Chem, Haryana, India, and used as model
pollutants. Variable concentrations like 100, 250, 500 and
1000 mg l�1 stock solutions of both MB and CR dyes were
prepared by dissolving the required amount in de-ionized
water. The pH of the solution was adjusted using dilute HCl
(0.1 M) and NaOH (0.1 M) in the range of 2–10.
2.2. Synthesis

Al2O3/GO/HNT nanocomposite has been synthesized via
a standard procedure. Initially, 25 mg GO was dissolved in
100 ml of distilled water at 25 �C under stirring then 1.5 g HNT
were added and constantly stirred for 1 hour. Thereaer, 0.625 g
of Al(NO3)2 dissolved in 50 ml H2O was added to the HNT and
GO solution under stirring condition. Aer 30 min, 12 ml
NH4OH solution was added dropwise and stirred for 24 hours at
25 �C. The obtained precipitate was ltered and washed several
times with distilled water and acetone. Finally, Al2O3/GO/HNT
composite was dried in an oven at 105 �C for 12 hours. The
same method was used for the synthesis of Al2O3 in the absence
of HNT and GO.
2.3. Characterization experiments

The synthesized materials Al2O3 and HNT, Al2O3/GO/HNT
composite were characterized by using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-
ray diffraction (XRD) and X-ray photoelectron spectrometer
(XPS). The XRD analysis was recorded on a PAN analytical X'Pert
PRO 3040/60 X-ray diffractometer (Almelo, The Netherland)
consisting X-rays source of Cu Ka at 45 kV and 40 mA. The
morphology was studied with a JSM-5910 scanning electron
microscope, SEM (JEOL, Tokyo, Japan). The transmission elec-
tron microscopy (TEM) images of Al2O3/GO/HNT were recorded
by JEOL 200CX electronmicroscope operated at 200 kV. The XPS
analysis was performed using a Thermo VG Scientic X-ray
photoelectron spectrometer.
This journal is © The Royal Society of Chemistry 2019
2.4. Adsorption experiments

A series of primary experiments were conducted to optimize the
operating conditions for CR and MB adsorption onto Al2O3/GO/
HNT. The effects of variable factors like initial concentrations of
dyes, solution pH, contact time and temperatures have been
investigated in batch experiments. A xed dose of Al2O3/GO/
HNT nanocomposite (0.02 g) was mixed in 20 ml of MB and
CR solutions. The effect of initial solution pH was investigated
by adjusting the initial solution pH between 2–10 and equilib-
rium studies were performed in the constant time between 15–
420 min. The effect of initial dyes concentrations (50–1000 mg
l�1) and temperature (30–50 �C) was also investigated. The
batch experiments were replicated three times to keeping the
accuracy of the obtained data. Adsorption equilibrium capacity
(qe mg g�1) and the amount of dye adsorbed at the time (qt mg
g�1) were calculated by the following equations:

qe ¼ (Co � Ce)V/m (1)

qt ¼ (Co � Ct)V/m (2)

where Ct is equilibrium concentration at a time; Co and Ce are
initial concentration and equilibrium dyes concentrations in
the solution (mg l�1) respectively. V is the volume of solution
(L), and m is the mass of adsorbent (g).
2.5. Point of zero charge analysis

The point of zero charge (pHzpc) is a vital characteristic of
adsorbent material to evaluate the surface charge. In this
experiment, 0.1 M KCl has been used and 0.02 g of Al2O3/GO/
HNT nanocomposite was added in each ask containing
20 ml prepared solution then adjusted the pH between 2–10
using NaOH and HCl solution. The solutions were agitated for
24 hours at 30 �C temperature. Thereaer, the nal pH of the
solution was measured and a graph was plotted between initial
and nal solution pH values to nd the pHzpc of the Al2O3/GO/
HNT nanocomposite.
3. Results and discussion
3.1. Characterization

The SEM images of Al2O3 and Al2O3/GO/HNT nanocomposite
are shown in Fig. 1. Fig. 1a is showing the agglomerated akey
structure of Al2O3. A high-resolution SEM images (Fig. 1b) of
Al2O3 is showing the irregular shaped nanoparticle. The SEM
and TEM images of the Al2O3/GO/HNT nanocomposite are
shown in Fig. 1c–f. Both SEM and TEM images are showing the
tubular structures belong to the HNT and dispersed particle for
Al2O3 and sheets for GO in Al2O3/GO/HNT nanocomposite. The
images are conrming the successful deposition of Al2O3 and
GO onto HNT.

