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Abstract: In the present study, mesoporous silica nanoparticles (MSNs) synthesized through
sol–gel process and calcined at 600 ◦C were further surface functionalized by a copolymer chain of
L-ascorbic acid (AS) and polyaniline (PAni) by in situ free radical oxidative polymerization reaction.
The surface modification of MSNs by AS-g-PAni was confirmed by using various analytical techniques,
namely FTIR, XRD, SEM–EDX, TEM and AFM. The composition of AS-g-PAni@MS was found to
be composed of C (52.53%), N (20.30%), O (25.69%) and Si (1.49%), with 26.42 nm as the particle
size. Further, it was applied for the adsorption of crystal violet (CV) dye under batch, as well as
fixed bed method. RSM–BBD was taken into consideration, to optimize the various operational
parameters effecting the adsorption through batch method. To explore maximum efficiency of the
material, it was further subjected to adsorption of CV under fixed bed method, using the variable bed
heights of 3.7, 5.4 and 8.1 cm. Based on high value of regression coefficient (R2) and low value of
RMSE given as (0.99, 0.02) for 3.7 cm, (0.99, 0.03), the breakthrough data were very well defined by the
Thomas model, with optimum concurrence of stoichiometric adsorption capacity values. The external
mass transfer equilibrium data were well fitted by the Langmuir model, with maximum monolayer
adsorption capacity of 88.42 mg g−1 at 303 K, 92.51 mg g−1 at 313 K, 107.41 mg g−1 at 313 K and
113.25 mg g−1 at 333 K. The uptake of CV by AS-g-PAni@MS was well defined by pseudo second
order model with rate constant K2 = 0.003 L mg–1 min–1 for 50 and 0.003 L mg–1 min–1 for 60 mg L–1

CV. The adsorption reaction was endothermic with enthalpy (∆H) value of 3.62 KJ mol−1 and highly
efficient for treatment of CV-contaminated water for more the five consecutive cycles.

Keywords: mesoporous silica NPs; fixed bed adsorption; Box–Behnken design; mass transfer
coefficient; Thomas model

1. Introduction

The thriving development in the field of nanotechnology over the past two decades has delivered
apt approached to amortize the environmental hazard in aquatic system pertaining to advanced
properties of nanomaterials like morphological, rheological, adhesive, molecular, mechanical and
sensing [1–5]. Recently, mesoporous silica nanoparticles (MSNs) and their nanocomposite materials
have attracted the researcher’s attention in many fields like extraction, drug delivery, catalysis,
optoelectronics and adsorption [6–9]. With a consideration of high porosity and aspect ratio, MSNs have
been widely applied with prominent interest in adsorption technology for scavenging various types of
inorganic and organic hazards from aquatic system [10,11]. In the literature various type of sol–gel
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process utilized surface functionalized mesoporous silica nanoparticles like CEL-PGA-MSN [12], RGD
peptide–MSN [13], DyxMnFe2−xO4–MSN [14], Fe@Al-MSN [15], MMSNPs [16], TA-MSN-NH2 [17],
etc., have been used for adsorption of various dyes, inorganic ions and biomolecules. Based on
the testimonials augmented in various publications and patens, it was observed that MSNs can
be of the standard to fulfil the insatiable society’s demand for the novel and applicable advanced
materials [18,19].

By taking the advantage of their chemical inertness and biocompatible properties, they have
been utilized in diverse scavenging process with a variation of surface functionalization [11]. Here in
the present study the MSNs are surface functionalized by a copolymer blend of natural biomolecule
L-ascorbic acid (vitamin C) and synthetic conducting polymer polyaniline (PAni). L-ascorbic acid is a
naturally occurring water-soluble organic acid which is present in various foodstuffs and biological
systems [20]. The chemical formula of ascorbic acid is 2-oxo-L-thero-hexono-1,4-lactone-2,3-enediol,
which is G- lactone structure with L- enantiomer with both reducing agent and stabilizing properties [21].
Ascorbic acid was found to be highly unstable when exposed to light and converts to dehydroascorbic
acid by releasing hydroxyl radicals, so it was derivatized by PAni for inducing more stability in the
chemical structure with enhanced adsorptive effects [22]. Polyaniline (PAni) similar to polypyrrole
and polythiophene also has been recognized as a conducting polymer enriched with reactive –NH–
groups in polymer chains [23]. PAni with tunable conductivity between those of conducting and
non-conducting materials, environmental constancy, pH sensitivity (acid/base doping response) and
stability at ambient conditions with low cost has made its place among the material of great interest in
adsorption technology [24,25].

Among the various inorganic and organic hazardous pollutant discharges by various industrial
and agriculture effluents, crystal violet is the key pollutant which is of great concern to both human as
well as aquatic life because of its toxic, carcinogenic and non-biodegradable nature [26,27]. Crystal violet
(CV) is a cation triphenylmethane class dye which is generally used as textile colorant and biological
stain [28]. Furthermore, being a recalcitrant molecule crystal violet (CV) is highly water-soluble CV and
even presence of 1 mg L−1 (1 ppm) can produce inhibitive characters on the photosynthesis of aquatic
plants [29]. Thus, based on the data obtained through various health organizations and water-conserving
bodies, CV was categorized as a pollutant of a great concern due to its effect on mammalian cells
causing skin allergies, digestive tract irritation and kidney failure [30,31]. These characteristics made
the researchers around the globe formulate effective methods to decolorize CV-dye-laden water or
remove it from aquatic environments. However, there are various physicochemical and biological
methods that have been defined in the literature which have been proved to be best to treat CV polluted
water [32,33]. Among these methods, adsorption technology was selected as suitable and efficient
based on the material structure and its chemical reactivity to treat CV-laden effluents [34,35].

The response surface methodology (RSM) is recognized worldwide as the best statistical and
mathematical tool for optimizing reaction parameters with good precession and high desirability
values [36]. Under the RSM, the subcategory is the Box–Behnken design (BBD), which optimizes the
number of experiments to be carried out to ascertain the possible interactions between the parameters
studied and their effects on the removal of CV [37,38]. The goal of the current study was to find the
most efficient method for the removal of CV in wastewater by using synthesized AS-g-PAni@MS
nanocomposites. The efficiency of the synthesized material was also explored by using fixed bed
breakthrough studies by varying the bed heights to 3.7, 5.4 and 8.1 cm.

2. Materials and Methods

2.1. Chemicals

We used tetraethyl orthosilicate (TEOS d = 0.934 g/mL 99%, Aldrich, Bangalore, India),
Cetyltrimethylammonium ammonium bromide (CTAB 98%, Aldrich, Bangalore, India), ethanol
(d = 0.789 g/mL ≥ 99.8%, Fluka, New Delhi, India), ammonium hydroxide (d = 0.90 g/mL 30%,
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Loba Chemie, Mumbai, India) and hydrochloric acid (37%, Aldrich, Bangalore, India). Crystal violet
(>88%, d = 1.19 g cm−3) was supplied by Merck Millipore, India, having maximum absorbance in the
range of λmax= 584–590 nm. L-ascorbic acid (>99%) was purchased from Sigma Aldrich, Bangalore,
India, and Aniline (Thermo Fischer Scientific, Mumbai, India) was purified by distillation over zinc
dust. The middle fraction of the distillate was collected and stored in a refrigerator. All chemicals
were without any further modification, purification or distillation. Deionized water (DI) was used for
all experiments.

