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Textile dyes pose a serious threat in terms of water pollution due to its complex aromatic structures and poor
degradability. In order to reduce the toxic eﬀects of Crystal Violet (CV) and Methylene Blue (MB), an ultrasonicassisted dye adsorption using urchin like α-MnO2 nanostructures was studied. The adsorbent was synthesised by
hydrothermal method at low-temperature. The crystallinity and morphology were determined to investigate the
growth mechanism of α-MnO2 nanourchins which consists of two main stages. The initial stage includes the
formation of α-MnO2 microspheres followed by the epitaxial growth of nanoneedles on to the surface of them.
The α-MnO2 was characterised by BET, XRD, FT-IR, XPS, SEM, TEM and TGA. At 5.6, the point of zero charge of
α-MnO2 nanostructures was determined. The total pore volume and average pore radius were conﬁrmed to be
4.751 × 10−2 cc/g and 10.99 Å respectively from the BET analysis. Batch adsorption experiments were performed to investigate the eﬀect of pH, adsorbent dosage, sonication time, initial dye concentration, temperature,
ultrasonic frequency and power. The adsorption mechanism was studied using several isotherm and kinetic
models. The adsorption data of CV and MB at equilibrium was observed to adopt the Langmuir isotherm model
and pseudo-second order kinetic model. The maximum adsorption capacities for CV and MB were found to be
5882.3 and 5000 mg/g respectively. The thermodynamic study predicted that the process was exothermic for CV
and endothermic for MB. The eﬀects of competitive ions, ionic strength and humic acid on the uptake of both the
dyes were also investigated. And ﬁnally, the reusability of recovered α-MnO2 after dye adsorption was studied
up to ﬁve cycles for its potential industrial applications.

1. Introduction
Rapid industrialisation and urbanisation have led to an increase in
the amount of wastewater generated, leading to detrimental environmental impacts. Toxic organic dyes are present in the wastewater
produced from the industrial units and are not susceptible to direct
biological treatment [1,2]. Large quantities of dyes are produced annually from several industrial units such as textile, paper, food, cosmetic, leather and pharmaceuticals. 10–20% from 7,00,000 tonnes of
dyes which are annually produced is being released into wastewater
through the dyeing process from 1,00,000 commercially available dyes
[3,4]. Organic dyes with complex aromatic structures possess a severe
threat to the environment as they are chemically stable, strongly

⁎

resistant to heat and light and are also non-biodegradable in water
[1,5]. These dyes when present in the water bodies reduce light penetration through it and hence the photosynthetic process in aquatic
plants are disturbed [5,6]. Degradation of dyes may generate toxic,
carcinogenic and mutagenic compounds which cause severe risk to
human beings and other living species [7]. So it’s a necessity to treat
this hazardous water using an adequate method so that maximum removal eﬃciency is obtained.
Among diﬀerent conventional methods such as ﬂocculation, coagulation, precipitation, ozonation, chemical oxidation and biological
method membrane ﬁltration [8,9], adsorption is the eﬃcient and economically viable option for removing colour from industrial eﬄuents
[10]. Adsorption is the most broadly used method for treating large
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dye adsorption using Co/Cu/S-TiO2 nanocomposite loaded on the activated carbon [38] and Cu(OH)2-NP-AC [39] as the adsorbents respectively. Saad et al. and Sharifpour et al. carried out investigations on
CV dye adsorption using polyaniline nanoparticles (PANP) [40] and Sn
(O, S)-NPs –AC [41] and observed a fast adsorption rate and rapid attainment at equilibrium condition, reveals the ultrasonic eﬃciency in
wastewater treatment.
This research work aims (i) to superﬁcially synthesise nanourchin
structured α- MnO2 (ii) to analyse the growth mechanism during the
synthesis of the adsorbent (iii) to characterise the synthesised adsorbent
(iv) to determine the eﬃciency of α- MnO2 in the adsorption of CV and
MB using ultrasonication and (v) to investigate the inﬂuence of different parameters - adsorbent dosage, ultrasonication time, ultrasonic
frequency, pH, ultrasonic power, initial concentration of dye, competitive ions, ionic strength and humic acid.

quantities of water because of its simplicity, highly eﬃcient removal
capacity, fast recovery and adsorbent reusability [11]. The surface area
of the nanomaterial, intraparticle interaction aﬃnity and its strength
are the major factors that determine the adsorption of the material
[12,13]. Even though adsorption of industrial dyes is very complicated,
economic feasibility promotes its wide acceptance around the world.
The adsorbent used should be easily operatable, aﬀordable and nonpoisonous.
For the treatment of the industrial water, a sonocatalytic method is
used which is a promising nominee to assist the physical, chemical and
biological methods as it has a major beneﬁt of high penetration ability
in any ﬂuid form [1]. Ultrasonic irradiation is mainly used to proliferate
the chemical reaction with acoustic cavitation phenomenon. The generation, growth, as well as exhaustion of the micrometrical bubbles
moulded by the dissemination of the pressure wave through a ﬂuid, is a
vital tool in which is used to intensify the mass transfer process. Thus an
infringement bond was generated between the adsorbent and the adsorbate. A microscopic turbulence is created by the shock waves within
the interfacial layer surrounding the dense particle [7]. The transformation of sound energy into kinetic energy is due to the motion of the
liquid produced by the acoustic streaming of the sound waves. This
process will increase the mass transfer near the dense surface [14]. The
ultrasonic waves enhance the adsorptive removal of organic and inorganic pollutants. This hybrid technique has shown a signiﬁcant synergetic eﬀect on those pollutant removals. This system has already
proven as an economically viable, eﬀective and alternative technique
for the wastewater treatment [15,16]. Recently, the application of the
ultrasonication process in various industries [17] is being experimented
with diﬀerent population equivalent ranging from 50000 to 750000. A
German-based company, Hielscher, supplies such a hybrid system to
various domestic and industrial wastewater treatment plants [18].
Speciﬁcally, those sonication instruments have power up to 48 kW.
Barber, has submitted a positive report on the application of ultrasound
system from the results of industrial end users running in various
countries like Germany, Austria, Italy etc. [19].
Manganese dioxide (MnO2) is recognised as a favourable material
because of its high stability, abundant availability, low cost and environmental compatibility [20]. The composites of nano manganese
dioxide might act as degradant [21] and adsorbent [22,23] for various
types of dyes and organic pollutants due to its octahedral crystal
structure (MnO6) with high redox potential and large surface area [24].
In this study Crystal Violet (CV) and Methylene Blue (MB) dyes has
been selected, as it is economical and extensively used in the paper,
pulp and textile industries [25]. CV is stated as a recalcitrant dye molecule that perseveres in the environment for a long time and causes
hazardous eﬀects on terrestrial as well as aquatic life [26,27]. Previous
studies have shown that CV acts as a carcinogenic, mutagenic, clastogenic and encourages tumour growth in some ﬁsh species [26,28,29].
Therefore, the dye is considered as a biohazard substance. CV is also
observed to cause enduring injury to conjunctiva and cornea, hurting
light sensitisation, moderate eye irritation, meanwhile, the product
comprises a cationic dye that is extremely toxic to living cells. However,
in extreme cases, it may lead to kidney and respiratory failures also
[30,31]. MB is a phenothiazine cationic dye [32] that has numerous
negative eﬀects on animals and human, such as nausea, increased heart
rate and vomiting [33,34], and is inhibited to biodegradation due to its
complex aromatic structure [35]. The adsorption using α- MnO2 is not
only selective to cationic dyes but also for anionic dyes. The previous
study suggests that α- MnO2 can be used for the eﬀective removal of
Congo red dye. Zhang et al. obtained a high monolayer adsorption
capacity of 625 mg/g through the electrostatic attraction [36].
Various studies were conducted using ultrasonic-assisted adsorption
for the removal of MB and CV dyes using diﬀerent adsorbents. Reza
et al. studied for the removal of MB using Cu: ZnS-NPs-AC [37] as the
adsorbent and obtained the maximum adsorption capacity as 185.2 mg/
g. Porhemmat et al. and Dashamiri et al. conducted experiments on MB