The XRD pattern of Al2O3, HNT and Al2O3/GO/HNT
nanocomposite is shown in Fig. 2. The XRD pattern of Al2O3

in Fig. 2 is showing the mixed phase for alumina which is in the
form of boehmite (JCPDS – 00-001-1283) and bayerite (JCPDS –

00-020-0011) at 2q� around 13(020), 18(001), 20(02), 27.90(120),
RSC Adv., 2019, 9, 13916–13926 | 13917
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Fig. 1 SEM images of (a and b) Al2O3 (c and d) Al2O3/GO/HNT (e and f) TEM of Al2O3/GO/HNT nanocomposite.

Fig. 2 XRD pattern of Al2O3, HNT and Al2O3/GO/HNT
nanocomposite.
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View Article Online
37(140), 40.7(201), 48(200), 53(024), 55(151), 57(240), 59(211),
63(071), and 64(071). The XRD pattern of HNT showing the
major reections at 2q� corresponding to the planes at 12(001),
20(100), 25(002), 35(110), 54(210) and 62(300) matching with the
JCPD card no. 00-029-1487. The XRD pattern of Al2O3/GO/HNT
nanocomposite is closely matching with the pattern of Al2O3

and HNT. Almost the same peaks appeared at a slightly shied
angle which is showing the good interaction between the Al2O3,
GO and HNT. However, there is no peak was appeared for the
GO due to its lower amount in the composite.

X-ray photoelectron spectrometer (XPS) has been used for
characterization of Al2O3/GO/HNT nanocomposite and the
recorded spectrum are shown in Fig. 3. A complete scan survey of
Al2O3/GO/HNT nanocomposite is shown in Fig. 3a, the appeared
peaks belong to Al 2p, O 1s, C 1s and Si 2p at the binding energies
75.25 eV, 532.58 eV, 285.47 eV, and 103.44 eV, respectively. The Al
2p peak centered at 75.25 eV belong to HNT and Al2O3. The
recorded O 1s peak at 532.47 eV and 531.38 (Fig. 3b) belongs to
oxygen at present in hydroxyl and carboxylic group.29,30 The wide
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XPS spectrum of Al2O3/GO/HNT nanocomposite (a) scan survey (b) O 1s (c) C 1s (d) Si 2p.
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scan spectra for C 2p is shown in Fig. 3c which is demonstrating
the different type of the carbon functional groups present in the
GO at the binding energy between 283 eV to 289 eV. Fig. 3d
belongs to the Si 2p at the binding energy 102.92 eV and
105.56 eV as a major constituent (Si–OH) in the HNT.
Fig. 4 (a) pHzpc of Al2O3/GO/HNT nanocomposite (b) effect of pH onMB
50 mg l�1 and 500 mg l; temp-30 �C, contact time-6 h; V-20 ml, M-0.0

This journal is © The Royal Society of Chemistry 2019
3.2. Adsorption studies

3.2.1. Effect of solution pH. The effect of solution pH is one
of the determining factors of the adsorption process by inu-
encing both adsorbent and adsorbate surface charges.31 The
and CR removal onto Al2O3/GO/HNT nanocomposite (concentration-
2 g).

RSC Adv., 2019, 9, 13916–13926 | 13919
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Fig. 5 (a) Effect of concentration on MB and CR removal onto Al2O3/GO/HNT nanocomposite (pH-3 for CR and pH-9 for MB; temp-30 �C;
contact time-6 h; V-20 ml; M-0.02 g); (b) effect of contact time on MB and CR removal onto Al2O3/GO/HNT nanocomposite (concentration-
500mg l; pH-3 for CR and pH-9 for MB; temp-30 �C; V-20ml;M-0.02 g); (c) effect of temperature on MB and CR removal onto Al2O3/GO/HNT
nanocomposite (concentration-500 mg l; pH-3 for CR and pH-9 for MB; contact time-6 h; V-20 ml; M-0.02 g); (d) comparison of adsorption
efficiency of Al2O3/GO/HNT nanocomposite with others adsorbents for removal of MB and CR dye (concentration-500 mg l; pH-3 for CR and
pH-9 for MB, temp-30 �C, contact time-6 h; V-20 ml, M-0.02 g).