2.2. Synthesis of Mesoporous Silica Nanoparticles (MSNs)

The proposed mesoporous silica nano particles (MSNs) were prepared by hydrolysis and
condensation methods, reported elsewhere, with some modification [12]. In a conical flask, a
mixture of 100 mL ethanol, 5 mL of TEOS, 2 g CTAB and 20 mL concentrated ammonia (25%) in 150 mL
distilled water was taken and left over magnetic stirring (500 rpm), at 25 ◦C, for 1 h. After the mixture
became homogenized, an additional 15 mL of TEOS was added to the mixture, and the reaction was
left over stirring for 5 h. In order to stop the base catalyzed reaction, a 10 mL aliquot of 1 M HCl
was added drop wise to form the suspension which was left out, standing, for 24 h. The MSNs were
collected by centrifuge (Remi Laboratory Instruments, Mumbai, India, 800 rpm) and washed with a
mixture of distilled water and ethanol, to remove any unreacted residue of CTAB and NH4Cl formed
during the reaction. The MSNs were dried in a hot-air oven, at 80 ◦C, and later calcined at 600 ◦C, in a
temperature-controlled furnace for 4 h.

2.3. Synthesis of AS-g-PAni@MS Nanocomposite

The synthesis of the material was accomplished by in situ free radical polymerization of aniline
monomer in presence of ascorbic acid and MSNs [24]. A dispersion was made by pouring out 1.5 g of
MSNs in 100 mL 0.5 M HCl solution under the sonication. To this dispersion, 2 g of ascorbic acid was
added, and mixture was left on stirring for 2 h, at room temperature. After complete homogenization,
a solution 15 mL of distilled aniline monomer was added in the solution, and again the reaction was
left another 2 h. The polymerization was started after the drop by drop addition of 2 mmol ammonium
persulphate solution (APS) to the mixture. After adding a 30 mL addition of APS, the reaction was left
on stirring for 12 h. The progress of reaction was observed through change in color. Finally, an emerald
green suspension was obtained which was filtered and washed several times with deionized water,
to remove any unreacted aniline and HCl entities. The material was dried in a hot-air oven for 4 h,
at 60 ◦C, and collected in CaCO3 desiccators for further analytical characterization and adsorption
experiments. The complete synthesizing scheme of the material is given in Figure 1.

2.4. Analytical Techniques Used for Material Characterization

The crystal structure and properties of the product polymer was determined using FTIR, XRD,
Transmission electron microscopy (TEM), energy dispersive X-ray (EDX), scanning electron microscopy
(SEM) and Atomic Force Microscopy (AFM). The type of bonding interactions and functional groups
present in the nanocatalyst was determined via Fourier-transform infrared spectroscopy (FTIR) using
a Perkin Elmer PE1600 spectrometer (Ramsey, MN, USA). FTIR analysis was conducted in the
400–4000 cm−1 frequency range with the transmission mode. A Rigaku Ultima 1V XRD diffractometer
(Tokyo, Japan) was employed to assess the crystalline structure of the nanocomposites. TEM was used
to determine the particle size of the nanocomposites. Here, the elemental size and dispensation of the
nanocomposite materials in the blended polymer matrix were determined using a JEM 2100 electron
microscope (Akishima, Tokyo, Japan). The surface morphological features, elemental identification,
and both the chemical composition and homogeneity of AS-g-PAni@MS were determined via SEM
combined with EDX–SEM; JEOL GSM 6510LV (Akishima, Tokyo, Japan). A Shimadzu UV-1900 UV–Vis
double-beam spectrophotometer (Kyoto, Japan) was utilized to analyse aliquots of the CV samples
after completion of the adsorption reaction.
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Figure 1. Synthesis scheme for AS-g-PAni@MS nanocomposite material through in situ free radical
polymerization reaction.

2.5. Experiment Design and Adsorption Experiments

The experimental design was subsequently executed via the RSM-coupled BBD to establish the
synergistic or antagonistic effects of three or more variables on the efficiency of the nanocomposite
material for CV removal [39]. The entire design mainly consisted of four parameters as contact time
(A), pH of CV solution (B), CV concentration (C) and adsorbent dose (D). The complete variable with
their −1, 0 and +1 range are given in Supplementary Materials Table S1. For the efficient removal of CV
by AS-g-PAni@MS, the abovementioned variables can be articulated by using the quadratic regression
equation:

y = b0 +
n∑

i=1

bixi +
n∑

i=1

biixi
2 +

n∑
1≤i< j

bi jxix j + ε (1)

where xi and xj represent the linear function that transforms the original actual values Xi–αCi, Xi–Ci, Xi,
Xi+Ci and Xi+αCi to the coded values −α, −1, 0, +1 and α and b0 is constant coefficient, the coefficient
of first order effect is represented by bi, bij is the coefficient of interaction with ε as coefficient of higher
terms [40]:

x =
(X − xi)

Ci
(2)

The selective scavenging process of CV by AS-g-PAni@MS nanomaterial was done through batch
experimental methods. Based on the variable ranges given in Supplementary Materials Table S1,
BBD provided a design table given in Supplementary Materials Table S2 consist of 29 random order
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experiments with different sets of variable values. An aliquot of 20 mL CV was used with each set of
Sonication Time A (60–120 min), pH of the medium B (4–7), CV dye concentration C (30–60 mg L−1)
and adsorbent dose D (20–40 mg) variables in batch mode at 333 K temperature and the residual
concentration of CV after the adsorption experiment was assessed by the UV–Vis spectrophotometer as
maximum wavelength (λmax) of 585 nm. The total removal rate (%) of CV and the adsorption capacity
of synthesized material was calculated by Equations (3)–(5):

% CV Removal =
Co −Ct

Co
× 100 (3)

qe =
(Co −Ce) ×V

mads
(4)

qt =
(Co −Ct) ×V

mads
(5)

where Co is the initial concentration of CV (mg L−1), Ce, Ct are the equilibrium and at time t CV
concentration (mg L−1), qe, qt are the adsorption capacities of material at equilibrium and at time t
(mg g−1). V is the volume of the CV aliquot taken (L) and mads the mass of the adsorbent taken during
the analysis (g). The analysis was repeated at least thrice to determine the uncertainties values.