2. Materials and methods
2.1. Materials
The chemicals used for this adsorption study were of analytical
grade.
CV
(M.W = 407.97 g/mol,
λmax = 594 nm),
MB
(M.W = 319.85 g/mol, λmax = 664 nm), Ammonium persulphate
((NH4)2S2O8), Ammonium Sulphate (NH4)2SO4 and Manganous sulphate (MnSO4·H2O) were purchased from Nice Chemicals Pvt Ltd, India
and used without further puriﬁcations.

2.2. Synthesis of α-MnO2
0.02 mmol MnSO4·H2O, 0.08 mmol (NH4)2SO4 and 0.02 mmol
(NH4)2S2O8 were added to 70 mL of distilled water for the preparation
of α-MnO2 nanourchins. The prepared solution was transferred to a
Teﬂon-lined stainless steel autoclave of 100 mL capacity. A brown-black
product was obtained when the resulting homogeneous mixture was
kept at 140 °C over 12 h. It was then ﬁltered in Whatman #41 and
washed many times using distilled water in order to remove residual
ions. Then it was kept for overnight drying at 80 °C and calcinating for
3 h at 200 °C in the air [42].

2.3. Characterisation of α-MnO2
At zero point charge, the pH on the surface of α-MnO2 was determined by batch equilibrium method [43]. The initial values of pH
were adjusted to the range of 2–10.5. This was done by adding H2SO4 or
NaOH to 20 mL of distilled water. To each of these solutions, 0.003 g of
α-MnO2 was added. The resulting solutions were then continuously
stirred by keeping in an orbital shaker at room temperature for 24 h.
Whatman #41 ﬁlter paper was used to ﬁlter the solution and then
measured the respective pH of the dye solutions. The graph for pHﬁnal
vs. pHinitial was plotted and the intersection point of the bisector was
taken as pHpzc [44].
The nanourchins were characterised using Transmission Electron
Microscopy (TEM-FEI Tecnai G2 T20 S Twin) as well as Scanning
Electron Microscopy (SEM – Carl Zeiss, EVO 18) for their surface
morphology and size. The X-ray photoelectron spectroscopy (Kratos
Analytical, Axis Ultra) was used to determine the elemental composition of the nanourchins. Brunauer-Emmet-Teller (BET) analysis was
conducted to determine the adsorbent surface area using a
Quantachrome ASIQwin surface analyser. The crystallography was
determined using X-ray diﬀraction (XRD – Bruker, D8 Advance). The
functional groups’ variation before and after adsorption of dyes, was
analysed using FTIR spectrometer. The variations in the chemical and
physical properties of the adsorbent were studied using
Thermogravimetric analysis (TGA; TA instruments SDT–Q600) curve.
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1
1 + K a C0

2.4. Preparation of dye solution

RL =

1 g of CV and MB were separately dissolved in 1 L of distilled water
at a room temperature of (25 °C ± 2 °C) to obtain the stock solution.
Then, the prepared solution was diluted to the required concentrations
to obtain the adequate test solutions. Initial dye concentration was
determined using a UV–visible spectrophotometer [45].

The adsorption behaviour of the adsorbate onto the adsorbent can
be found by RL . The RL value greater than 1 and less than 0 represents
irreversible adsorption, RL equal to 1 represents linear whereas RL
greater than 1 shows unfavourable adsorption.
2.6.2. Freundlich isotherm
A heterogeneous surface adsorption is assumed to occur in the
Freundlich isotherm model. A broad range of adsorbate concentrations
can be provided in this model. The distribution of the heat of adsorption
is non-uniform on the surface of the adsorbent. As per the given
equation (Eq. (6)), the Freundlich isotherm was adapted for the sorption of both the dye onto α-MnO2.

2.5. Adsorption protocol
Under ultrasonication (Elmasonic P300H ultrasonic bath, continuous mode, 80 kHz), continuous set of batch adsorption tests were
performed to determine the adsorption capacity of α-MnO2 for the effective removal of both the dye. Primary tests were carried out in the
pH limits ranging from 2 to 10.5 for optimising pH. At the optimised pH
value, experiments were performed in order to determine the inﬂuence
of time for ultrasonication (3–15 min), adsorbent dosage
(0.001–0.007 g/50 mL for CV and 0.001–0.01 g/50 mL for MB) and
initial concentrations of dyes (50–150 mg/L). The dye samples were
collected and the removal eﬃciency was estimated using an UV–Visible
spectrophotometer. The obtained results were validated using kinetics
as well as isotherms. The percentage of dye removed was computed
from the Eq. (1).

%dyeremoval =

C0−Ce
× 100
C0

logqe = logKf +

v (C0−Ce )
M

(1)

qe = BlnAT + BlnCe

B=

(2)

(7)

RT
BT

(8)

Here qe (mg/L) is the amount of CV and MB dye that is adsorbed per
unit mass of α -MnO2, B is the Temkin isotherm energy constant, AT is
the equilibrium binding constant, BT is Temkin constant, R represents
universal gas constant and T is the temperature (K).

2.6. Adsorption isotherms

2.7. Adsorption kinetic studies

The general purpose of adsorption isotherms at equilibrium is to
understand and design the prevailing interaction mechanism between
the adsorbate and the adsorbent [46]. In this study, for the initial
concentration of 100 ppm, the isotherm studies were conducted for CV
and MB. The adsorption capacity of CV and MB dye on α-MnO2 were
observed for various adsorption models like Langmuir, Freundlich and
Temkin and the constants of each model were estimated.

The controlling mechanism, as well as the adsorption rate, can be
unstated from the rate constant study. The adsorption kinetics of the
dyes on α-MnO2 was examined by employing Lagergren’s ﬁrst-order
kinetics, pseudo-second order, Elovich and Intra-particle diﬀusion
model.
2.7.1. Lagergren’s ﬁrst-order kinetics
To determine the rate constants and the order of the ongoing process, Lagergren’s ﬁrst-order kinetics were employed for the adsorption
of the dyes (MB and CV) onto α -MnO2. The equation for this model is
given by the (Eq. (9))

2.6.1. Langmuir isotherm
A monolayer adsorption of CV and MB dyes on the α-MnO2 surface
occurs in the Langmuir isotherm model. The expectation is that no
further adsorption happens on the adsorbate site if the dye molecule is
covered at once. It is also assumed that these sites are having equivalent
energies [47]. Irving Langmuir developed the equation as

1
1
1
=
+
qe
qm
Ce K a qm

(6)

2.6.3. Temkin isotherm
The heat of adsorption is increasing linearly with coverage for all
the molecules is the hypothesis in the Temkin adsorption model [47].
The linear form of this model is given by (Eq. (7))

The quantity of dye adsorbed q (mg/g), volume v (L) of the dye
solution and dry weight of the adsorbent M (g) were calculated from
the equation (Eq. (2)) [45].