Fig. 6 Adsorption of other adsorbates onto Al2O3/GO/HNT nano-
composite (pH-5; temp-30 �C; contact time-6 h; V-20 ml;M-0.02 g).
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pHzpc of the Al2O3/GO/HNT nanocomposite was found to be
around 7 as shown in Fig. 4a. To examine the effect of solution
pH on both MB and CR dyes, the adsorption experiments were
performed at two different initial concentrations, 50 mg l�1,
and 500 mg l�1 and the experimental results are presented in
Fig. 4b. It is clear that the uptake capacity of CR dye was
decreased with the increase in solution pH and the maximum
adsorption capacity of CR at both concentrations was optimum
at pH 3 because the surface of the Al2O3/GO/HNT was positively
charged at pH < 7 and negatively charged at pH > 7. On the other
hand, the adsorption capacity of MB onto Al2O3/GO/HNT
nanocomposite increased with the increase in solution pH
and the optimum adsorption was recorded at pH 9. Both dyes
showed the opposite adsorption behaviors onto Al2O3/GO/HNT
nanocomposite due to their charge. MB is a cationic dye and CR
is an anionic dye. Below pH 7, CR showed electrostatic attrac-
tion with positively charge Al2O3/GO/HNT nanocomposite while
above pH 7, MB attached on the Al2O3/GO/HNT surface elec-
trostatically.32,33 Based on these results, pH 3 for CR and pH 9
for MB were selected for further adsorption studies.

3.2.2. Effect of initial concentration. The effect of initial
concentration for sequestration of CR and MB onto Al2O3/GO/
13920 | RSC Adv., 2019, 9, 13916–13926 This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Langmuir isotherm for the adsorption process; (a) CR, MB (b) 2CP, OTC and Cu(II) (c) Cr(VI).
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HNT nanocomposite proceeded in the range of initial concen-
trations from 50 mg l�1 to 1000 mg l�1. The results have been
illustrated in Fig. 5a and revealed that the uptake capacities of
both dyes were increased with the increase in dyes concentra-
tions. However, the % adsorption was decreased from 99.22 to
48.9% for MB and 80 to 40.5% for CR as the dyes initial
concentrations were increased from 50mg l�1 to 1000mg l�1. At
lower dyes concentrations, the uptake capacities were sharply
raised due to available vacant sites on the surface of Al2O3/GO/
HNT nanocomposite. Further increased of initial concentra-
tions from 200 mg l�1 of both dyes, the adsorption capacities
gradually increased with the increase of initial concentrations
for both CR and MB removal onto Al2O3/GO/HNT. Further
increment of concentration aer 900 mg l�1, no signicant
changes were observed due to the lack of available active sites
on the surface.34 Increasing driving force for mass transfer with
an increase in dyes concentrations might have an inuence on
the adsorption process.35

3.2.3. Effect of contact time. The contact time is one of the
most important factors of the adsorption process, especially for
the low-cost adsorbent. To optimize the equilibrium for this
study, experiments were conducted at reaction time 15 to
420 min at the 500 mg l�1 concentrations of dyes. The obtained
Fig. 8 Freundlich isotherm plots for the adsorption process; (a) CR, MB

This journal is © The Royal Society of Chemistry 2019
results are presented in Fig. 5b. The adsorption of both dyes
onto Al2O3/GO/HNT nanocomposite was fast at the initial time,
followed by a gradual increase up to 360 minutes. Aer that, the
adsorption capacities of both dyes have not been signicantly
changed. This can be due to accessibility for diffused dyes
molecules and availability of active sites on the surface of Al2O3/
GO/HNT nanocomposite. Aer 120 minutes of adsorption time,
uptake capacities of both dyes gradually increased, probably
due to the migration of dyes molecules from the upper surface
to inner pores of Al2O3/GO/HNT nanocomposite. Aer 360
minutes, the adsorption capacities of both dyes have not been
changed due to the absence of vacant active sites.

3.2.4. Effect of temperature. The effect of temperature on
CR and MB adsorption process onto Al2O3/GO/HNT was carried
out at 30 �C, 40 �C, and 50 �C. The experimental data have been
illustrated in Fig. 5c and revealed that the adsorption capacities
of CR and MB decreased with the increase of temperature. The
highest uptake capacities of both dyes were at 30 �C tempera-
ture. These results indicated that, as the reaction temperature
increase, kinetic energy of CR and MB also increases. Thus, the
interaction between adsorbates and surface of Al2O3/GO/HNT
also reduces. These results revealed that adsorption of CR and
(b) 2CP, OTC and Cu(II) (c) Cr(VI).