2.6. Adsorption Isotherms and Thermodynamic Analysis

The isotherm studies were carried to find out the frequency of the adsorption process as how
the substrate molecule is going to distribute itself between the liquid phase and solid phase under
the influence of residual forces and concentration gradient. In the literature, various adsorption
isotherm models have been reported. In our present study, the adsorption data were explored with the
Langmuir and Freundlich models followed by linear regression [41,42]. The linear equations are given
by Equations (6) and (7):

Ce

qe
=

1
qmKL

+
Ce

qm
(6)

ln qe =
1
n

ln Ce + ln KF (7)

where qm is the maximum monolayer adsorption capacity (mg g−1), KL the Langmuir constant (L mg−1),
KF is the Freundlich constant (mg g−1)(L mg−1)1/n and n is a constant measuring the extent of favorability
of adsorption with respect to change in conditions such as n > 1 value represents a favorability while
n < 1 is measure of non-favorability. The efficiency and degree of feasibility of the CV removal by
AS-g-PAni@MS nanocomposite was evaluated by thermodynamic studies. Various thermodynamic
parameters such as Enthalpy (∆H), Entropy (∆S) and Gibbs free energy (∆G) were used to find out the
temperature-based variation of the process. The equations for thermodynamic studies are given by
Equations (8)–(10) [43]:

Kc =
Cad
Ce

(8)

ln Kc = −
∆H0

R
+

∆S0

RT
(9)

∆G0 = ∆H0
− T∆S0 (10)

where Cad (mg L−1) is the CV concentration adsorbed on the surface of the AS-g-PAni@MS
nanocomposite, Kc is the distribution coefficient, R is the gas constant (8.314 J K−1 mol−1) and T
is the temperature of the system (303–333 K).
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2.7. Kinetic Models

To analyse the rate controlling step for the sequestration of CV on AS-g-PAni@MS surface kinetic
studies were performed using 50 and 60 mg L−1 CV in the time range of 5–150 min, using 20 mg (0.02 g)
adsorbent at pH 6.9. The data obtained by experimentation were applied to Pseudo First order and
Pseudo second order model followed by non-linear regression. The equations for both the models are
given by the following [44,45]:

qt = qe(1− e−k1t) (11)

qt =
k2qe

2t
1 + k2qet

(12)

where qe, qt are the adsorption capacities of material at equilibrium and at time t (mg g−1) while k1

(min−1) and k2 (g mg−1 min−1) are related to the rate constants for pseudo first and second-order models.

2.8. Fixed Bed Continuous Flow Studies (Breakthrough)

This study was performed to analyse the CV removal capacity of AS-g-PAni@MS by mass transfer
method through diffusion process. For this purpose, a borosilicate glass column of 3.0 cm and 25.0 cm
length was utilized with 60 mg L−1 CV concentration with a flow rate of 10 mL min−1 with variable
bed heights as 3.7, 5.4 and 8.1 cm. The fixed bed was made by pouring out appropriate amount of the
adsorbent between the glass wool and glass beads as supporting layers to prevent loss and clogging of
the adsorbent during operation. The flux of the dye solution in the present study was made to flow
through the adsorbent bed under gravitational force and atmospheric pressure with descending mode.
The pH of the solution was 6.9 (7.0) as obtained through our BBD design experiments. The effluents
are collected with respect to time and assessed using a double beam spectrophotometer at 585 nm.
Different fixed bed parameters such as total volume of treated effluent (Veff, L), the equilibrium
adsorption capacity (qeq, mg g−1), length of mass transfer zone (Zm, cm) and CV removal percent was
calculated by Equations (13)–(16) [46–49]:

Ve f f = Q× ttotal (13)

qeq =
QCo

mads

ttotal∫
0

(1− (
Ct

Co
))dt (14)

Zm = L(1−
tb
te
) (15)

%R =
100
ttotal

ttotal∫
0

(1− (
Ct

Co
))dt (16)

The obtained data from the fixed bed breakthrough studies were further applied to the Thomas
model for verification of data fitting. The equation for the Thomas model is given by Equation (17) [50]:

Ct

Co
= (1 + exp(qthkth

mads
Q
− kthCot))

−1
(17)

where ttotal is the total time used to reach equilibrium point, Q is the flow rate (mL min−1), mads mass
of the adsorbent (g), tb, te is the breakthrough time and exhaustion time (min), kth is the Thomas rate
constant (mL mg−1 min−1) and qth is the stoichiometric Thomas adsorption capacity (mg g−1).
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2.9. Statistical Verification of Data

The combination of statistical error analysis tool with the obtained data was employed to find
out the more precise kinetic model that plays a critical role during the photodegradation reaction.
So, root mean square error (RMSE) was taken into consideration with regression coefficient to optimize
the data values for most preferential model. The equation for RMSE is given by Equation (18) [51]:

RMSE =

√√ n∑
i=1

(qe,cal − qe,exp)i
2 (18)

3. Results and Discussion

3.1. Analytical Techniques for Material Characterization

Figure 2 shows the FTIR spectra of (a) calcined MSNs, (b) L-ascorbic acid, (c) PAni and
(d) AS-g-PAni@MS nanocomposite. The FTIR spectra of MSNs represent characteristics peaks
at 3445 cm−1 (Si–OH stretching vibrations), 1633 cm−1 (O–H bending vibrations), 1092 cm−1 (Si–O–Si
asymmetric stretching vibrations), 964 cm−1 (Si–O–H2O bending vibrations), 804 cm−1 (Si–O bending
vibrations) and 469 cm−1 (Si–O rocking vibrations) [7]. The FTIR spectra ascorbic acid shows peak at
3207–3790 cm−1 (–OH stretching of four different –OH groups), 2733, 3003 cm−1 (–CH in aliphatic and
ring stretching), 1752 cm−1 (–C=O carbonyl stretching), 1659 cm−1 (C–O stretching), 1107, 1116 cm−1

(C–O–C stretching) and 675, 751 cm−1 (–OH out of plane deformation) [21]. The FTIR spectra of
PAni show characteristic peaks at 1574, 1496 cm−1 (stretching vibration mode of C=C in quinoid
rings, C=C in benzenoid rings), 1303 cm−1 (C–N stretching), 1143 cm−1 (C=N stretching vibrations),
822 cm−1 (out-of-plane deformation of C–H in the 1, 4-disubstituted benzene ring) and 510 cm−1

(aromatic ring deformation of C–H). In the FTIR spectra of the AS-g-PAni@MS nanocomposite, for MSNs,
the characteristic peaks are 3357(–OH) and 1120 (Si–O–Si), ascorbic acid 3207 (–OH), 1743 (C=O),
1693 (C–O stretching), 1276 (C–O–C stretching), 753 and 579 (–OH out of plane deformation) [25,52],
while PAni peaks are observed at 1551, 1468 (quinoid and benzenoid C=C stretching), 1349 (C–N
stretching) and 845 (C–H Benzene deformation peaks) with deviations. One new peak at 2367 cm–1 is
due to formation of oxime bond (–NH–O–) between ascorbic acid and PAni. The interaction between
MSN and blend of AS-PAni was analyzed by the formation of hydrogen bonding between silanol
groups on silica and π–electron cloud of PAni which resulted in shift of quinoid and benzenoid
stretching frequency to 1551 and 1468 cm–1 from 1574 and 1496 cm–1 [22,53–55]. The FTIR spectra of
the AS-g-PAni@MS nanocomposite after adsorption (Supplementary Materials Figure S1 of CV dye
also supports the involvement of surface active –OH/–NH2 groups in removal mechanism.



