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with SnO2 QDs.
� This composite is not exploited so far

as adsorbent for removing pollutant.
� The effect of adsorbent dosage,
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Mesoporous SiO2 nanoparticles (MSN) decorated with SnO2 quantum dots (QDs) are fabricated via simple
two-step method. Morphological investigation shows that the spherical silica particles are uniformly
decorated with crystalline SnO2 quantum dots. The introduction of the SnO2 quantum dots onto silica
particles are also evidenced by the significant change in the specific surface area and zeta potential of
the composite. Large BET surface area and uniform pore size distribution with large pore volume suggests
that this composite can be exploited as an adsorbent material for organic dyes present in industrial
wastewater. At room temperature, it is found to adsorb �100% of methylene blue (MB), a cationic dye
within 5 min. The effects of variables such as the amount of adsorbents, contact time, pH of the initial
solution, salt concentration, temperature and initial dye concentration on MB removal are studied in
detail. The experimental equilibrium data is investigated using different isotherm models and it is estab-
lished that Langmuir isotherm model fitted well with maximum monolayer adsorption capacity of
73.15 mg/g. The high adsorption capacity, fast removal rate and reusability of this binary nanocomposite
essentially establishes that the material can be used as environment friendly and low cost adsorbent
material for cationic dyes.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Discharge of untreated color effluents from different textile
industries to the environment has become a global apprehension
due to its harmful impact on flora and fauna [1]. There are more
than 100,000 dyes commercially available, and across the globe
about 7 � 105 tonnes of dying materials are being used per annum
[2]. About 10–15% of used dyes are lost during the dying process
and are released to environment as effluents. According to the
World Bank (WB), around 17–20% of industrial pollutions originate
from color textile waste [3]. In general, aromatic organic dyes are
stable in nature and therefore difficult to be biodegraded. Almost
all of these dyes are toxic to the ecological system, and also have
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carcinogenic properties. Exposure to methylene blue (MB) may
cause permanent injury to the eyes of human and animals [4]. In
view of this, it is of immense importance to remove the dyestuff
before discharging to water bodies. Various techniques such as
membrane filtration, ion exchange, electrochemical, coagulation,
chemical oxidation, and adsorption are used for removal of differ-
ent toxic organic dyes from industrial wastewater. Among all these
conventional techniques for removing dyestuff from aqueous med-
ium, adsorption is an effective and attractive technique because of
its advantages like small amount of residues, reusability of the
adsorbent and simplicity of operation etc. [5,6].

Until very recent times, activated carbon was the most widely
used adsorbent for removal of organic dyes, but its use is limited
by its high cost, low bio-degradability, presence of macropores
and requirement of a large amount of adsorbent for fast removal
[3,7,8]. Considerable efforts are being made by many researchers
to find appropriate replacement with high adsorption capacity, fast
removal and low cost in order to effectively remove dyes from
wastewaters. Nanomaterials with high surface to volume ratio is
one of the most likely choices for this purpose. Moreover, for
macromolecules, the particle diffusion may decrease the adsorp-
tion rate and available capacity as well [9]. Hence, it is of signifi-
cant importance to fabricate a recyclable adsorbent with large
surface area and small diffusion resistance for its commercial
use. In view of this, much attention has been paid to fabricate dif-
ferent nano adsorbent materials [10]. In recent years, different
inorganic oxide materials such as Fe3O4 nanoparticles [10], MnO2

nanosheets [11] and BiFeO3/a-Fe2O3 core/shell composite particles
[12] have been studied as possible adsorbent for organic dyes. On
the other hand, mesoporous silica nanoparticles (MSN) serve as a
unique adsorbent material for different organic dyes and also serve
as matrix materials for loading of different nanoparticle [3,5,13].
You et al. [14] synthesized silica hematite nanocomposite for
removal of MB from aqueous solution. Shamsizadeh and
co-workers [15] efficiently removed malachite green-oxalate
(MG) dye using tin oxide nanoparticles loaded activated carbon.
Semiconducting SnO2 quantum dots (QDs) are presently attracting
consideration due to their noticeable effect in removing pollutants
from wastewater [16].