RSC Adv., 2019, 9, 13916–13926 | 13921
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Table 1 Langmuir and Freundlich isotherm parameters values for adsorption of various pollutants onto Al2O3/GO/HNT nanocomposite

Adsorbate

Langmuir isotherm model Freundlich isotherm model

qe mg g�1 (exp) qm mg g�1 (Cal) KL (mg l�1) R2 KF (mg l�1) n R2

MB 258.4 526.3 0.00625 0.9616 0.054 1.995 0.9485
CR 329.8 2000 0.000541 0.0416 0.0432 0.889 0.5405
2-CP 275 384.6 0.01092 0.9689 0.0641 1.948 0.9659
OTC 236.5 400 0.00607 0.6553 6.081 1.778 0.7391
Cu(II) 112 144.9 0.01298 0.9794 �0.104 1.375 0.855
Cr(VI) 16 0.888 �0.01626 0.9887 1.165 3.900 0.8963
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MB onto Al2O3/GO/HNT nanocomposite was exothermic in
nature.

3.2.5. Adsorption of dyes onto Al2O3, GO and HNT. The
adsorption capacity of Al2O3/GO/HNT nanocomposite for MB
and CR dyes has been compared with Al2O3, GO and HNT to
nd the effectiveness of the prepared nanocomposite adsorbent
as shown in Fig. 5d. The experiments were conducted at
optimum adsorption conditions at solution pH 3 for CR and pH
9 for MB, 500 mg l�1 of dyes concentration, 0.02 g adsorbents
and contact time 6 hours at 30 �C. The results indicated that the
adsorption efficiency of Al2O3/GO/HNT nanocomposite is three
times higher than that of the individually Al2O3, GO and HNT
for removal of CR and MB, respectively. This may be due to the
unique characteristics of Al2O3/GO/HNT nanocomposite such
as extended surface area large number for functional groups on
its surface.

3.2.6. Adsorption of other pollutants. To examine the
effectiveness and efficiency of Al2O3/GO/HNT nanocomposite
for other pollutants such as hexavalent chromium Cr(VI), copper
Cu(II), oxytetracycline (OTC) and 2-chlorophenol (2-CP) were
investigated. The adsorption experiments were conducted at
initial adsorbates concentrations ranging from 50 mg l�1 to
600 mg l�1 at pH 5 and 30 �C. The experimental data have been
plotted and presented in Fig. 6. The revealed that the signicant
adsorption for 2-CP and OTC and maximum adsorption was
found to be 275 mg g�1 and 236.5 mg g�1 for removal of 2-CP
and OTC, respectively. While the adsorption of heavy metals
Fig. 9 (a) Pseudo-first-order kinetic for the adsorption process; (b) pseu

13922 | RSC Adv., 2019, 9, 13916–13926
was comparatively low and maximum adsorption capacity for
Cu(II) was 112 mg g�1. On the other hand, Cr(VI) obtained
equilibrium at 50mg l�1 of initial concentration with capacity at
16 mg g�1. This might be due to the inuence of driving force
for mass transfer with an increase of adsorbates concentration.
These results conrming that the Al2O3/GO/HNT nano-
composite is effective adsorbent and can be used for the
removal of organic as well as inorganic pollutants.

3.2.7. Isotherm studies. To examine the best-tted
adsorption isotherm model for CR and MB removal, Lang-
muir and Freundlich's models are tted to the equilibrium
data. The Langmuir and the Freundlich models can be
explained by the following equations;

Ce/qe ¼ Ce/qm + 1/qmb (3)

log qe ¼ log kF + (1/n)log Ce (4)

where kF is Freundlich equilibrium constant (l g�1), b is Lang-
muir equilibrium constant (l g�1), n is a strength factor, qm is
the maximum adsorption capacity (mg g�1), Ce is equilibrium
concentration of MB or CR in solution (mg l�1) and qe is
adsorption capacity of MB or CR at equilibrium (mg g�1). The
linear plot form of experimental data for the adsorption of MB
and CR onto Al2O3/GO/HNT has been illustrated in Fig. 7a and
8a. The calculated isotherm parameters values for adsorption of
CR and MB onto Al2O3/GO/HNT are presented in Table 1.
do-second-order kinetic for the adsorption process.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Kinetics parameters for CR and MB adsorption onto Al2O3/GO/HNT nanocomposite