Nanomaterials 2020, 10, 2402 8 of 26

Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 25 

and 845 (C–H Benzene deformation peaks) with deviations. One new peak at 2367 cm–1 is due to 
formation of oxime bond (–NH–O–) between ascorbic acid and PAni. The interaction between MSN 
and blend of AS-PAni was analyzed by the formation of hydrogen bonding between silanol groups 
on silica and π–electron cloud of PAni which resulted in shift of quinoid and benzenoid stretching 
frequency to 1551 and 1468 cm–1 from 1574 and 1496 cm–1 [22,53–55]. The FTIR spectra of the AS-g-
PAni@MS nanocomposite after adsorption (Supplementary Materials Figure S1 of CV dye also 
supports the involvement of surface active –OH/–NH2 groups in removal mechanism. 

4000 3600 3200 2800 2400 2000 1600 1200 800 400

96
4

46
9

10
92

16
33

34
45

Wavenumber (cm−1)

80
4

(a)

12
76

13
17 75

386
8

67
5

56
1

35
26

34
08

33
06 32
06

29
12

30
04

17
48

16
52

(c)

(b)

28
99

69
3

(d)

17
43

12
76

12
7613

49 12
39 75

3

11
11

10
19

15
74

14
96 13
03

11
43

82
2 51

0

15
51

84
5

96
4

11
20

14
68

16
93

30
27 23

67

19
63

33
57

28
94

57
9

70
2

 
Figure 2. FTIR spectra of (a) calcined mesoporous silica nanoparticles (MSNs), (b) L-ascorbic acid, (c) 
pure PAni and (d) AS-g-PAni@MS nanocomposite. 

Figure 3 represents the XRD spectra of MSNs (black line) and AS-g-PAni@MS (blue line) in the 
2θ range of 5–80°. As can be seen from Figure 3 (black line), the XRD spectra of MSNs show the 
characteristics peaks at 2θ value of 5.80° and 22.12° [14], while the XRD of the spectra represents the 
characteristics peaks of both MSNs and PAni at 6.31° (MSNs) and 20.09°, 25.69° for periodicity 
parallel and perpendicular to PANI chains. Moreover, a broad peak at 2θ = 25.69 indicates the 
characteristic distance between the ring planes of the benzene ring to the adjacent chains [56]. The 
XRD spectra indicate the more or less amorphous nature in the material due to the presence of AS-g-
PAni polymer blend, which reduces the intensity of the peaks. More information about the crystallite 
size can be obtained by using the Scherrer equation, as given by Equation (19) [57]: 

0.9
cos

D λ
β θ

=
 

(19) 

Figure 2. FTIR spectra of (a) calcined mesoporous silica nanoparticles (MSNs), (b) L-ascorbic acid,
(c) pure PAni and (d) AS-g-PAni@MS nanocomposite.

Figure 3 represents the XRD spectra of MSNs (black line) and AS-g-PAni@MS (blue line) in the
2θ range of 5–80◦. As can be seen from Figure 3 (black line), the XRD spectra of MSNs show the
characteristics peaks at 2θ value of 5.80◦ and 22.12◦ [14], while the XRD of the spectra represents the
characteristics peaks of both MSNs and PAni at 6.31◦ (MSNs) and 20.09◦, 25.69◦ for periodicity parallel
and perpendicular to PANI chains. Moreover, a broad peak at 2θ = 25.69 indicates the characteristic
distance between the ring planes of the benzene ring to the adjacent chains [56]. The XRD spectra
indicate the more or less amorphous nature in the material due to the presence of AS-g-PAni polymer
blend, which reduces the intensity of the peaks. More information about the crystallite size can be
obtained by using the Scherrer equation, as given by Equation (19) [57]:

D =
0.9λ
β cosθ

(19)

where D is the crystal’s size, λ is the wavelength used (i.e., 1.54 A◦), β is the half-width of the most
intense peak and θ is the angle of diffraction.
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Equation (19) reveals that the average crystallite size of both MSNs and AS-g-PAni@MS was
35.71 and 25.43 nm, respectively. As noted in Figure 3, there is a great compression in the peak width and
intensity due to the functionalization of MSNs with AS-g-PAni polymer chains. These interactions are
vital for facilitating variations of the d-spacing and lattice distortions during aggregation, resulting in
additional size compressions from 35.71 nm to 25.43 nm after functionalization [58]. Similar trend
for particle size for MSNs and functionalized MSNs was also reported by Lin et al., Das et al. and
Dogra et al. [59–61]. The XRD data show that the surface of MSNs was successfully modified by
the AS-g-PAni polymer chains, resulting in well-dispersed, semi-crystalline solids with adequate
functional density.

The thermal stability of the synthesized material was assessed by the application
of thermogravimetric analysis (TGA) followed by differential scanning calorimetry (DSC).
Supplementary Materials Figure S2 represents the TGA–DSC curve of AS-g-PAni@MS nanocomposite
which exhibited a two-stage weight loss for the material. The initial weight loss of 0.55% around 94 ◦C
is suggest the loss of bound water molecules to the surface of material. The second stage in weight
loss about 91.67% happens to be in temperature range of 98 to 503 ◦C. In this stage the degradation of
carbonic constituents from benzene and ascorbic acid rings of the material including the breakage of
Si–OH bonds and formation of Si–O–Si bonds takes place [62]. The behavior of the TGA curve is also
supported by DSC curve as endothermic peak around 419 ◦C for thermal degradation of benzenoid
carbon chains of PAni and ascorbic acid while the exothermic peak at 448 ◦C for formation of Si–O–Si
bonds. Thus, reinforcement of 0.12% of MSNs into AS-g-PAni copolymer matrix provided good
thermal stability for extreme temperature conditions.

Scanning Electron Microscopy (SEM) was employed to observe the of surface morphological
changes in the material during the solid-state reactions. Figure 4a constitutes the SEM image of
bare MSNs which reflect a spherical type morphology. Figure 4b represents the SEM image of
AS-g-PAni@MS nanocomposite which exhibits a flaky type of structure owing to functionalization
with blend of AS-g-PAni with loosely agglomerated distribution of MSN particles on the surface
(white dots). Further, the weight percentage of individual constituents used for the formation of
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AS-g-PAni@MS was observed by the energy dispersive X-rays (EDX) and is given in the Figure 4c.
The total output and conclusion received by EDX analysis expresses the composition of AS-g-PAni@MS
as C (52.53%), N (20.30%), O (25.69%) and Si (1.49%). Figure 4d represents the TEM image of synthesized
AS-g-PAni@MS nanocomposite in which spherical elongated small sized particles are observed with an
ordered distribution along the AS-g-PAni polymer matrix. The TEM image also supports the porous
matrix formation of the material. Figure 4e was utilized to obtain the average particle size of MSNs in
the polymer matrix of AS-g-PAni, using statistical domain tools like Gaussian distribution. With a
frequency of 6% the average particle size was estimated as 26.42 nm, which is in close concurrence
with XRD results (25.43 nm). A similar trend for particle size for MSNs and functionalized MSNs was
also reported by Lin et al., Das et al. and Dogra et al. [59–61].
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Figure 4. SEM image of (a) bare MSNs and (b) AS-g-PAni@MS nanocomposite. (c) EDX spectra
showing individual constituent elements comprising the material. (d) TEM image of AS-g-PAni@MS
nanocomposite showing the distribution of MSNs in the polymer matrix at 100 nm magnification range.
(e) Gaussian distribution of particle size for assessing the average particle size of nanoparticles.