Ce
C
1
= e +
qe
qm
K a qm

1
logCe
n

Here Ce (mg/L) represents the concentration of the CV and MB dye
and qe (mg/L) is the amount of CV and MB dye that is adsorbed per unit
mass of α-MnO2. n andKf (mg/g) are the Freundlich constants associated with the adsorption intensity and the adsorption capacity per
unit mass of the adsorbent respectively.

where ‘C0 ’ is the initial concentrations of both the dyes (mg/L) and ‘Ce ’
is the concentration of dyes at equilibrium (mg/L) which is depicted in
the relation (Eq. (2))

q=

(5)

log(qe−qt ) = logqe−

k1 t
2.303

(9)

where qt and qe are the quantity of CV and MB dye that is adsorbed at
time t and at equilibrium respectively.

(3)

2.7.2. Pseudo-second order kinetics
The behaviour of adsorption all over the range is found out by
employing Pseudo-second order kinetic model. The linear relation can
be illustrated as following equation (Eq. (10))

(4)

Here Ce (mg/L) represents the quantity of CV and MB dye adsorbed
per unit mass of α-MnO2 at equilibrium, qm (mg/g) represents the
maximum dye adsorption rate, qe (mg/L) the quantity of CV and MB dye
that is adsorbed per unit mass of adsorbent and K a (L/mg) denotes the
adsorption energy constant.
Separation factor (RL ) was associated to ﬁnd the characteristics of
the Langmuir isotherm (Eq. (5))

t
1
t
=
+
qt
qe
k2 qe2

(10)

h = k2 qe2

(11)

qt and qe are the quantity of CV and MB dye that is adsorbed at time t
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Fig. 1. Growth mechanism of α-MnO2with respect to SEM and TEM.

each model for kinetics as well as isotherms. The experimental, as well
as the calculated data, were ﬁtted into various error analysis functions
like ARE , MPSD , SD and the smallest value indicating least error is
determined.
The equations used for the error analysis are as follows [51]

and at equilibrium respectively. Here h (mg/g min) is the initial adsorption rate and expressed as in (Eq. (11)), k2 is the rate constant for
this model (g/mg min).
2.7.3. Elovich model
Chemisorption kinetics with a heterogeneous surface is mainly dealt
with the Elovich model [48]. The linearized equation of the Elovich
kinetic model can be expressed by Eq. (12).

qt =

1
1
ln(αβ ) + lnt
β
β

ARE =

100
n

qemeas−qecal

i=1

qemeas

MPSD = 100

(12)

Here qt (mg/g) is the quantity of CV and MB dye adsorbed at time t,
α (mg/g/min) represents the initial adsorption rate and β is the chemisorption activation energy and the extent of surface coverage.

SD =

n

1
n−p

n

qemeas−qecal ⎤
⎥
⎣ qemeas ⎦

2

∑ ⎡⎢
i=1

(14)

(15)

qemeas−qecal ⎤ 100
⎥
⎣ qemeas ⎦ n−1

∑ ⎡⎢
i=1

2.7.4. Intra-particle diﬀusion model
The adsorbate is assumed to be initially transferred on to the surface
which is then transported to the available sites by a diﬀusion process in
this model. The formation on a boundary layer is ﬁnally followed by the
interaction of adsorbent within the sites [49]. The adsorption mechanism on CV and MB dye on α -MnO2 was investigated by employing
the intra-particle diﬀusion model. It is proposed that the adsorption of
adsorbent (CV and MB) on adsorbate (α-MnO2) varies proportionally to
t . Webber and Morris [50] stated the intra-particle diﬀusion equation
as (Eq. (13))

qt = k t + c

n

∑

2

(16)

3. Results and discussions
3.1. Growth mechanism of α-MnO2
As per the observations made on the evolutions of crystallinity and
morphology, the growth mechanism of α-MnO2 nanourchins was rationalised. The α-MnO2 synthesis mainly depends on the reaction between Manganese sulphate and Ammonium persulphate. The chemical
reaction is represented as follows [52,53]:

(13)

Mn2 + + S2 O82 − + 2H2 O→ MnO2 + 4H+ + 2SO42−

where, qt (mg/g) is the quantity of CV and MB per unit mass of α -MnO2
at time t, and k (mg/g/min1/2) is the intra-particle diﬀusion constant.
The thickness of the boundary layer is given by the constant c (mg/g).

(17)

MnSO4 + (NH 4)2 S2 O8 + 2H2 O→ α−MnO2 + (NH 4)2 SO4 + 2H2 SO4
(18)
S2O82−

In the solution, the redox reaction occurring between
and
Mn2+ results in the production of basic units of MnO2 within a short
period of time. Development of α-MnO2 nanourchins depends on the
concentration of MnO2 units within the solution. The proposed growth
process is as shown in Fig. 1. Initially, the concentration of MnO2 units
in the solution is assumed to be very high. These units combine together

2.8. Error analysis
The best ﬁtting isotherm and kinetics models were determined from
the experimental data by the coeﬃcient of correlation (R2 ). The calculated qe (qecal ) values were estimated with the linearized equations of
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Fig. 2. (a–d) SEM images of α-MnO2 at diﬀerent magniﬁcations.

arrangement of MnO2 that were connected in various means to develop
the crystallographic form. 1D, 2D and 3D tunnel structures were formed
as the edges and vertices of octahedral units of MnO6 were shared in
various ways. Numerous octahedral subunits (n × m) formed from the
size of the tunnel were used to describe various crystallographic forms
[57]. The broad diﬀraction peaks are due to the presence of deﬁnite
types of arbitrary intergrowths of pyrolusite (1 × 2 tunnel structure)
and ramsdellite (1 × 2 tunnel structure) in MnO2. These observations
are made as per the “De Wolﬀ model” issued in the year 1959 [58]. The
diﬀraction peak at 2θ = 12.6°, 17.98°, 28.5°, 41.7°, 49.7°, 55.9°, 59.9°
and 65.3° with the planes (1 1 0), (2 0 0), (3 1 0), (3 0 1), (4 1 1), (6 0 0),
(5 2 1) and (0 0 2) in the spectrum can be well observed as α-MnO2
(JCPDS No. 00-044-0141). Similar results were obtained by Shinde
et al., and Thanh et al. [59,60]. The cell volume of α-MnO2 is 274.1 Å3.
The obtained value is identical with the standard cell volume of
274.03 Å3 [61] and the lattice parameters of tetragonal α-MnO2 are
a = 9.78 Å, b = 9.78 Å and c = 2.86 Å. Similar results were obtained by
Shinde et al. [59]. The average size of the nanourchin MnO2 crystal
grains were observed as 14.33 nm from the Scherrer equation
D = Kλ / βCosθ using the strongest diﬀraction peak (3 1 0) where K is the
Scherrer constant (0.89), D is the crystal grain size (nm), λ is the X-ray
wavelength (0.154056 nm) for Cu Kα, θ is the angle of diﬀraction peak
and β is the full width at half maximum (FWHM) of the peak (3 1 0)
whereas the diameter measured for nanourchin MnO2 was 14.55 nm.
Since the calculated and measured value of nanourchin MnO2 is identical, it can be concluded that the results of TEM analysis and XRD are
in agreement with each other.
The α-MnO2 spectrum comprises two superimposed crystalline
MnO2 forms (Fig. 5a) [62]. A strong, as well as a weak band, were
observed at 660.73 cm−1 and 553.57 cm−1 respectively in the IR
spectrum. These strong bands and weak bands were in accordance with