In view of the available literature, SnO2 QDs loaded MSN may
fulfill the requirement of nano adsorbent; which have large surface
area and at the same time the presence of SnO2 QDs decreases the
particle diffusion resistance [8]. To the best of our knowledge, SnO2

QDs decorated MSN (QDs-MSN) is not exploited so far as a possible
adsorbent materials for removing pollutants from wastewater. In
this work, cationic dye methylene blue (MB) is selected as a model
dye to study the performance of QDs-MSN as an adsorbent mate-
rial for water remediation. Here we present a noble approach of
decorating MSN with SnO2 QDs. The effect of adsorbent dosage,
contact time, initial dye concentration, salt concentration, temper-
ature and pH of the initial solution towards adsorption capacity
was investigated. Results show that QDs-MSN is an ideal aspirant
for removal of positively charged organic dyes from colored
wastewater.
2. Experimental methods

2.1. Materials and synthesis

2.1.1. Synthesis of mesoporous silica nanoparticles (MSN)
MSNs was synthesized by modified Stober’s method [17] using

cetyl trimethyl ammonium bromide (CTAB, 99%, spectrochem) as
surfactant material and tetraethyl orthosilicate (TEOS, 98%,
Kemphasol) as precursor for SiO2. In a typical synthesis, 100 mg
of CTAB was dissolved in 25 mL water–ethanol mixture (4:1) and
an appropriate amount of ammonia solution (NH4OH, 25%,
Merck) was added to the CTAB solution under continuous magnetic
stirring. Then 1 mL of TEOS was added drop wise and the temper-
ature of the solution was maintained at 50 �C for 4 h. The obtained
product was dried overnight at 60 �C, after washing with ethanol
and MilliQ water following centrifugation (6000 rpm for 10 min).

2.1.2. Synthesis of SnO2 quantum dots (QDs)
SnCl4�5H2O (98%, Sigma–Aldrich) was used as the precursor. In

this method, SnCl4�5H2O and ammonium hydroxide (10 mL) were
added to 40 ml of deionized water, with continuous stirring.
NH4OH instantaneously reacted with SnCl4�5H2O solution and gave
a white precipitation. It was then maintained at room temperature
for 8 h with continuous stirring. The obtained product was cen-
trifuged (10,000 rpm for 10 min), washed with ethanol and
MilliQ water, and dried overnight at 60 �C in air.

2.1.3. Fabrication of SnO2 QDs/SiO2 (QDs-MSN) nanocomposite
In this work, we have synthesized the QDs-MSN nanocomposite

by a simple wet chemical method. In a typical synthesis batch, first
50 mg MSN was dissolved in 50 mL water–ammonia solution
mixture (4:1) and sonicated for 4 min. Then 245 mg of tin precur-
sor (SnCl4�5H2O) was added to this mixture. The final solution was
maintained at room temperature under continuous stirring for 8 h.
This was then centrifuged (6000 rpm for 10 min), washed with
ethanol and MilliQ water, and dried overnight at 60 �C in air.

2.2. Characterization

Zeta potential of QDs-MSN in water was measured using Zeta
analyzer (Delsa Nano C, Beckman Coulter, USA), over a pH range
from 3 to 11. X-ray Diffraction (XRD) patterns of the products were
obtained using a Philips powder diffractometer PW3040/60 with
Cu Ka (1.5406 Å) radiation for probing the crystallite size as well
as phase purity. The size, morphology and elemental mapping of
the samples were explored using a high-resolution transmission
electron microscopy (HRTEM), JEOL JAM 2100F (200 kV). The sur-
face morphologies of the samples were characterized using a field
emission scanning electron microscope (FESEM, JEOL, JSM-7600F)
on Si (100) substrate. Following thorough de-gassing of the sam-
ples at 150 �C for 4 h, porosity and surface area measurements
were executed using N2 absorption desorption isotherm, in a sur-
face area and porosity analyzer (Micromeritics ASAP 2020).