To further explore the surface morphological variation of material after the in situ polymerization
reaction, a more advanced analytical technique called as atomic force morphology (AFM) was utilized.
The primary purpose of this morphology to assess the surface roughness with respect to nanoparticle
reinforcement verified by statistical data. The 3D and 2D AFM morphological images of the synthesized
AS-g-PAni@MS nanocomposite are given in Figure 5a,b. The obtained value of surface roughness
of 75.71 nm after analysis suggested the efficient functionalization and stabilization of MSNs with
copolymer chain of AS-g-PAni. In Figure 5b, the occurrence of small well-distributed dots indicates a
well-ordered distribution of MSN in AS-g-PAni matrix with a root mean square value of 115.70 nm,
and cracks are supporting the porous structure of the matrix with surface skewness value of −0.12.
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Figure 5. (a) 3D topographical atomic force microscopic (AFM) image and (b) 2D AFM topographical
image of AS-g-PAni@MS nanocomposite.

Zeta sizer (Malvern) was utilized for the determination of point of zero charge (pHpzc) to explain
the effect of pH of the medium on the adsorption of CV by the synthesized nanocomposite material.
Particle suspension was made by pouring out 20 mg material in 20 mL of 0.1 M KCl solution under
sonication with variable pH from 1 to 10. Zeta potential values were determined at the interval of
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1 pH units in the pH range from 1 to 10, and obtained results are depicted in Supplementary Materials
Figure S3. Zeta potential values were decreased from 35.30 mV at pH of 1 to −39.78 mV at a pH of
10 with zero potential at pH of 4.45. This point of zero potential where the charge on the surface is zero
is called an isoelectric point (IEP) or point of zero charge, and the corresponding pH is termed as pHiep

or pHpzc.

3.2. BBD Design and Analysis of Variance (ANOVA)

The experimental design was constructed by using Design Expert 10.0 software (State-ease,
Minneapolis, MN, USA), to optimize the four aforementioned operational parameters known to affect
the adsorption of CV on AS-g-PAni@MS nanocomposite. As noted in Supplementary Materials Table S1,
these three variables, namely the sonication time (A) (60–120 min), CV solution pH (B) (4–7),
CV concentration (C) (30–60 mg L−1) and adsorbent dose (D) (20–40 mg), were selected based
primarily on batch-based experiments. Quadratic regression modeling is employed to determine
the responses of the respective coded values for the four variables, which, in turn, are based on the
experimental and theoretical outcomes given by Equation (20):

R (mg g−1) = +18.95 − 0.72 × A + 3.74 × B + 5.35 × C − 5.87 × D − 0.98 × AB
+ 0.46 × AC + 3.12 × AD − 0.64 × BC − 3.84 × BD − 0.71 × CD − 0.77 × A2

− 0.74 × B2
− 0.42 × C2 + 2.40 × D2

(20)

The statistical implication and interaction results of each term obtained from the quadratic model
are manifested via the analysis of variance (ANOVA), as shown in Table 1. The respective coefficient
terms and the significance of the regression model are evaluated by the P and F values, using Fisher’s
null hypothesis method. Here, increased applicability is associated with the quadratic relevance model,
and each coefficient term is imposed by the small p and large F value. The large F and small P values
confirm the model’s appropriateness, as evidenced by the RSM-coupled BBD [24]. The condition
proposed by Fisher p > F < 0.05 can be seen in Table 1. Here, the reasonable p > F value of 0.0025 noted
in the proposed quadratic regression model is statistically significant and relevant for the adsorption of
CV on AS-g-PAni@MS nanocomposite. Linear variable terms like the sonication time (A, p > F = 0.5411)
are not significant while the CV solution’s pH (B, p > F = 0.0056), CV concentration (C, p > F = 0.0004)
and adsorbent dose (D, p > F = 0.0002) are statistically significant. Based on the ANOVA analysis, the
quadratic Equation (20) was further optimized by omitting the non-significant variables for which
value of p > F is higher than 0.05. When only the statistically significant terms in Equation (20) are
taken into consideration, we obtain Equation (21):

R1 = +18.95 +3.74 × B +5.35 × C − 5.87 × D − 0.98 × AB − 3.84 × BD − 0.74 × B2 (21)

Supplementary Materials Figure S4a represents the normal probability plot for
acquiring the approximation of real system by regression model. As can be seen in
Supplementary Materials Figure S2a, the points dispersed across the straight line without response
portrays an appropriation curve of residuals. A scheme was imposed between the predicted values and
actual values obtained by the experimental designs and can be portrayed by Supplementary Materials
Figure S4b. The standard deviation (SD) of model was found to be 3.25 with a correlation values of R2

and R2
adj as 0.94 and 0.86, individually indicating that there is a correlation between the theoretical

and experimental values of the adsorbent reaction data.
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Table 1. Analysis of variance (ANOVA) for the adsorption of crystal violet (CV) on AS-g-PAni@MS.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 1093.30 14 78.09 4.97 0.0025 significant
A-Sonication

Time 6.16 1 6.16 0.39 0.5411

B-pH 167.76 1 167.76 10.68 0.0056
C-CV Conc 343.69 1 343.69 21.89 0.0004
D-Catalyst

Dose 412.81 1 412.81 26.29 0.0002

AB 3.81 1 3.81 0.24 0.0063
AC 0.83 1 0.83 0.053 0.8213
AD 39.06 1 39.06 2.49 0.1370
BC 1.65 1 1.65 0.11 0.7506
BD 59.04 1 59.04 3.76 0.0072
CD 2.01 1 2.01 0.13 0.7256
A2 3.87 1 3.87 0.25 0.6273
B2 3.56 1 3.56 0.23 0.0064
C2 1.12 1 1.12 0.072 0.7929
D2 37.41 1 37.41 2.38 0.1450

Residual 219.81 14 15.70

Lack of Fit 196.94 10 19.69 3.44 0.1223 not
significant

Pure Error 22.87 4 5.72
Cor Total 1313.11 28

AB (Sonication Time × pH), AC (Sonication Time × CV Conc.), AD (Sonication Time × Catalyst Dose), BC (pH × CV
Conc.), BD (pH×Catalyst Dose), CD (CV Conc. × Catalyst Dose).