to form a spherical shape which minimises the entire system energy
[52]. The concentration of MnO2 units in the solution decreased as
these units were continuously transformed into a spherical shape. The
whole system attains a thermodynamically stable environment as the
concentration of these units were below a speciﬁed limit. From this, αMnO2 nanoneedles started growing to their one-dimensional growth
habit [54]. The nucleation seeds represent the outer most surface in the
growth mechanism where the growth of ultrathin nanoneedles became
faster resulting in urchin-like structure.
3.2. Characteristics of α-MnO2
The morphology of α-MnO2 sample was determined using SEM
analysis as represented in Fig. 2(a–d). Fig. 2d depicted that this sample
has Urchin-like ﬂower structure consisting of numerous nanoneedles
with a thickness of various nanometers. These well-deﬁned nanoneedles are observed with a size of 2 µm. Similar results were obtained
by Zhou et al. [52] TEM analysis conﬁrmed that the α-MnO2 sample
contains ﬂower-like structures with a diameter of about
100 nm–200 nm. The close observation of TEM images emphasis the
interconnectivity of nanoneedles with minute thickness (Fig. 3a). Nanourchin contains radially grown 1D nanoneedles of diameter less than
20 nm which is shown in Fig. 3b. This was in good concurrence with
SEM analysis. The α-MnO2 shows a single crystallite conﬁrmed by the
SAED (Selected Area Electron Diﬀraction) pattern with planes (1 1 0),
(2 0 0), (2 2 0), (3 1 0), (4 0 0), (3 3 0), (4 2 0), (3 0 1), (5 1 0) and (4 1 1)
(Fig. 3c). The TEM image shows a nanoneedle with interplanar spacing
0.214 nm, corresponding to the plane (4 0 0) of α-MnO2 (Fig. 3d) [55].
The crystallinity and purity of the synthesised α-MnO2 were identiﬁed using XRD [56]. Fig. 4 represents some broad peaks as well as
sharp peaks. MnO6 octahedral units form the basic structural
179
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Fig. 3. (a),(b) TEM images at diﬀerent magniﬁcations; (c) SAED image of α-MnO2 and (d) Interfringe distance ofα-MnO24.

CV adsorbed nanourchin (Fig. 5b). Similarly, the peaks at 979.84,
667.37, 555.50 and 491.85 cm−1 were observed over MB adsorbed
nanourchin (Fig. 5c).
XPS analysis was performed in order to determine the facile elemental species (O, Mn and C) present on α-MnO2 and shown in Fig. 6a.
As represented in Fig. 6b, the catalysts represented two dissymmetric
peaks observed at 642.19 (Mn 2p3/2) and 654.01 eV (Mn 2p1/2). With
respect to various oxidation states of Mn, two subpeaks were obtained
as Mn 2p1/2 and Mn 2p3/2 peaks were decomposed. The sub-peaks
observed at 641.8 (or 642) and 653.4 (or 653.6) eV were designated to
Mn3+(2p3/2) and Mn3+(2p1/2) ions, respectively. The sub‐peaks situated at 642.7 and 654.1 eV were designated to Mn4+(2p3/2) and
Mn4+(2p1/2) ions, respectively [65–67]. The XPS spectra of O 1s is
represented in Fig. 6c. This spectrum is segregated into three diﬀerent
regions and these regions are described as follows: (i) Binding energy
(BE) in the limiting range of 530.7–529.3 eV is speciﬁed as Olat
(MneOeMn bond), corresponded to lattice oxygen species; (ii) Binding
energy in the range of 531.0–532.6 eV is denoted as (Osur, MneOH
bond), corresponding to surface-chemisorbed oxygen species; (iii)
Binding energy in the limits of 532.6–534.0 eV is denoted as (Oads,
HeOeH bond), corresponding to adsorbed molecular water species
[48–50]. From Fig. 6c, it is observed that Olat, Osur and Oads are positioned at 529.8 ± 0.2, 531.6 ± 0.2 and 533.1 ± 0.3 eV respectively
[65,68–70].
BET equation is represented by the Langmuir isotherm which is
obtained from the following (Eq. (19)) [71]

Fig. 4. XRD pattern of α-MnO2.

the earlier details about R-MnO2 [63]. The peak observed at
553.57 cm−1 was attributed to the vibration of Mn-O. Matsuo and
Nakano [64] demonstrated that the oxides of rare earth and transition
metals were characterised by an intense vibration mode. The peak for
MnO2 was located at 700.16 cm−1. The bands observed at 700.16,
553.57, 495.71 and 455.20 cm−1 belonged to ramsdellite and the bands
at 660.73 cm−1 attributed to the spectrum of pyrolusite [64]. The
characteristics peaks at 1654.92, 1581.63, 1340.53, 1298.09, 1165,
908.47, 817.82, 665.44, 555.50 and 468.70 cm−1 were found for the
180
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2 nm). Our results display that a large surface area is not played a
signiﬁcant role for high adsorption capacity, as is usually supposed, but
instead large pore diameter and pore volume are primarily signiﬁcant
for eﬀective and fast dye adsorption. Similar results were observed by
Parker et al. using adsorbent which exhibits very high mesoporosity
(above 80%), pore volume (above 1 cm3/g) and pore diameter (between 14 and 19 nm), but with the surface area less than 300 m2/g. On
other hands when they used commercially available adsorbent (with
high surface area and less than 20% mesoporosity), they achieved a low
removal eﬃciency [74]. The determined values suggest the development of a mesoporous structure which is disordered and is found to be
in accordance with the TEM images. The least amount of macro-pores
are correlated to the gap between the aggregated particles. The average
pore diameter was observed to be higher than the dimensions of MB1.38 × 0.59 nm [75]; CV −1.65 × 1.50 nm [76] dye molecules. Hence
the adsorption of dye molecules increased due to the occurrence of
substantial pore volume and mesoporous structures [72,73].
Nanourchins were heated from room temperature to 800 °C to
perform the thermogravimetric analysis (TGA) (Fig. S2). This was carried out with a constant rate of 10 °C/min. In the beginning stage, a
weight loss of 1.324% was observed at a room temperature of 180 °C as
the moisture, coordinated water molecules and impurities were removed. In the second stage, a major weight loss of 4.205% was observed as the temperature was maintained at 180–400 °C. This was due
to the losses in CO2 as the MnCO3 were transformed to tetravalent
Mn4+ oxide (MnO2) [77]. In the third step, the theoretical weight loss
of 7.856% was observed as MnCO3 was transformed to MnO2 [77].
Complete decomposition of TGA analysis was performed at 800 °C on
longtime air calculations. This was conﬁrmed by the TGA of MnO2
annealed at 800 °C and on air-annealing, the as-synthesised MnCO3 was
fully converted to MnO2 [59].
3.3. Adsorption isotherms