2.3. Adsorption measurement

Optimized dose of the adsorbent composite was obtained by
measuring removal efficiency of MB, for different doses of the com-
posite with 80 mL of 10 ppm of aqueous MB. In different batches,
optimized dose of the composite was dispersed in 80 ml of differ-
ent concentrations (10–50 ppm) of aqueous MB. These mixtures
were continuously stirred for 1 h in dark. During this adsorption
experiment, aliquots of 1 mL each was collected at an interval of
1 min for 5 min and then at interval of 5 min for 55 min. The col-
lected aliquots were subsequently centrifuged at 1000 rpm for
5 min. The concentration of MB in supernatant solution was mea-
sured using UV–Vis spectroscopy (Cintra 202). To compare consti-
tute materials efficiency towards MB adsorption, three different
adsorption experiments were carried out using 80 mL of aqueous
MB (10 ppm) with SnO2 QDs, MSN and the composite. All these
adsorption experiments were conducted at a pH of 6.1. The impact
of initial pH on adsorption process was investigated by varying the
pH of the dye solution using HCl and NaOH before adding the
adsorbent material. The effect of salt concentration on the adsorp-
tion capacity or capture percentage by QDs-MSN was examined
with increasing NaCl or CaCl2 concentrations ranging from 0 to
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0.1 M, while other parameters were kept constant. The adsorption
stability of the composite was studied by reusing the same com-
posite material in four batches of MB adsorption experiments. In
all the four batches, 80 ml of an aqueous MB (10 ppm) solution
was mixed with 50 mg of the composite and stirred for 5 min at
room temperature. The QDs-MSN used in the first experiment,
was subsequently removed from the solution by centrifugation
and washed with MilliQ water. The washed composite was then
reused in the second batch of absorption experiment and so on.
3. Results and discussions

3.1. Materials characterization

Rate of hydrolysis of TEOS by ammonia, and condensation of
Si–OH to form siloxane are the two key factors in controlling the
particle size of the silica thus obtained [17–19]. It is therefore
essential to understand the influence of the ammonia concentra-
tion on the size of the MSN. Three different sets of reactions were
carried out using different ammonia concentrations, whereas other
experimental conditions remained the same. MSNs’ size increases
with the increase in ammonia concentration used for the synthesis.

The XRD pattern of silica (Fig. 1(a)) shows a broad peak at
2h = 22.7�, corresponding to the amorphous nature of silica.
Fig. 1(b) and (c) represents XRD patterns of SnO2 QDs and the com-
posites, respectively. The XRD analysis of SnO2 QDs and QDs-MSN
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Fig. 1. Shows the XRD patterns of (a) amorphous MSN, (b) crystalline SnO2 QDs and
(c) QDs-MSN.
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Fig. 2. (a–d) The HRTEM image of QDs-MSN nanocomposite at different magnification
mapping.
reveals that all the diffraction peaks can be indexed to the tetrag-
onal rutile SnO2 structure (ICDD file No. -41-1445). All the diffrac-
tion peaks of SnO2 QDs and the composites are broad, indicating
smaller crystallite size. No other additional phase was detected.
Bare SnO2 QDs exhibit a single phase rutile structure with an aver-
age crystallite size of �3 nm (averaged from (110), (101) and
(211) peaks) and lattice constant a = b = 4.7382 (Å) and
c = 3.1871 (Å). In case of QDs-MSN, two most intense SnO2 peaks
are merged with the hump from amorphous silica, and appeared
as an asymmetric peak. Apart from this asymmetric peak, diffrac-
tion peaks corresponding to the crystalline planes of tetragonal
SnO2 phase are observed. Hence, XRD indicates the inclusion of
SnO2 QDs within the silica matrix.

The morphology of the QDs-MSN and its individual constituent
were studied by FEGSEM and HRTEM. FEGSEM and HRTEM images
of MSN are shown in Fig. S1(a)–(d) (ESI) respectively.
Morphological study shows that the size of the MSN synthesized
using 0.3 mL of ammonia solution, is around 150–160 nm.
HRTEM image and selected area electron diffraction pattern of
SnO2 QDs are shown in Fig. S2(a) and (b) (ESI) respectively.
Fig. S2(a) describes the single crystalline nature of the spherical
QDs with a size distribution of 3 ± 0.5 nm. The interplanar spacing
estimated from the image (S2(a)) is 0.34 nm. This can be indexed to
the (110) plane of rutile SnO2, which again shows a good agree-
ment with the XRD results. The SAED patterns obtained from these
QDs exhibit a ring pattern. These rings can be indexed to the
tetragonal SnO2 structure and the brightest ring relates to the
(110) plane.