3.3. Interpretation of the 3D Surface and Optimization Plots

The 3D surface designs are the graphic representations of the quadratic regression equation that
describe the synchronous effect of two variables on the photodegradation reaction when the other
variables are maintained. Figure 6a depicts the 3D surface interaction curve between the pH of the CV
solution and the sonication time keeping other variables constant. Notably a gradual increase in the
reaction time from 60 to 90 min accompanied with pH value from 4 to 7 results in gradual increase in
adsorption capacity form 10.02 mg g−1 to 37.09 mg g−1. It can be inferred from Figure 6a that long
radiation times and high pH values (>6) favor the adsorption of CV by AS-g-PAni@MS nanocomposite.
The reason behind this behavior may be attributed to the large number of active pore sites on the
surface that facilitate extensive host–guest interactions. As the reaction proceeds, increasingly more
active sites become engaged in the adsorption of CV, resulting in a higher adsorption capacity under
longer sonication times [35]. There seems not much increase in adsorption capacity from 90 to 120 min
which suggested 90 min as optimized time for adsorption reaction. Supplementary Materials Figure
S3 depicts the zeta potential curve which suggested the point the charge value (pHpzc) as 4.45 which
means that at pH > pHpzc (4.45) the surface of the adsorbent will be negative and pH < pHpzc (4.45)
the surface will be positive. At pH 4, the positive surface of adsorbent will exert a repulsive force
the cationic CV molecule which resulted in low adsorption capacity. With a further increase in pH
value to 5.5 and 7, the surface of the adsorbent will turn to a more negative magnitude which exerts
high electrostatic forces to bind with cationic CV molecules, and as a result, adsorption capacity is
increased [23].
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Figure 6b shows the 3D surface interactive curve for sonication time and adsorbent dose. It can
be inferred from figure that high sonication time and low adsorbent dose favored high adsorption
capacity. With the increase in adsorbent dose from 20 to 40 mg, there seemed to be a gradual decrease
in adsorption capacity from 37.09 to 10.02 mg g−1. Thus, as with the increase in nanocomposite
adsorbent dose, hindrance occurs to the agglomeration of particles at a higher dose, which blocks the
susceptibility of CV dye molecules to the bulk of the material layer, and as result, adsorption capacity
decreases [23]. Figure 6c represents the 3D surface interactive curve for adsorbent dose and pH of
the solution. The information extracted from Figure 6c supported the favorability of high pH and
low adsorbent dose for high adsorption capacity. The two variable interactions (adsorbent dose×CV
concentration) on the adsorption capacity of synthesized material are given by Figure 6d. As can be
inferred from the figure, high CV concentration (60 mg L−1) and low adsorbent dose were found to be
favorable for the high efficiency of the adsorption process. With the increase in CV concentration from
30 to 60 mg L−1 with respect to adsorbent dose (20 to 40 mg), there is a gradual increase in adsorption
capacity occurred [29]. As the concentration increases, more and more substrate molecules are available
to penetrate through the solid/liquid interface, and as a result, higher efficiency is observed. Figure 6e
represents the optimization ploy with desirability for individual variable accompanied by standard
error value. In Figure 6e, the optimized values of individual parameters assessed by BBD design
are given as sonication time (89.15 min), solution pH (6.99), CV concentration (59.88 mg L−1) and
adsorbent dose (20.00 mg), with desirability of 0.79 and an SD of 4.37 in 95% confidence interval.

3.4. Adsorption Isotherms and Thermodynamics

Adsorption isotherm studies were performed, using a 20 mL aliquot of 10, 20, 30, 40, 50
and 60 mg L−1 CV concentration at pH 6.9 for an optimum sonication time of 90 min, using 20 mg
AS-g-PAni@MS nanocomposite in a temperature range of 303–333 K. The data obtained after experiment
were applied to the Langmuir model (Equation (6)) and the Freundlich model (Equation (7)). Figure 7b,c
represents the Langmuir and Freundlich plot obtained through linear regression method. Table 2
consist of all the valuable information extracted from slope and intercept of these plots. The suitability
of any model to explain the experimental data with minimum error depends upon the higher value of
regression coefficient (R2) and lower value of root mean square error value (RMSE). It can be inferred
from Table 2 that the Langmuir model with high R2 and low RMSE values (0.99, 0.003) at 303 K, (0.99,
0.003) at 313 K, (0.99, 0.002) at 323 K and (0.99, 0.002) at 333 K is found to be found to be more suitable to
explain the adsorption process as compared to the Freundlich model (0.98, 0.02) at 303 K, (0.98, 0.02) at
313 K, (0.98, 0.06) at 323 K and (0.98, 0.06) at 333 K. The suitability of the Langmuir model suggested the
monolayer formation by CV molecules on the surface of AS-g-PAni@MS and the maximum monolayer
adsorption capacity (qm) of the synthesized material was found to be 88.42 mg g−1 at 303K, 92.51 mg
g−1 at 313 K, 107.41 mg g−1 at 313 K and 113.25 mg g−1 at 333 K. The value of Langmuir constant also
called as affinity constant (KL) 0.054, 0.057, 0.099, and 0.101 L mg−1 at 303–333 K also supports the
high affinity of CV molecules towards the adsorbent surface at a higher temperature. The value of
n calculated by the Freundlich model 1.27, 1.28, 1.29, 1.32 at 303–313 K is greater than 1, suggesting
that the CV adsorption on the material surface is favorable. The verification of the data obtained
through linear regression was done through a comparison with data obtained through nonlinear
natural adsorption isotherm curves for both Langmuir and Freundlich given in Figure 7a. The data
obtained through non-linear regression given in Supplementary Materials Table S3 were found to be in
great concurrence with the data assessed by linear regression.
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Table 2. Adsorption isotherm parameters obtained for the adsorption reaction of CV with AS-g-

PAni@MS nanocomposite at 303–333 K. 

Isotherm Model Equations Parameters 303 K 313 K 323 K 333 K 
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Table 2. Adsorption isotherm parameters obtained for the adsorption reaction of CV with
AS-g-PAni@MS nanocomposite at 303–333 K.

Isotherm
Model Equations Parameters 303 K 313 K 323 K 333 K

Langmuir Ce
qe

= 1
qmKL

+ Ce
qm

qm (mg g-1) 88.42 92.51 107.41 113.25
KL (L mg-1) 0.054 0.057 0.099 0.101

R2 0.99 0.99 0.99 0.99
RMSE 0.003 0.003 0.002 0.002

Freundlich ln qe =
1
n ln Ce + ln KF

KF (mg g−1)
(L mg−1)1/n 5.46 6.65 8.34 10.62

n 1.27 1.28 1.29 1.32
R2 0.98 0.98 0.98 0.98

RMSE 0.02 0.02 0.06 0.06

qm (maximum adsorption capacity), KL (Langmuir constant), R2 (regression coefficient), RMSE (root mean square
error), KF (Freundlich adsorption capacity), n (Freundlich constant for favorability).

Figure 7d and Table 3 constitute the thermodynamic plot and corresponding calculated parameters
obtained through adsorption experiment conducted for 60 mg L−1 CV in temperature range of 303–333 K.
Based on Equations (8)–(10), a value of enthalpy (∆H) as 3.62 KJ mol−1 with positive magnitude
suggested the endothermic nature of the adsorption reaction of CV with AS-g-PAni@MS which deals
with an entropy of 0.015 KJ mol−1 K−1. The feasibility and spontaneous nature of the adsorption
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reaction was analyzed by Gibbs free energy (∆G) values. The values of ∆G −0.99 KJ mol−1 at
303 K, −1.08 KJ mol−1 at 303 K, −1.23 KJ mol−1 at 303 K and −1.38 KJ mol−1 at 303 K suggested the
adsorption reaction is spontaneous and feasible and the increase in negative magnitude of ∆G values
with increase in temperature suggested the high feasibility of the adsorption reaction of CV with
AS-g-PAni@MS nanocomposite.

Table 3. Thermodynamic parameters for adsorption reaction of CV with AS-g-PAni@MS nanocomposite.