Fig. 5. FTIR spectrum of (a) α- MnO2, (b) after adsorption of CV and (c) after
adsorption of MB.
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The plot for BET is a straight line which was plotted with
V

P
P0

The study on the adsorption isotherm model was conducted with the
help of three models such as Langmuir, Freundlich and Temkin model
to ﬁt the constraints achieved from diﬀerent experiments. The
Langmuir constants qm and K a were given in Table 1. The graph between 1/ qe and 1/ Ce was plotted with the slope 1/ K a qm and intercept
1/ qm as shown in Fig. S3a. The adsorption of both the dyes (CV and MB)
onto α -MnO2 provided a linear line with the Langmuir model
(R2 = 0.9537 & 0.9611). The maximum rate of adsorption (qm ) for CV
and MB were 5882.35 and 5000 mg/g respectively. Based on RL value,
CV and MB adsorption was favourable onto α-MnO2. A graph of logqe
versus logCe provided a linear line (R2 = 0.9362 & 0.949) for CV and
MB respectively with the slope (1/ n) and intercept (logKf ) as shown in
Fig. S3b representing Freundlich isotherm. The greater value of Kf
(8.1767 & 6.8428) and n (1.177 &1.0927) denotes that the adsorption
of the dyes on α -MnO2 was favoured by heterogeneity and positive
cooperativity binding [46]. The slope 1/ n indicates the adsorption favorability and the value greater than 1 represents the favourable adsorption [49]. A plot between lnCe versus qe provided a linear line
(R2 = 0.8294 & 0.8142 from Table 1) for CV and MB respectively at
each temperature with slope B and intercept BlnAT verifying the
Temkin adsorption isotherm as shown in Fig. S3c. A greater value of R2
was obtained for the Langmuir Type 2 isotherm and was acceptable to
explain the adsorption of MB and CV on α-MnO2. The monolayer adsorption is assumed in Langmuir isotherm in which no further adsorption takes place after attaining the equilibrium whereas heterogeneous surface adsorption is assumed in Freundlich, which is not
restricting the formation of monolayer [47,49].

(

)

P0
−1
P

and
The speciﬁc surface area and total surface area of the adsorbent was
obtained from the following (Eq. (20)) [30,31]

S=

Vm Ns
V

(20)

Fig. S1a represents pore volume and the BET line of α-MnO2. For a
time period of 6 h before use, the Quantachrome ASIQwin surface
analyser was degassed for a temperature of 500 °C. 0.016 g of α-MnO2
was has been used for the analysis along with the adsorbate as Nitrogen
at −195.75 °C. Liquid Nitrogen was used for cooling under a pressure of
13.4 psi for a duration of 60 s of desorption and adsorption dwell time.
A typical N2 adsorption/desorption isotherm which is showed in Fig.
S1b describes the characteristics of the mesoporous material. At lower
relative partial pressures a small hysteresis loop was obtained which
may be due to the presence of capillary condensation. At higher partial
pressures, an intense rise in the nitrogen adsorption volume revealed
the development of macro/mesopores due to the aggregation of particles [73]. The BJH analysis was used to establish the pore radius, that
was determined as 10.99 Å. The cumulative adsorption surface area of
α-MnO2 was 51.51 m2/g obtained from Barrett-Joyner-Halenda (BJH)
having a total pore volume of 4.751 × 10−2 cc/g; with a radius less
than 53.74 Å. From Fig. S1c, it was depicted that in the mesoporous
range (2–50 nm diameters) contains greater than 90% of the pores and
the rest (below 10%) were lying in the microporous range (less than

3.4. Adsorption kinetics
The rate of adsorption for the CV and MB removal was observed
with kinetic models such as pseudo ﬁrst-order, pseudo second-order,
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Fig. 6. XPS spectra of α-MnO2 (a) Wide spectra, (b) Peaks corresponding to Mn2p3/2, Mn2p1/2 and (c) Peaks corresponding to O 1s.

chemical reaction model is obtained as the best ﬁt curve with a high
correlation of the experimental data. The rate constants were severely
inﬂuenced by ultrasonication process. A positive eﬀect on the initial
adsorption rate (h = k2 × qe2) was observed along with the higher rate
constants. The value of h for MB (1624.32 mg/g/min) was higher than
CV (1097.37 mg/g/min) indicates a faster adsorption rate in the initial
stage of MB than CV on α -MnO2. The monolayer adsorption of α-MnO2
for CV and MB was not inclined due to ultrasonication. Without much
variations in the adsorption capacity, we can conclude that ultrasonication has a positive inﬂuence on the speed to reach the equilibrium stage. Similar outcomes were observed by Bojic and Veljkovic
[78], and Zhao et al. [79] for the ultrasonic-assisted dye adsorption.
The adsorption mechanism seems to be chemisorption as it is chemically rate controlling [80].
The plot qt versus lnt formed a linear line with a slope of 1 and

Elovich and Weber-Morris intraparticle diﬀusion. For pseudo-ﬁrst order
kinetic model, the correlation coeﬃcient (R2) was observed as 0.9378 &
0.9678 for CV and MB respectively as shown in Table 2. k1(L/min) represents the pseudo-ﬁrst order rate constant which is obtained from the
plot of log(qe−qt ) versus t with slope k1 and intercept logqe as shown in
2.303
Fig. S4a. The constants qe and k2 can be determined from the slope 1/ qe
2
and intercept 1/ k2 qe of the line by plotting t / qt versust as shown in Fig.
S4b. The Eqs. (9) and (10), produces a straight line for pseudo-ﬁrst
order and pseudo-second order kinetics respectively. The correlation
coeﬃcient R2 for both the kinetic models are given in Table 2. A higher
value of correlation coeﬃcient R2 (0.9804 & 0.9955) was obtained for
pseudo-second order was than Lagergren’s ﬁrst-order kinetics for CV
and MB respectively. The qe experimental values obtained were more
close to the calculated value for the pseudo-second order than in
pseudo-ﬁrst order. In this adsorption, the chemical reaction seems
substantial in the rate determining step. The pseudo-second order

β

1

intercept of β ln(αβ ) (Fig. S4c). The correlation coeﬃcient (R2 = 0.9462

Table 1
Langmuir, Freundlich and Temkin isotherms constants for the adsorption of CV and MB on α-MnO2.
Langmuir

Freundlich

Temkin

qm (mg/g)

K a (L/mg)

RL

R2

Kf (mg/g)

n

R2

AT (L/g)

B (J/mol)

R2

Crystal Violet
5882.3

0.0181

0.3560

0.958

8.177

1.177

0.936

0.1672

1474.6

0.8294

Methylene Blue
5000

0.0161

0.3827

0.9611

6.8428

1.0927

0.949

0.1554

1310.5

0.8142
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Table 2
Pseudo-ﬁrst order, Pseudo-second order, Elovich and Intra-particle diﬀusion constants for the adsorption of CV and MB on α-MnO2.
Dye
(mg/L)

Pseudo-ﬁrst order

(qe )Exp
(mg/g)

Pseudo-second order

Elovich

Intra-particle diﬀusion

(qe )cal (mg/
g)

k1 (min )

R2

(qe )cal (mg/
g)

k2 (g/mg/
min)

R2

α (mg/g/
min)

β (g/mg)

R2

kia , kib (mg/g/
min1/2)

c a, c b (mg/
g)