HRTEM images of QDs-MSN shows that �3 nm SnO2 quantum
dots are homogeneously distributed on the surface of 160 nm
mesoporous silica. The interplanar spacing for the composite, esti-
mated from the HRTEM image (Fig. 2(d)), is 0.34 nm. This can be
indexed to the (110) plane of rutile SnO2, which is again consistent
with the HRTEM results of bare SnO2 QDs. The scanning transmis-
sion electron microscopy (STEM) images of the QDs-MSN compos-
ite (Fig. 2(e)) and the corresponding elemental mapping confirms
uniform decoration of SnO2 QDs on spherical SiO2 matrix. White,
red and green colors represent the elements O, Si and Sn,
respectively.

FEGSEM images of the composite with particle size distribution
are shown in Fig. S3 (ESI). A considerable change in the morphol-
ogy of the composite is observed as compared to its constituent
(Si) (Sn)

SnO2 QDs/SiO2
(O)

(e)

. (e) The STEM image of QDs-MSN nanocomposite and corresponding elemental
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bare MSN. From different microscopic images, it is evident that
SnO2 QDs are evenly decorated on the surface of the SiO2 matrix.
Wang et al. [20] also synthesized SnO2 nanoparticles coated SiO2

microspheres, but the distribution of SnO2 QDs was non-uniform.
However, this synthesis method took much longer time �100 h,
as compared to our method reported here.

To understand the textural properties, like surface area and
pore volume, of the composite and its individual counterparts, Br
unauer�Emmett�Teller (BET) surface area and pore volume mea-
surements were studied in detail. Fig. 3(a) shows the N2 physisorp-
tion isotherms of the QDs-MSN. The incorporation of QDs onto SiO2

matrix does not change the characteristics of the N2 adsorption–
desorption isotherm of SiO2 matrix. N2 physisorption isotherms
of the MSN and SnO2 QDs are shown in Fig. S4(a) and (b) (ESI)
respectively. The composite exhibits a hysteresis loop for P/P0 in
the range of 0.42–1.0. The hysteresis loop for the composite and
MSN resembles the H3 type as per the IUPAC classification. For
bare QDs the adsorption branch rises very slowly to higher relative
pressure points whereas the desorption branch moves slowly to
the middle P/P0 point (0.41) and decreases suddenly, showing a
clear H2 type loop [21]. In such cases, the pore shape is not
well-defined [22]. MSN which were synthesized using 0.3 mL
ammonia solution, has the highest BET surface area of
524.51 m2/g followed by the composite (306 m2/g) and SnO2 QDs
(286 m2/g).

Comparison of the calculated pore size distribution of the con-
stituents and the QDs-MSN composite clearly suggests the pres-
ence of mesopores as per the IUPAC nomenclature. The details of
texture analysis and surface charge of MSN, SnO2 QDs and the com-
posite are listed in Table 1. The surface area of the composite
decreases with the incorporation of SnO2 QDs, which confirms
the presence of QDs not only on the surface of the silica but also
in the interior of the SiO2 matrix. The total pore volume (single
point adsorption) of the composite is 0.45 cm3/g, larger than that
of SnO2 QDs.

Generally, the surface area and polarity of the materials are two
key factors in adsorption process. As compared to its individual
constituents, the composite registered higher values of negative
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Fig. 3. Nitrogen adsorption–desorption isotherm curves of QDs-MSN. Inset shows
the pore size distribution curve of the composite.

Table 1
Comparison of the texture and surface properties of the composite and its constituent
materials.

Materials Size (nm) Surface area
(m2/g)

Pore volume
(cm3/g)

Zeta potential
(mV)

MSN 160 524.51 0.440 �36.35
SnO2 QDs 3 286.54 0.276 �37.56
QDs-MSN 170 306.29 0.451 �48.05
zeta potential. Though the surface area of the composite material
is less than that of MSNs, but due to higher negative zeta potential
of the composite, it can be used as an efficient adsorbent for catio-
nic dyes like MB.

3.2. Adsorption properties

3.2.1. Effect of adsorbent dosage
The relation between the concentration of the adsorbent and

the capture efficiency of adsorbent was studied in detail.
Percentage of capture efficiency was calculated using Eq. (1) [23]

% Capture ¼ Co � Ce

Co
ð1Þ

Co is the initial whereas Ce is the equilibrium concentration of dye in
mg/L. Due to increase in the number of active sites, the UV–Vis
absorption intensity of dye (at 665 nm) decreases on increasing
the concentration of QDs-MSN from 0 to 625 mg/L as shown in
Fig. 4. At room temperature, it was found to adsorb �100% of MB
(10 ppm) using 625 mg/L QDs-MSN, within 5 min. For all the iso-
therms and kinetic studies, adsorbent concentration was fixed at
625 mg/L. The dye capture ability can also be visualized directly
by observing the color changes of the dye solutions with and with-
out adding QDs-MSN into it (lower inset of Fig. 4(b)). The excellent
rate of adsorption can be attributed to (i) the electrostatic attraction
between the negatively charged QDs-MSN and cationic dye MB, (ii)
the large specific surface area (306 m2/g) and the mesoporous struc-
ture of QDs-MSN, (iii) and low diffusion resistance of dye onto
nanocomposite [10].