Model Enthalpy (∆H)
KJ mol−1

Entropy (∆S)
(KJ mol−1 K−1)

Gibbs Free Energy (∆G) (KJ mol−1)

303 K 313 K 323 K 333 K

Gibbs 3.62 0.015 −0.99 −1.08 −1.23 −1.38

3.5. Adsorption Kinetics

Figure 8a represents the time-dependent UV–Vis spectra for CV adsorption on nanocomposite
material. It can be inferred from the graph, that with passage of time, the magnitude of absorption
by CV molecule continuously decreased from 0.125 at 5 min to 0.021 at 90 min, due to adherence
of CV molecule on the surface of the nanocomposite material. After 90 min, the very appreciable
change in absorbance value suggested that the surface of the adsorbent was saturated with the CV
molecules and no surface-active site was available. The kinetic studies were performed by using
a 20 mL aliquot of 50 and 60 mg L−1 CV at pH 6.9, for sonication time of 5–150 min, using 20 mg
AS-g-PAni@MS nanocomposite at 333 K. The data obtained after experiment were applied to pseudo
first order (Equation (11)) and pseudo second order (Equation (12)). Figure 8b represents the pseudo
first and second order plots obtained through non-linear regression method. Table 4 consist of all the
key kinetic variables required to define the mechanism of the adsorption reaction obtained through
nonlinear regression. It can be inferred from the Table 4, pseudo second order with high R2 and low
RMSE values (0.96, 2.93) at 50, and (0.99, 0.86) at 60 mg L−1 CV concentration is found to be more
suitable to explain the adsorption mechanism, as compared to pseudo first order (0.84, 3.55) at 50 and
(0.86, 3.25) at 60 mg L−1 CV concentration. The suitability of pseudo second order model suggested that
the CV molecules are interacting with adsorbent surface through pure covalent bonds, i.e., coordination
bond between NH/OH groups of the adsorbent with CV+ ions. Moreover the qe,cal and qe,exp values
for the pseudo second order had a higher correlation (∆q = 1.64 for 50 and 1.25 for 60 mg L−1 CV) as
compared to the pseudo first order (∆q = 1.95 for 50, 2.32 for 60 mg L−1 CV). The rate constants for
pseudo first and second order models were found to be K1= 0.099 min–1 for 50 and 0.126 min–1 for
60 mg L–1 CV, and K2 = 0.003 L mg–1 min–1 for 50 and 0.003 L mg–1 min–1 for 60 mg L–1 CV.
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Table 4. Kinetics parameters obtained for the adsorption reaction of CV (50 and 60 mg L−1),
with AS-g-PAni@MS nanocomposite at 333 K.

Kinetic Model Equation Parameters 50 mg L−1 60 mg L−1

Pseudo First qt = qe(1− e−k1t)

qe,exp 45.87 49.76
qe,cal 43.92 47.44

K1 (min−1) 0.099 0.126
R2 0.84 0.86

RMSE 3.55 3.25

Pseudo Second qt =
k2qe

2t
1+k2qet

qe,cal 47.51 51.01
K2 (L mg−1 min−1) 0.003 0.003

R2 0.96 0.99
RMSE 2.93 0.86

3.6. Breakthrough Studies in Fixed Bed Method and Application of the Thomas Model

Based on the fixed bed experiment design for breakthrough studies outlined in Section 2.8,
the break curve is given in Figure 9 for the bed heights 3.7, 5.4 and 8.1 cm. The various operation
parameters calculated after using Equations (13)–(16) are given in Table 5. It can be inferred from
Table 5 that the estimated qeq was found to be 91.67 mg g−1 at 3.7 cm, 87.24 mg g−1 at 5.4 cm and
81.58 mg g−1 for 8.1 cm bed height. It was observed that, with increase in bed height, the adsorption
capacity or % removal decreased from 91.67% at 3.7 cm to 81.58% at 8.1 cm. The decrease in % removal
value is attributed towards the higher amount of the AS-g-PAni@MS nanocomposite (mads) at higher
bed heights, which posed a higher diffusion path length for the CV molecules to pass through [47].
The increase in diffusion path length leads to an increase in tb, te, Veff and Zm values. The passage of CV
molecules from liquid to solid surface, and then along the solid bed layer and again to outlet, requires a
larger time [49]. Thus, the values various other operation parameters were found to be as breakthrough
time (tb) as 93.9, 123.1, and 209.4 min; total exhaustion time (te) 360.2, 517.2, and 620.5 min; mass transfer
coefficient (Zm) 2.74, 4.11, and 5.37 cm; and Zm/L 0.74, 0.76, 0.66 for 3.7, 5.4 and 8.1 cm bed heights.
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Table 5. Estimated operational variables from fixed bed studies for CV adsorption on
AS-g-PAni@MS nanocomposite.

Model Bed Height
(cm) qeq (mg g−1) %Removal Veff (L) tb (min) te (min) Zm (cm) Zm/L

Fixed
Bed

3.7 99.06 91.67 3.6 93.9 360.2 2.74 0.74
5.4 94.71 87.24 5.2 123.1 517.2 4.11 0.76
8.1 86.8 81.58 6.2 209.4 620.5 5.37 0.66

The verification of the breakthrough data was achieved by the application of a dynamic Thomas
model. The values estimated by Equation (17) are given in Table 6. It is observed that the data were
well defined by the Thomas model, based on high value of regression coefficient (R2) and low value
of RMSE given as (0.99, 0.02) for 3.7 cm, (0.99, 0.03) for 5.4 cm and (0.99, 0.04) for 8.1 cm bed height.
The estimated stoichiometric adsorption capacity (qeq) values 87.79, 84.37, and 79.48 mg g−1 were
also found to be in close concurrence with the fixed bed breakthrough data. The dynamic Thomas
rate constant KTH (mL mg−1 min−1) was found to be 0.64, 0.41, and 0.28, suggesting that KTH is
inversely proportional to the bed height, and also supporting the % CV removal data obtained by fixed
bed studies.

Table 6. Estimated operational variables extracted by the Thomas model for CV adsorption on
AS-g-PAni@MS nanocomposite.

Model Parameters
Bed Height

3.7 cm 5.4 cm 8.1 cm

Thomas Model

qeq (mg g−1) 87.79 84.37 79.48
KTH (mL mg−1 min−1) 0.64 0.41 0.28

R2 0.99 0.99 0.99
RMSE 0.02 0.03 0.04

qeq (estimated stoichiometric adsorption capacity), KTH (dynamic Thomson rate constant), R2 (regression coefficient),
RMSE (root mean square error).