Ra2,Rb2

Crystal Violet
100
3158.5

3471.36

0.259

0.937

3333.33

0.00011

0.9804

3475.22

0.0014

0.9462

688.08, 428.31

581.46,
1475.7

0.9692,
0.900

Methylene Blue
100
3004

3786.16

0.484

0.967

3333.33

0.00018

0.9955

5639.09

0.0015

0.9487

924.79, 33.05

426.31,
2872.9

0.9913,
0.9819

-1

adsorption of diﬀerent dyes onto the adsorbent MnO2 (Table 3).
The identiﬁcation of mechanism behind the adsorptive removal of
CV and MB is an important exercise. The experimental results of various
pH and point of zero charge show that the electrostatic interaction
played an important role during the adsorption process. In addition, the
high mesoporosity nature of α-MnO2 nanourchins played a signiﬁcant
role in the removal process. Also, the results indicate that the adsorption process is quick and approaches its equilibrium in 15 min. This
behaviour could be attributed to the ﬁlling up of the active unadsorbed
sites because of ultrasonic assistance. In overall, it is proposed that the
combined eﬀect of electrostatic attraction, the presence of high mesoporosity and ultrasonic assistance helped in the adsorptive removal of
CV and MB.

& 0.9487) for CV and MB respectively was found and enumerated in
Table 2. The diﬀusion rate constants for stage 1 and 2 is given by kia and
kib (Table 2) respectively was acquired from the slope of the linear line
of the plot qt versus t (Fig. S4d). The line passes crossing the origin
indicates that the rate limiting step is due to the intra-particle diﬀusion
[50]. A multi-linear proﬁle was formed with the line not crossing the
origin indicating that the boundary layer diﬀusion also participates in
the adsorption of CV and MB dye on α -MnO2. Addition to that, the
intra-particle diﬀusion of the CV and MB occurs in two stages. The
initial stage represents the macro-pore diﬀusion (phase I) and the latter
stage represents the micro-pore diﬀusion (phase II). These constants kia
and kib are given in Table 2. Thus the result implicates that the adsorption of both the dyes on α -MnO2 involves more than a single stage.
In the initial stage, the ﬁtting line did not cross the origin, depicting the
resistance of the boundary layer in the adsorption. The intercept
(Table 2) value for both the dyes was found to be less with a sharp rise.
In the latter stage, the deviation of the ﬁt line was detected, illustrating
the diﬀerence in mass transfer with time in the initial and the second
stage. The adsorption is controlled by the intra-particle diﬀusion model
where the rate determining step during the process was intra-particle
diﬀusion as the kib value for the second stage is smaller than the kia
value for the second stage. The increased value of kia in both the dyes in
the initial stage indicates that the mass transport happens into the pores
by the generation of turbulence due to ultrasonication. The model represents the pore diﬀusion is not only the sole rate determining step but
also bulk diﬀusion and intra-particle diﬀusion plays an important role
in the initial and the latter stage of the adsorption. The boundary layer
thickness values (Table 2) ca and cb increased after the initial stage in
both adsorption of CV and MB dye on α-MnO2 is given in Table 2. The
higher value of c in the latter stage indicates more intercept value, thus
increase in the boundary layer thickness.
It is found by comparing the errors for all the above models were
compared that ARE model gave the least error for Langmuir isotherm
and pseudo-second order kinetics for CV as well as MB. Thus it can be
concluded that the Langmuir isotherm as well as the pseudo-second
order models signiﬁes the experimental data and is the best representation for the adsorption in this study. Several error analysis
models for isotherm and kinetics were conducted. The results concluded that ARE model gave the least error for Langmuir isotherm and
pseudo- second order kinetics for CV as well as MB is shown in Table S1.
Also, a comparison study was conducted from previous papers on the

3.5. Eﬀects of various parameters on adsorption of dyes
3.5.1. Eﬀect of pH
UV–visible spectrum for the dyes MB and CV in the visible region
shows a main peak of maximum absorbance at an optimum concentration of 100 ppm and λ max at 664 nm and 594 nm respectively as
shown in Fig. S5(a, b). These results show that the spectrums of both
the dyes were not aﬀected by the variation in pH from 4 to 10. The
obtained spectrum was in agreement with the previous studies reported
by Jihane et al. and Xuegang et al. [81,82]. Hence all the experiments
were performed in those stable pH ranges.
Oxides of Manganese are basically Lewis acids. They deprotonate
for various values of pH [83]. As a result, the surface of these oxides
possesses net positive as well as negative charge below and above respectively in point of zero charges (pHpzc). The positive charges have a
tendency to attract negative charges and vice versa due to the electrostatic force of attraction which leads to adsorption after pHpzc, which
is 5.6 (Fig. S5c). Thus complex formation becomes one of the mechanisms for removal of the adsorbate which are CV and MB dyes. The
adsorption of MB and CV occurs after pHpzc of α-MnO2. The resultant
complex compounds’ formation on the surface of the adsorbent is due to
the electrostatic force of attraction between α-MnO2 and respective
dyes [84].
The adsorption capacity of α-MnO2 on CV was observed and it was
inferred that the minimum removal eﬃciency was obtained at pH 4
which was 54.76% and at pH 10 the removal eﬃciency of 90.37% was
obtained that was found to be maximum. This depicts that, for the

Table 3
Half-life and half-capacity concentration for the ultrasonic assisted adsorption of various dyes on to various adsorbents - A comparison from previous literature
studies.
Dyes

C0 (mg/L)

Adsorbents

qm (mg/g)

K a (L/mg)

Ce,1/2 (mg/L)

qe (mg/g)

k2 (g/(mg min))

t1/2 (min)

References

Methylene blue
Crystal violet
Congo red
Acid green
Malachite green

100
100
200
60
40

α MnO2
α MnO2
α – MnO2
– MnO2
Activated carbon MnO2

5000
5882.3
625.00
76.923
90.909

0.0161
0.0181
4.50
0.1048
0.0753

62.11
47.16
0.22
9.54
13.28

3004
3158.5
283.29
0.938 ± 0.0125
53.73

0.00018
0.00011
2.72
0.256 ± 0.0914
1.172 × 10−3

1.84
2.87
0.0012
4.16
15.88

This work
This work
[36]
[99]
[100]
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Fig. 7. Eﬀect of (a) pH; (b) sonication time; (c) adsorbent dosage and (d) initial dye concentration on CV and MB adsorption.

was observed at pH 10. From this, it can be inferred that the surface of
the binding sites is being inﬂuenced by varying pH (Fig. 7a). Fig. 8
shows the proposed mechanism for CV and MB adsorptive removal. The
α-MnO2 interacts with an aqueous solution as well as with dye molecules’ degree of ionisation. The low removal eﬃciency at acidic pH
values could be attributed to oxidation of dye molecules by α-MnO2 via
N-demethylation, not a pure adsorptive removal. Earlier studies conﬁrm that the removal of Methylene Blue at acidic conditions using
oxides of manganese led to oxidative cleavage of dye molecules via Ndemethylation. Also, their result indicates the reduced adsorptive
ability and increased oxidation capacity of the hybrid ﬁbre at acidic
conditions [33,85].
3.5.2. Eﬀect of ultrasonication time
The inﬂuence of sonication time for the adsorption capacity of αMnO2 on CV and MB dyes were observed by collecting the eﬄuents at
various time intervals i.e 3, 5, 7, 9, 11, 13 and 15 min. The experimental
results indicated that the adsorption capacity of α-MnO2 increased as
the ultrasonication time increased (Fig. 7b). This is because the mass
transfer occurred in short sonication time, due to the presence of higher
surface active sites which resulted in higher initial adsorption rate. For
CV removal eﬃciency at 3 min and 15 min was 75.93% and 90.37%
respectively. Similarly, for MB, the removal eﬃciency was 80.02% and
91.54% respectively.