3.2.2. Effect of initial MB concentration and adsorption isotherms of
MB

Adsorption isotherms furnish information on the relation
between adsorption capacity and equilibrium adsorption concen-
tration of the adsorbate in the solution. The mode of interaction
of adsorbate molecules with adsorbent is best described by the fit-
ted isotherms. The adsorption capacity is defined as the amount of
dye adsorbed per unit weight of adsorbent. The adsorption capac-
ity Qe was calculated using the mass balance Eq. (2) [3]

Qe ¼
Co � Ce

M
V ð2Þ

V is initial volume of the solution (L), and M is the weight of adsor-
bent (g). The adsorption of dyes for different initial dye concentra-
tions (10–50 ppm) was investigated at room temperature, for an
adsorption period of 1 h. All these adsorption isotherm experiments
were conducted at a pH of 6.1. The adsorption isotherm of MB for
QDs-MSN at different initial dye concentrations is depicted in
Fig. S5.

As the Langmuir as well as Freundlich models are widely being
used in solid–liquid adsorption systems, both are tested in this
work. These two models follow some assumption that might not
be physically valid in real systems, but these provide a quantitative
estimation of important adsorption parameters. Langmuir iso-
therms are applicable to the homogeneous surfaces, which have
equal adsorption affinity sites, while Freundlich model assumes
heterogeneous adsorption sites.

The linear form of Langmuir isotherms can be describes as [24]

Ce

Qe
¼ 1

KLQmax
þ Ce

Q max
ð3Þ

where all the parameters are the same as defined before. KL and
Qmax are the Langmuir adsorption constant (L/mg) and maximum
monolayer adsorption capacity, respectively. A dimensionless
parameter RL is used to express important characteristics of this iso-
therm, and it is expressed by Eq. (4) [2]
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Fig. 4. (a–b) The capture of MB (10 ppm) at different concentrations of QDs-MSN. Lower inset in (b) shows the dye solutions before and after addition of the QDs-MSN
(625 mg/L) and upper inset shows the molecular structure of methylene blue (MB).

Table 2
Correlation coefficients and isotherm rate constants for Langmuir and Freundlich
models.

Model Parameters Values

Langmuir Qm (mg/g) 73.15
KL (L/mg) 2.16
RL 0.019
R2 0.999

Freundlich KF [(mg/g)(1/mg)1/n] 37.93
n 3.75
R2 0.787
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RL ¼
1

1þ KLCOmax
ð4Þ

where, COmax is the highest initial concentration of dyes used in this
study. The value of RL designates the type of the isotherm to be
either linear (RL = 1), favorable (0 < RL < 1), unfavorable (RL > 1),
and irreversible (RL = 0) [2].

The second important model to describe adsorption process, is
the Freundlich model, and linear form of this model is given by [25]

logQe ¼ logKF þ
1
n

logCe ð5Þ

where KF [(mg/g)(1/mg)1/n] indicates adsorption capacity of the
QDs-MSN and n indicates how favorable the adsorption process is.

Fig. 5(a) and (b) shows the Langmuir and Freundlich isotherms
for the adsorptions of MB onto QDs-MSN. Different adsorption
parameters calculated using these two models are compared in
Table 2. The acceptability of isotherms is compared by refereeing
the correlation coefficient (R2) for these two models. From the cor-
relation coefficients, it is clearly evident that the Langmuir model
describes dye adsorption on composite better than the
Freundlich model. In other words, this indicates that the
QDs-MSN surface is homogeneous in nature, which would mean
that the dye molecules form a monolayer coverage on QDs-MSN
surface. The RL values between 0 and 1 indicate favorable adsorp-
tion. In the present study, value of RL is 0.019, which indicates that
this adsorption process of MB on composite surface is a favorable
one [26]. In addition, based on the fitted data, the maximum
adsorption capacity (Qm) of MB for this composite is 73.15 mg/g,
which shows great capabilities of QDs-MSN’s application in catio-
nic dye removal. The n value of higher than 2 indicates good
adsorption process [27]. In view of all these, one can easily con-
clude that the QDs-MSN is an excellent adsorbent material for
cationic dye MB.
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Fig. 5. (a) Langmuir isotherm and (b) Freundlich isotherm of
3.2.3. Effect of contact time and adsorption kinetics of MB onto QDs-
MSN