Adsorbates

Pseudo-rst-order Pseudo-second-order

qe (mg g�1) k1 (min�1) R2 qe (mg g�1) k2 (g mg�1 min�1) R2

CR 321.588 0.0108 0.9451 370.3 0.0000476 0.9849
MB 274.789 0.0094 0.9779 416.7 0.0000113 0.9134
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The obtained R2 values form both isotherm models revealed
that MB adsorption onto Al2O3/GO/HNT nanocomposite follows
the Langmuir isotherm model. The best tting of the Langmuir
model indicates that homogeneous, monolayer MB adsorption
of onto Al2O3/GO/HNT nanocomposite surface. The results also
indicated that the Langmuir model was not followed for CR due
to low R2 values (0.0416). The higher R2 value obtained from the
Freundlich model for CR removal indicating that the adsorp-
tion of CR onto Al2O3/GO/HNT nanocomposite followed the
Freundlich isotherm model. The value of R2 is 0.9485 of
Freundlich is slightly lower than the value of R2 0.9616 of
Langmuir isotherm for MB. This model also describes the
adsorption of MB. Although, the R2 is 0.5405 for the Freundlich
model is higher than the value of R2 is 0.0416 Langmuir
isotherms for CR, still, there is a signicant deviation from the
tted equations.

On the other hand, the adsorption equilibrium data for the
removal of 2-CP, OCT, Cu(II) and Cr(VI) were also tted to the
Langmuir and Freundlich isothermmodels. The linear plots for
both models are shown in Fig. 7b, c and 8b, c and the values of
Fig. 10 Van't Hoff plot of adsorption for CR and MB adsorption onto
Al2O3/GO/HNT nanocomposite.

Table 3 Thermodynamic parameters for CR and MB adsorption onto
Al2O3/GO/HNT

Adsorbates DH� (kJ mol�1) DS� (J mol�1)

DG� (kJ mol�1)

303 K 313 K 323 K

CR �53.196 �163.2 �1.649 �0.1624 0.457
MB �56.528 �185.79 �0.1693 1.650 2.124

This journal is © The Royal Society of Chemistry 2019
their respective parameters are tabulated in Table 1. The
adsorption of 2-CP, Cr(VI) and Cu(II) were well described with the
Langmuir isotherm model while the and OTC adsorption data
followed the Freundlich isotherm model.

3.2.8. Kinetic studies. The sorption kinetics for CR and MB
removal onto Al2O3/GO/HNT has been investigated by tting the
kinetic data to the pseudo-rst-order and pseudo-second-order
kinetic models, expressed by the following equations;

pseudo-first-order: log (qe � qt) ¼ log qe � (k1t/2.303) (5)

pseudo-second-order: t/q ¼ (1/k2qe
2) + (t/qe) (6)

where qe is adsorption capacity at equilibrium, qt is adsorption
capacity at the time, k1 is pseudo-rst-order constant (min�1),
and k2 is pseudo-second-order constant (g (mg min)�1). The
kinetics plots for MB and CR adsorption onto Al2O3/GO/HNT
nanocomposite are shown in Fig. 9. The calculated values of
k1, k2, qe, and R2 have been tabulated in Table 2. The correlation
coefficient (R2) values are 0.9451 and 0.9779 obtained for
pseudo-rst-order equation while 0.9849, and 0.9134 obtained
Fig. 11 Proposed mechanism for MB and CR adsorption onto Al2O3/
GO/HNT nanocomposite.

RSC Adv., 2019, 9, 13916–13926 | 13923
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Table 4 Comparison of adsorption capacity of previously used adsorbents with Al2O3/GO/HNT nanocomposite for adsorption of MB and CR

Adsorbents

MB CR

Referencesqm (mg g�1) qm (mg g�1)