Fig. 8. Proposed electrostatic attraction of CV and MB adsorption onto α-MnO2.

removal of the dye, initial pH plays a signiﬁcant role. The diﬀerence in
the adsorption capacity may be due to the dipolar attraction of CV
molecules. Similarly for MB, at pH 4 the removal eﬃciency was
minimum i.e. 77.32% and the maximum removal eﬃciency of 91.54%

3.5.3. Eﬀect of adsorbent dosage
The eﬀect of α-MnO2 dosages on CV dye was observed by varying
184
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solid/solution interface whereas the decrease in randomness observed
in the MB adsorption, is represented by the negative ΔS value [47,86].

dosages in 100 ppm dye solution from 0.001 g/50 mL–0.007 g/50 mL.
The removal eﬃciency of CV increased from 63.17% at dosage 0.001 g/
50 mL to a speciﬁc limit (0.005 g/50 mL) where the eﬃciency was
90.30% and then the eﬃciency decreases to 88.76% at 0.007 g/50 mL.
Similarly the removal eﬃciency increased from 60.08% at 0.001 g/
50 mL to 91.54% at 0.007 g/50 mL for MB at 100 ppm. Afterwards, the
removal eﬃciency was decreased to 88.52% at 0.01 g/50 mL (Fig. 7c).
The increase in the adsorption capacity was due to the presence of
active spots on the surface of α-MnO2 whereas the decrease in the adsorption capacity was due to the saturation of active sites of the adsorbent. At pH 10.5, the removal eﬃciency decreases for both the dyes
which were 88.34% for CV and 87.57% for MB.

3.5.6. Eﬀect of ionic strength on dye removal
The eﬀect of ionic strength on CV and MB dyes removal by varying
the concentrations of NaCl was studied. As the concentration of NaCl
increases the removal eﬃciency of CV and MB dyes also increases i.e.,
as the concentration of NaCl increased from 0.1 to 0.4 mol/L, the adsorbent removal eﬃciency for CV increased from 90.71% to 94.56%.
Similarly, with the same increase in NaCl concentration, the removal
eﬃcacy increased from 91.87% to 95.86% for MB dye (Fig. S7). This
trend occurs due to the competitive adsorption of ions as well as molecules of the dyes [87,88].

3.5.4. Eﬀect of initial concentration of dyes
The eﬀect of initial concentration of CV and MB dyes were observed
by varying concentration from 50 ppm to 150 ppm of the dye solution.
The removal eﬃciency of the adsorbent in case of CV increases from
86.62% to 90.37% with an increase in concentration from 50 ppm to
100 ppm and decreases to 76.2% at 150 ppm. Similarly, for MB, the
removal eﬃciency increases from 88.75% to 91.54% with an increase
in concentration from 50 to 100 ppm and decreases to 80.75% at
150 ppm (Fig. 7d). This is due to, at lower concentrations the surface
area available is more so that the adsorbent surface occupies numerous
dye particles. Therefore saturation of active spots of α-MnO2 occurs
resulting in a decrease of removal eﬃciency.

3.5.7. Eﬀect of competitive ions
The adsorption process was hindered by the inorganic cations present in the eﬄuent from textile industries. For this reason, the eﬀect of
inorganic cations (Na+, Mg2+ and Fe3+) on the removal of CV and MB
dyes were studied using ultrasonic-assisted adsorption process. The
results were represented in Fig. S8. The CV and MB adsorption in the
presence of cations was compared with the dye adsorption in the absence of cations. A slight reduction in the removal eﬃciency of CV and
MB dyes were observed in the presence of Mg2+ was due to the competition of Mg2+ with dye molecules to adsorb on active sites of the αMnO2. The slight increase in adsorption of dyes in the presence of Na+
was due to the surface bridging mechanism and complexes on active
sites [89]. On the other hand, the presence of Fe3+ leads to the signiﬁcant reduction in the removal eﬃciency of both the dyes which was
due to its high tendency to adhere to the negatively charged adsorbent,
resulting in the decrease in ion interaction on the surface of α-MnO2 for
adsorption of dyes [90].

3.5.5. Eﬀect of temperature
Temperature is a physiochemical factor that leads to the variation in
the removal eﬃciency of α-MnO2. The eﬀects of temperature were investigated for the dyes CV as well as MB by varying temperature from
20 °C to 50 °C. Maximum removal eﬃcacy for CV was obtained as
90.37% at 30 °C and for MB maximum removal eﬃcacy of 94.82% was
obtained at 50 °C (Fig. S6a). This could be attributed to the weakening
of bonds between dye molecules and α-MnO2 at diﬀerent temperatures.
By using Van’t Hoﬀ equation, the thermodynamic parameters like a
change in free energy ΔG, change in enthalpy ΔH and change in entropy
ΔS can be determined, which inﬂuence adsorption of heat for adsorbate
onto adsorbent as shown in Table 4.

Kd =

3.5.8. Eﬀect of humic acid
The eﬀect of humic acid (HA) on the adsorption of dyes is shown in
Fig. S9. An increase in the HA concentration increases the adsorption of
CV and MB dye molecules onto the surface of α-MnO2. This might be
ascribed to the unsaturation of active sites available on the α-MnO2.
The high-aﬃnity force between dye molecules and the α-MnO2 was the
reason for the faster uptake of dye molecules than HA. Also, at a higher
HA concentration, the driving force of HA adsorption onto α-MnO2 is
weak to compete with the dye molecules. This depicts that the competitive adsorption of HA onto the α-MnO2 was lesser than the dye
molecules [91].

qe
(21)

Ce

∆G = −RT lnK d

(22)

∆S ∆H
−
R RT

(23)

lnK d =

3.5.9. Eﬀect of ultrasound frequency
The adsorption capacity of α-MnO2 considerably increases as the
ultrasonic frequency increases. The ultrasound frequency for CV and
MB dyes were tested at 37 and 80 kHz. The removal eﬃciency was
maximum at 80 kHz for both CV and MB dyes which were 90.13% and
91.33% respectively. This change can be described with respect to cavitation bubbles’ collapse time and resonance size. The size of the cavitation bubble varies with changing ultrasonic frequency and the relation between ultrasound frequency and bubble radius can be
expressed as the following (Eq. (24))

where T is the temperature, R is the Gas coeﬃcient (8.314 J/mol/L), K d
is the distribution coeﬃcient [83]. The thermodynamic parameters
such as ΔH, ΔS were found using Eqs. (22) & (23), constraints lnK d vs 1/
T in linear regression analysis of the Van’t Hoﬀ plot (Fig. S6b). The
negative ΔG values depict that the CV and MB dyes’ removal were
spontaneous and feasible [86]. The negative ΔH value (−56.136 KJ/
mol) for CV adsorption indicates to be an exothermic process whereas
positive ΔH value (39.0225 KJ/mol) for MB adsorption indicates to be
an endothermic process. ΔS value is observed to be positive for the
adsorption of MB representing an increase in the randomness at the

f=

Table 4
Thermodynamics parameters for the adsorption of MB and CV onto α-MnO2.
T (K)