3.7. Regeneration and Reusability of the Adsorbent

One of the important problems associated with adsorption technology is the safe disposal of the
spent adsorbent. This hurdle was later on overcome by researchers through the regeneration process,
which involves the recovery of the spent adsorbent for reuse that, in a way, reduces the cost of the
experiment [63]. In the present study, the regeneration process was done by solvent washing method
in which the 20 mg CV–AS-g-PAni@MS was mixed with 20 mL of 0.1 M HNO3 solution and placed
under sonication equipped with a magnetic stirrer until all the CV molecules became detached from
the AS-g-PAni@MS. The material was collected by filtration and washed by distilled water until the
effluent pH became neutral and dried in a hot-air oven for 2 h at 60 ◦C. The recovered adsorbent was
again utilized for the adsorption process of CV at the optimized conditions, and results are given in
Figure 10. In the first cycle, the CV removal % was 97.11%; repeating the same procedure of eluting
of the CV molecules from adsorbent surface, the CV removal % for second, third, fourth and fifth
cycle was found to be 93.21%, 91.40%, 88.80% and 85.17%. In five cycles, only a decrement of 13% in
adsorbent capacity suggested that the material is highly efficient for treatment of water contaminated
by CV.
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3.8. Comparison with Literature

A comparison of adsorption efficiency of the synthesized material with other reported material
for CV removal was attained. The data given in Table 7 suggested that the present study was highly
efficient with a 97.11% of CV removal as compared to other reported materials in the same domain.

Table 7. Contains the comparison of the synthesized material with the materials reported in the
literature for CV adsorption with respect to % removal, dye concentration and time.

Material Target Time (min)
Target

Concentration
(mg L−1)

% Removal References

DyxMnFe2−xO4
nanoparticles

decorated over
mesoporous silica

Crystal Violet 150 5 98 [14]

SiO2/NiFe2O4 Methyl Orange 60 10 5 [64]
MCM-41 mesoporous

silica nanoparticles Auramine O 20 20 56.43 [65]

MCM-41 Crystal Violet 120 600 90 [66]
MIL-68(Al)@SBA-15 Crystal Violet 30 50 85 [67]
CuO/MCM-41 nano

composite Crystal Violet 60 36 26.52 [68]

Ascorbic
acid-g-Polyanile@Mes.
Silica Nanocomposite

Crystal Violet 90 60 97.11 Present Study

3.9. Comparison with Individual Constituents

A comparison of the removal efficiency (%) of synthesized material with its individual constituents
for the adsorption of CV dye was examined using the optimized reaction conditions. Supplementary
Materials Figure S5a represents the UV–Vis spectra for CV pertaining to AS, MSNs, PAni, AS-g-PAni
and AS-g-PAni@MS. It can be inferred that the absorbance values for CV after adsorption was found to
be 1.24 for AS, 0.84 for MSNs, 0.55 for PAni, 0.11 for AS-g-PAni and 0.02 for AS-g-PAni@MS, respectively.
The corresponding CV removal rate was found to be 42.75%, 61.23%, 74.62%, 94.92% and 97.45%,
suggesting that the synthesized material is most efficient as compared to its individual constituents.
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The enhanced efficiency in the AS-g-PAni matrix after reinforcement of MSNs at pH 7 may be due to
interactions between silanol groups and π-electron cloud of PAni phenyl group that resulted in an
ordered distribution of MSNs and exerted enhanced thermal, chemical and adsorption properties.

4. Conclusions

In the present study, mesoporous silica nanoparticles (MSNs) synthesized through a sol–gel
process and calcined at 600 ◦C were further surface functionalized by a copolymer chain of L-ascorbic
acid (AS) and polyaniline (PAni) by in situ free radical oxidative polymerization reaction. The surface
modification of MSNs by AS-g-PAni was confirmed by using various analytical techniques, like FTIR,
XRD, SEM-EDX, TEM and AFM. The composition of AS-g-PAni@MS was found to be composed of C
(52.53%), N (20.30%), O (25.69%) and Si (1.49%), with 26.42 nm as particle size. Further, it was applied
for the adsorption of crystal violet (CV) dye under batch, as well as fixed bed method. RSM–BBD
was taken into consideration, to optimize the various operational parameters effecting the adsorption
through batch method. To explore maximum efficiency of the material, it was further subjected to
adsorption of CV under fixed bed method, using variable bed heights such as 3.7, 5.4 and 8.1 cm.
Based on high value of regression coefficient (R2) and low value of RMSE given as (0.99, 0.02) for
3.7 cm, (0.99, 0.03), the breakthrough data were very well defined by the Thomas model with optimum
concurrence of stoichiometric adsorption capacity values. The external mass transfer equilibrium data
were well fitted by the Langmuir model with maximum monolayer adsorption capacity of 88.42 mg g−1

at 303K, 92.51 mg g−1 at 313 K, 107.41 mg g−1 at 313 K and 113.25 mg g−1 at 333 K. The uptake of CV by
AS-g-PAni@MS was well defined by pseudo second order model, with rate constant K2 = 0.003 L mg–1

min–1 for 50 and 0.003 L mg–1 min–1 for 60 mg L–1 CV. The adsorption reaction was endothermic, with
an enthalpy (∆H) value of 3.62 KJ mol-1, and highly efficient for treatment of CV-contaminated water for
more the five consecutive cycles. The future implication of this study is to dope the mesoporous silica
with metal nanoparticles like Ag, Au, Fe, Zn, etc., and to explore their impact on the photodegradation
of low-density polyethylene for H2 generation for renewable energy purposes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2402/s1.
Table S1: Variable table containing the minimum, mean and maximum values of parameters affecting adsorption
reaction. Table S2: Design of the experiments proposed by BBD model and their response. Figure S1: FTIR spectra
of AS-g-PAni@MS nanocomposite after adsorption of CV dye. Figure S2: TGA-DSC curve to explain the thermal
behaviour of AS-g-PAni@MS nanocomposite. Figure S3: Zeta potential curve to obtain the point of zero charge of
the nanocomposite material. Figure S4: (a) Normal Probability Curve (b) Residual vs. Run plot obtained through
RSM-BBD analysis. Table S3: Adsorption isotherm parameters obtained for the adsorption reaction of CV with
AS-g-PAni@MS nanocomposite at 303–333 K obtained through nonlinear regression. Figure S5: (a) UV-Vis Spectra
for CV adsorption by AS-g-PAni@MS and its individual constituents (b) removal rate (%) for AS, MSNs, PAni,
AS-g-PAni and AS-g-PAni@MS nanocomposite for 60 mg L−1 CV at pH 7.

Author Contributions: Conceptualization, I.H. and R.A.K.; Formal analysis, I.H., I.I.B. and R.A.K.; Funding
acquisition, A.A.; Investigation, I.I.B. and R.A.K.; Methodology, I.H. and R.A.K.; Project administration, R.A.K.
and A.A.; Supervision, A.A.; Writing—original draft, I.H., R.A.K. and A.A.; Writing—review & editing, I.H. and
I.I.B. All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research & Innovation, “Ministry of
Education” in Saud Arabia for funding this research work through project no. IFKSURG-1438-006.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2079-4991/10/12/2402/s1


Nanomaterials 2020, 10, 2402 22 of 26

Abbreviations

AS L-Ascorbic Acid
PAni Polyaniline
AS-g-PAni@MS Ascorbic acid-grafted-Polyaniline mesoporous silica

nanocomposite
FTIR Fourier-transform Infrared
SEM Scanning Electron Microscope
TEM Transmission Electron Microscope
XRD X-ray Diffraction
EDX Energy-dispersive X-ray spectroscopy
DSC Differential Scanning Calorimetry
TGA Thermogravimetric analysis
AFM Atomic Force Microscopy
UV–Vis UV–Visible Spectroscopy
APS Ammonium persulphate
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