Active carbon 16.43 39
Cylindrical graphene–carbon nanotube hybrid 81.97 40
Silica nanosheets 12.66 41
Polyaniline nanotubes base/silica composite 10.31 42
Exfoliated graphene oxide 17.3 43
Almond shell activated carbon 1.33 44
Orange peel 18.6 45
Carbonized peanut shell (CPS) 5.34 46
Porous carbon 5.13 47
Sumac leaves (SL) 5.80 48
Polydopamine (PDA) microspheres 88.89 49
Hollow poly (cyclotriphosphazene-co-phloroglucinol) (PCPP) microspheres 61.24 50
Al2O3/GO/HNT 526.3 This study
Activated carbon (laboratory grade) 1.88 51
AC/DDAC 769.23 52
Chitosan/montmorillonite nanocomposite 54.52 53
Chitosan beads modied with CTAB 94.39 54
Maghemite nanoparticles 208.33 55
CTAB modied chitosan beads 352.2 56
Al2O3/GO/HNT 2000 This study
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from pseudo-second-order for CR and MB kinetics adsorption,
respectively. Both models are showing the high R2 values,
indicating the applicability of both models. However, the
calculated adsorption capacity values are closed to experimental
qe values for pseudo-rst order model which indicated that
adsorption of both dyes followed the pseudo-rst-order kinetic
model.

3.2.9. Thermodynamic studies. To examine the nature as
well as the spontaneity of CR and MB adsorption process, the
effect of temperature was evaluated at 30 �C (303 K), 40 �C (313
K) and 50 �C (323 K). Based on the experimental results, ther-
modynamic parameters such as; DG� (free energy change), DS�

(entropy change) and DH� (enthalpy change) were calculated by
the following equations.

DG� ¼ �RT ln Kc (7)

ln Kc ¼ DS�/R � DH�/RT (8)

log Kc ¼ (DS�/2.303R) � (DH�/2.303RT) (9)

where Kc is the equilibrium constant, R is the gas constant
(8.314 J mol�1) and T is the absolute temperature (K). The plot
for log Kc versus 1/T from experimental data is illustrated in
Fig. 10 and the calculated values are reported in Table 3. The
results indicated that the adsorption CR and MB molecules
onto Al2O3/GO/HNT nanocomposite was not favored at high
temperature and negative values of DG� indicating the sponta-
neous adsorption process. The negative DH� values for both CR
and MB indicating that the adsorption process was exothermic
in nature. On the other hand, the calculated negative values DS�

for both CR and MB adsorption indicate the increase in
randomness at the solid solution interface.
13924 | RSC Adv., 2019, 9, 13916–13926
3.3. Adsorption mechanism

The adsorption mechanism of MB and CR adsorption onto
Al2O3/GO/HNT has been illustrated in Fig. 11. Both dyes, CR
and MB have the opposite charge. As the effect of the solution
pH studies demonstrated that acidic condition favors the
adoption of CR while optimum adsorption of MB occurs in the
basic medium due to the electrostatic interaction. Besides the
electrostatic interaction, CR and MB dyes molecules can be
attached to the Al2O3/GO/HNT nanocomposite surface through
the hydrogen bonding, p–p interaction, van der Waals forces,
etc.36–38 The surface of Al2O3/GO/HNT nanocomposite consists
of hydroxyl, carboxylic, silicate and aluminol groups. The
interaction of these groups with the CR and MB dyes molecules
are shown in Fig. 11.
3.4. Comparison of adsorption studies

The efficiency of Al2O3/GO/HNT nanocomposite has been
compared with other adsorbents used for the MB and CR
adsorption. The maximum adsorption capacity of the adsor-
bents is shown in Table 4. The comparison results show that
Al2O3/GO/HNT nanocomposite is an efficient material for the
removal of both eyes.
4. Conclusion

Herein, a novel Al2O3/GO/HNT nanocomposite has been
successfully synthesized for removal of both cationic MB and
anionic CR dye. The solution pH, initial concentration,
temperature and contact time, etc. parameters were evaluated to
identify the most suitable conditions for the highest adsorption
of both dyes. The optimum CR uptake capacity onto Al2O3/GO/
HNT was achieved 329.8 mg g�1 within 6 hours at pH-3 and
30 �C while MB adsorption capacity was 258.4 mg g�1 at pH �9.
This journal is © The Royal Society of Chemistry 2019
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The experimental kinetic data of MB and CR adsorption were
governed by the pseudo-rst-order kinetic. The Freundlich
isotherm model describe the adsorption of the CR while MB
equilibrium data followed the Langmuir isotherm model. The
maximummonolayer adsorption capacities for both CR andMB
have been compared with previous studies and results revealed
that the adsorption capacities of both MB and CR onto Al2O3/
GO/HNT are highest compared to the previously reported
adsorbent. Based on this study, it can be concluded that Al2O3/
GO/HNT nanocomposite is an efficient adsorbent for the
removal of the pollutants from the aqueous solution.
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