293
303
313
323

∆G (KJ/mol)

∆H (KJ/mol)

∆S (KJ/mol/K)

MB

CV

MB

CV

MB

CV

−2.225
−4.977
−5.539
−6.718

–
−11.44
−8.913
−8.614

39.025

−56.136

0.142

−0.143

1
2πr

3γ
2σ
2σ
⎞−
⎛P0 +
a ⎠ aρ
ρ ⎝

(24)

wherer is the resonant bubble radius, f is resonant frequency, is the
ratio of heat capacities of gas at constant volume which is 1.39 for air
and pressure P0 is the ambient pressure. Density is assumed to be 1.0 g/
cm3, surface tension is ignored [92]. Free bubble resonance size is
40.6 µm at 80 kHz and 87.8 µm at 37 kHz as reported in our previous
work (Table 5) [72]. The time of the collapse of bubbles decreases as
the radius of the resonance bubble decreases, which is given by the
following (Eq. (25))
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3.6. Half-life and half-capacity concentration

Table 5
Changes in microbubble characteristics with diﬀerent frequency [72].
Frequency (kHz)

r (µm)

A (µm2)

V (nL)

A/V (µ/m)

τ (µs)

37
80

87.8
40.6

9.68 × 104
2.07 × 104

2.83
0.28

3.42 × 10−2
7.39 × 10−2

8.03
3.71

The solute equivalent equilibrium concentration (Ce,1/2) in liquid
phase once it reaches the half of adsorption capacity (qe = 0.5qm ) is
derived from the Eq. (11) and is given as

Ce,1/2 =

A and V represent the surface area and volume of a bubble, respectively.

τ = 0.915r

ρ ⎛
P
1+ v⎞
Pm ⎝
Pm ⎠
⎜

⎟

1
Ka

(26)

From the above equation, it is clear that the half-capacity concentration (Ce,1/2) is the inverse of Langmuir constant K a [95]. At the
half-life t = t1/2 of the adsorption process, qt becomes qt = 0.5qe , in the
adsorption process.

(25)

where, Pv is pressure in the bubble at the beginning stage of collapse of
the bubble, Pm is the pressure in the liquid [93]. The bubble collapse
time 3.71 µs at 80 kHz and 8.03 µs at 37 kHz. At higher frequencies the
acoustic cycles’ growth is more and as the collapse time reduces the
maximum size of cavitation bubbles decreases [93]. Acoustic cavitation
has better eﬃciency when compared to conventional agitation. Increase
in the adsorbent surface area is due to the dispersion of converging
magnetic powders caused by the ultrasound. Larger bubbles have the
tendency for intense collapse; they have more stability compared to
smaller bubbles. During the adsorption process, cavitation bubbles that
are stable and stays in equilibrium towards lower loadings may block
the active sites [94].

t1/2 =

1
k2 qe

(27)

The above equation is derived from Eq. (17), replicates the physical
importance of kinetic parameter in pseudo-second order model. In the
adsorption process, half-time t1/2 is inversely proportional to k2 qe [95].
The values of half-life and half-capacity of CV and MB dye are shown in
Table 3. The half-life (t1/2 ) of CV and MB was obtained at 2.87 min and
1.84 min respectively. A minimum value is acquired reveals a faster rate
of adsorption. Another substantial parameter is the half-capacity concentration. The Ce,1/2 of MB and CV adsorption was 62.11 mg/L and
47.16 mg/L respectively which is greater than all other dyes given in
Table 3. This indicates that α-MnO2 has the capacity to remove CV and
MB at a higher level. It is important to link the kinetic parameters with
operational experiment conditions. The values of k1, k2 and h were obtained at optimised (pH -10 for both dyes; Ci -100 mg/L for both dyes;
adsorbent dosage - 0.005 g/50 mL for CV and 0.007 g/50 mL for MB)
experimental conditions. As shown in Table 3 the values of qm , halfcapacity concentration, half-life and k2 obtained from this research
study has been compared with other research works. High half capacity
concentration and low half-life values indicate rapid uptake revealing
the promising capability of α-MnO2 at a larger level.

3.5.10. Eﬀect of ultrasonic power
Ultrasonic power becomes a vital factor in dye removal which determines the removal eﬃciency of an adsorbent. The eﬀect of power
was examined by varying it at 40, 70 and 100 W at 32 °C, for 37 and
80 kHz. The results depicted that at 70 W and 80 kHz, the maximum
removal eﬃciency of 90.13% for CV and 91.33% for MB are obtained.
The adsorption capacity of both the dyes also increases by 15 min sonication time. The enhancement in the number of cavities generated is
owing to the increase in the magnitude of power dissipation of the horn,
and hence the cumulative pressure pulse may also increase. The maximum rate of adsorption is obtained at the optimum value of ultrasonic
intensity. When power increases from 70 to 100 W, the eﬃciency of
removal decreases to 86.32% at 100 W, 80 kHz (Fig. 9). This is because
of desorption of both the dyes at higher powers. When the ultrasound
intensity crosses the required range minute gas bubbles get generated in
the dye solution. This disperses the sound waves to the vessel walls and
also to the transducer. Less amount of energy was only dissipated into
the liquid when the vessel was exposed to higher powers. As a result,
consumption eﬃciency reduces due to the decrement in adsorption
capacity [83].

3.7. Characteristic curves of adsorption
The adsorption characteristic curves were plotted using the Eq. (28),
re-written from Eq. (27)

tx =

W
k2 qe

(28)

where W = qt /(qe−qt ). At fractional adsorptions

X = qt / qe

(29)

And letwhere,

W = X /(1−X )

(30)

where qt/qe = 1, W = inﬁnite and tx = inﬁnite at equilibrium.
For determining the best ﬁt, linear squared regression correlation
coeﬃcient (R2) were used [96].
As X = 1 and W reaches inﬁnity, the relation between the variable
of X values and fractional adsorption at any time was found. This is
shown in Fig. S10. When W and tx increases rapidly and W reaches 1, X
value and tx values are to be considered for making proper decisions. At
the turning point of the curve, the value of tx of adsorption is at
X = 0.96. Time needed for various values of X are listed in Table S2. 1,
3, 5, 7, 9, 11, 13, 15 min are the values obtained for the adsorption of
CV on α-MnO2 at t0.42 , t0.51, t0.70 , t0.75, t0.84 , t0.91, t0.97 , t0.98 . Similarly for
the adsorption of MB, the values are 1, 3, 5, 7, 9, 11 min for t0.46 , t0.64 ,
t0.84 , t0.95, t0.98 , t0.99 . For the operation time of CV; when the X value
increases from t0.42 to t0.51, the percentage removal increases by 18.5%
with 2 min increase whereas the removal eﬃciency increases by
26.84% for the same 2 min interval in operating time for t0.7 and t0.51.
For the operation time of MB; when the X value increases from t0.46 to
t0.64 , the percentage removal increases by 29% with 2 min increase

Fig. 9. Eﬀect of frequency and power on CV and MB adsorption.
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recycling process after ﬁve cycles of adsorption. The obtained experimental results displayed that α-MnO2 is a promising adsorbent for the
eﬃcient removal of CV and MB from textile wastewater.
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