The adsorption kinetics is determined by observing the behav-
ior of adsorption rate of dye molecules by QDs-MSN over a period.
Fig. 6(a) depicts time profiles of MB adsorption on composite for
different initial dye concentration over 1 h. As an experimental
control, time profile of individual constituent materials (Fig. 6(b))
are also monitored. The dye adsorption capacity and equilibrium
contact time are two very important parameters for adsorption
studies in terms of practical and economic viability point of view.
Generally, dye adsorption capacity of adsorbent increases with
the increase in initial dye concentrations. This can be explained
by the fact that more no of MB molecules are available for adsorp-
tion at higher initial dye concentrations, and it provides higher
driving force to overcome the mass transfer resistance of the dye
between the aqueous and the solid phase. Therefore, it leads to
more no of collisions between dye molecules and active adsorbent
sites. A fast adsorption rate is observed in our case for initial con-
centration ranging from 10 to 50 ppm. A 100% adsorption of MB on
QDs-MSN is achieved within 5 min for 10 ppm initial dye
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MB onto QDs-MSN (initial concentrations 10–50 ppm).
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concentration, which is much faster than most of the carbon-based
adsorbents [28,29]. Reaching the adsorption equilibrium at a faster
rate may be attributed to the increased surface area and reduced
diffusion path. Moreover, as compared to other materials, in nano-
materials most of the active sites are happened to be on the exte-
rior surface and easily accessible to adsorbate molecules; leading
to a faster equilibrium time [30].

Compared with its counterparts MSN (Fig. 6(b)) as well as SnO2

QDs, the nanocomposite shows higher adsorption capacity and
rate. Li et al. [31] reported that graphene oxide (GO) exhibits
higher monolayer adsorption capacity as compared to carbon nan-
otube (CNT), while CNTs have much larger surface area than GO.
This kind of trend cannot be explained by considering the surface
area alone. It suggests that the diffusion resistance also plays a
major role in determining the adsorption capability and rate of
the adsorbents. In spite of comparable Zeta potential and higher
surface area MSN offers a lower adsorption capacity as compared
to SnO2 QDs. This essentially establishes that diffusion resistant
has a major role to play to decide the adsorption process. The rea-
son for the difference in adsorption rate between pure SnO2 QDs
and nanocomposite may be due to higher negative zeta potential
and larger surface area of the composite (see Table 1).

To comprehend the adsorption mechanism and kinetics of
adsorption process of MB on QDs-MSN, both pseudo-first-order
and pseudo-second-order kinetic models were exploited. These
kinetic models can be described by Eqs. (6) and (7) respectively
[27]

logðQ e � Q tÞ ¼ logQ e �
K1

2:303
t ð6Þ

t
Q t
¼ 1

K2Q 2
e

þ t
Q e

ð7Þ
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Fig. 7. (a) Pseudo-first-order kinetics and (b) pseudo-se
where Qe and Qt indicates amounts of dye adsorbed at equilibrium
and at time t, respectively. K1 and K2 are the rate constants of
pseudo-first-order and pseudo-second-order models, respectively.
The plots of log (Qe � Qt) and t/Qt vs t for our study are depicted
in Fig. 7(a) and (b). The initial adsorption rate (VO) can also be cal-
culated from the t/Qt vs t plot, using Eq. (8).

VO ¼ K2Q 2
e K1Q 2

e ð8Þ

In many cases pseudo-first-order kinetics is not followed for the
complete range of contact time. It may be appropriate for the initial
stage of the adsorption processes. Table 3 displays the correlation
coefficient and different kinetic model parameters.

The correlation coefficients (R2) for pseudo-first-order model
are comparatively low, and the calculated Qe values (Qe,cal) from
this model are not in a good agreement with the experimental data
(Qe,exp), and hence rules out any possibility that MB adsorption on
composite may follow a pseudo-first-order kinetics. On the con-
trary, for pseudo-second-order model, the theoretical Qe,cal values
agree well with experimental data obtained. It also shows a good
linearity with R2 value of 0.999. In view of all these, it can be con-
cluded that, adsorption of MB on QDs-MSN follows a
pseudo-second-order model. Table 4 lists the comparison of Qmax

and equilibrium time for MB on different adsorbents. Comparison
of the data collected from literature, establishes the fact that the
QDs-MSN with a very short equilibrium time for MB, also has an
excellent adsorption capacity as compared to other adsorbent
materials.

3.2.4. Effect of solution pH and zeta potentials on dye adsorption
The adsorption of MB on QDs-MSN is a surface phenomenon.

Therefore, the pH of the initial solution may affect the active sur-
face binding sites on adsorbent surface, and may affect the aqueous
chemistry of the system. Fig. 8(a) describes the effect of pH on the
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Table 3
Summary of the kinetic constants obtained from linear regression of the two models.

CO (mg/L) Pseudo first-order kinetics Pseudo second-order kinetics

K1 (min�1) Qe,cal (mg/g) Qe,exp (mg/g) R2 K2 � 10�3 (g mg�1 min�1) Qe,cal (mg/g) VO (mg g�1 min�1) R2

10 0.019 0.19 15.80 0.403 0.507 15.93 128.53 0.999
20 0.032 9.01 31.07 0.898 0.115 28.86 9.62 0.999
30 0.034 1.78 47.00 0.827 0.057 47.08 126.90 0.999
40 0.028 2.30 60.15 0.886 18.13 62.11 212.77 0.999
50 0.05 7.55 69.49 0.930 58.89 77.52 102.04 0.999

Table 4
Summarizes a comparative investigation of previously reported MB adsorbent with
the proposed QDs-MSN materials taking into account adsorption capacity and
equilibrium time.

Materials Adsorbent
concentration
(g/L)

Adsorption
capacity
(mg/g)

Equilibrium
time (min)

Ref.

Ag NPs-AC – 71.43 15 [32]
Magnetite loaded-

MWCNTs
0.40 48.06 120 [28]

Magnetic-MWCNTs 0.50 15.74 360 [29]
RGO based hydrogel 0.60 43.82 120 [33]
MCM-22 zeolite 0.10 55.33 3 days [34]
QDs-MSN 0.62 73.15 5 Our

work
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adsorption capacity of MB on QDs-MSN (initial MB concentra-
tion:10 ppm; contact time: 5 min). The adsorption capacity of
dye steadily increases with the rise in initial solution pH from 3
to 11. pH of the solution may influence the adsorbent’s surface
charge. At lower pH different groups of dyes and active sites of
QDs-MSN, gets protonated and repulsive forces between them
decreases the adsorption capacity. In addition, MB can generate
cationic pigment (MB+) in aqueous solution and thus the positive
charge on the surface of the adsorbent may inhibit the adsorption
of cationic dye in highly acidic solution. [35] With the increase in
pH, electrostatic attraction between the negatively charged
QDs-MSN composite and cationic MB molecule increases, causing
in an increase in the uptake of the dye. At pH 11, there is a decrease
4 6 8 10 12

8

10

12

14

16

pH

Q
e(

m
g

/g
)

-50

-40

-30

-20

-10

0

10

20

Z
eta P

o
ten

tial (m
V

)

(a)

0.00 0.02 0.04 0.06 0.08 0.10
4

8

12

16

50

51
NaCl

 CaCl2

Concentration(M)

Q
e(

m
g

/g
)

20

40

60

80

100

%
 C

ap
tu

re

(c)

Fig. 8. Effect of (a) solution pH (b) temperature (c) salt concentration on equilibrium
adsorption of MB dye (initial dye concentration: 10 ppm [except 50 ppm for temperatu
in zeta potential and the adsorption capacity. Possibly, at higher
basic pH, the material is not stable. The change in the surface
charge with pH follows the same behavior as that of the adsorption
capacity, which confirms the assumption that the electrostatic
forces play a major role in MB adsorption. Similar trends on the
effect of adsorption of MB and methyl orange were also reported
by Mittal et al. [30], Hameed et al. [36] and Shen et al. [37]
respectively.
3.2.5. The effect of temperature on MB adsorption
The effect of temperature on adsorption capacity of MB on

QDs-MSN were investigated by varying the temperature while
keeping other parameters fixed. Thermodynamic adsorption
parameters such as Gibbs energy (DG), enthalpy (DH) and entropy
(DS) were calculated from Van’t Hoff equation (Eq. (9)) [26,27]

ln
Q e

Ce
¼ DS

R
� DH

RT
ð9Þ
DG ¼ DH � TDS ð10Þ

where R is the universal gas constant (8.314 J/mol K) and T is abso-
lute temperature. DH and DS were calculated from the slopes and
intercepts of the plot of ln Q e

Ce
vs 1/T. The negative value of DH estab-

lishes that the adsorption process is exothermic in nature. It is con-
firmed from the negative value of DS that MB gets orderly adsorbed
on QDs-MSN. The negative value of DG demonstrates the sponta-
neous nature of the adsorption whereas increase in the DG value
(b)
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Table 5
Thermodynamic parameters for MB adsorption on QDs-MSN.

DH (kJ/mol) DS (J/mol K) DG (kJ/mol)

303 K 313 K 323 K 333 K

�5.2 �13.84 �1.00 �0.991 �0.964 �0.578
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with increased temperature indicates more effective adsorption at
lower temperature. The results are presented in Table 5.

3.2.6. Effect of salt concentration on adsorption of MB
The dyes in wastewater of textile industry usually contain

higher salt concentration too, and ionic strength may affect the
adsorption process. Fig. 8(c) shows the effect of ionic strength (salt
concentration) on the adsorption capacity or capture percentage.
With the increase in the salt concentration there is a decrease of
MB adsorption on QDs-MSN. Cationic dye MB may compete with
other cations, for the available active sites of negatively charged
QDs-MSN. As the salt concentration increases from 0 to 0.1 M,
the adsorption capacity of MB decreases from 15.8 to 5.57 mg/g
for NaCl and 4.56 mg/g for CaCl2; while the capture percentage
decreases from 99.4% to 34.8% and 28.5%, respectively. In addition,
the increase in the salt concentration may shield the charge on MB,
which results in the decrease of removal efficiency. Moreover, for
the same concentration of NaCl and CaCl2, a lower adsorption effi-
ciency is observed for Ca+2 due to its higher ionic strength.

3.2.7. Effect of recycling adsorbents on MB adsorption
Due to rigorous ecological and commercial demands for sus-

tainability, repeated reuse of adsorbents is an important parameter
for routine applications. In order to significantly reduce the overall
cost of adsorption process, an adsorbent should not only have high
adsorption capability, but also good desorption properties. From
Fig. 8(b) it is evident that, the adsorption efficiency of the
nanocomposite is retained even after 4th cycle of reuse.
Reusability of the QDs-MSN essentially establishes that this mate-
rial has enough potential for industrial applications. To overrule
the possibility of tin leaching into the supernatant solution,
ICP-MS measurements were carried out. It shows that the concen-
tration of tin in the supernatant solution is below 2 ppb; but as
reported by World Health Organization the water supplies in the
USA contains tin in the range of 1.1–2.2 lg/litre (maximum
30 lg/litre).
4. Conclusion

A simple two-step method has been developed to fabricate the
QDs-MSN nanocomposite, in which MSN is uniformly loaded with
SnO2 QDs. This nanocomposite exhibits a higher surface area with
a uniform pore size distribution. Using QDs-MSN as adsorbent,
100% capture of MB is achieved within 5 min. Faster achievement
of the adsorption equilibrium may be ascribed to the increased sur-
face area and reduced diffusion path. The adsorption behavior is
best described by Langmuir isotherm (R2 > 0.999) and it follows a
pseudo second order kinetics. This adsorption of MB by the
nanocomposite is homogeneous in nature and mainly controlled
by electrostatic interaction between negative polarity adsorbent
and cationic adsorbate. The nanocomposite exhibits exciting max-
imum adsorption capacity (Qm = 73.15 mg/g) toward MB. The recy-
cling experiment shows that the materials can easily be
regenerated after washing with MilliQ water and the regenerated
materials showed no significant loss in adsorption capacity even
up to the fourth cycle. The high adsorption capacity, fast removal
rate and reusability of the QDs-MSN nanocomposite essentially
establishes that this material has the potential to be used as
environment friendly and low cost adsorbent material for indus-
trial applications.
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