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Abstract Adsorption characteristics of four different dyes
Safranin O (cationic), Neutral Red (neutral), Congo Red
(anionic) and Reactive Red 2 (anionic) on Si-MCM-41
material having very high surface area are reported. The sur-
face morphology of Si-MCM-41 material before and after
adsorbing dye molecules are characterised by FTIR, HRXRD,
nitrogen adsorption—desorption isotherms, FESEM, and
HRTEM. The adsorption capacities of Si-MCM-41 for the
dyes followed a decreasing order of NR > SF > CR > RR2.
The adsorption kinetics, isotherm and thermodynamic
parameters are investigated in detail for these dyes using
calcined Si-MCM-41. The kinetics and isotherm data showed
that both SF and NR adsorb more rapidly than CR and RR2, in
accordance with pseudo-second-order kinetics model as well
as intraparticle diffusion kinetics model and Langmuir
adsorption isotherm model respectively. The thermodynamic
data suggest that the dye uptake process is spontaneous. The
high adsorption capacities of dyes on Si-MCM-41
(qm = 275.5 mg g~ for SF, q,, = 288.2 mg g~ ' for NR) is
explained on the basis of electrostatic interactions as well as
H-bonding interactions between adsorbent and adsorbate
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molecules. Good regeneration capacity is another important
aspect of the material that makes it potent for the uptake of
dyes from aqueous solution.
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List of symbols

dm Adsorption capacity

Mw Molecular weight

Cp and Initial and equilibrium concentrations of

C. adsorbate solutions (mg Lfl)

v The volume of the dye solution

w The weight of the adsorbent

E = hv  Plank equation

S The pore size dependent on the assumed pore
geometry

Vo The mesoporous volume

p The pore wall density (i.e. 2.2 cm®/g for
siliceous materials)

d The XRD interplanar spacing

R? Correlation coefficient

x> Correction factor

Ry Separation factor

AG® The change in Gibbs free energy (J Mol™")

AH° The change in enthalpy (J Mol ")

AS° The change in entropy (J Mol™' K™

1 Introduction
Environmental pollution plays vital impact on everyday

life. There are some toxic chemicals which are discharged
into the environment as industrial wastes, having
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dangerous effects on water, air, and soil. The pollution is
occurring due to the mismanagement of contaminated
water. A huge amount of water pollution comes from
textile industry [1, 2]. Dyes are widely used in many
industrial fields such as textiles, coatings, rubber, plastics
etc. Apart from dyes causing water pollution, their degra-
dation products may be toxic to human beings and also
other animals [3-8]. There are various techniques of dye
removal and many studies have been carried out to pay
attention for adsorption technologies to remove dyes from
aqueous solution [9, 10]. It is already established that the
water treatment of dyes has a good application of adsorp-
tion process using suitable adsorbent and for that purpose
highly porous materials are generally used [11, 12].
Besides this, an interest is developed for new recyclable
adsorbents which very efficiently remove organic—inor-
ganic pollutants from aqueous solution. The application of
adsorption technology utilizing commercial activated car-
bon has become well known to remove effluents of dyes
[13, 14]. However, activated carbon often suffers from
high-cost of production and regeneration. Therefore, other
materials such as some natural adsorbents (e.g., clays and
clay minerals, cellulosic materials, chitins), waste materi-
als, and some agricultural by-products are alternative
adsorbents [15-21]. Various adsorbents including clays
[22], zeolites [23], magnetic dendritic materials [24-26],
polymeric materials [27], organically modified clays [28],
layered double hydroxides [29], and mesoporous silica [23,
30, 31] have been used in the removal of dyes from
aqueous solution.

In this context, high surface area and nano-meter sized
mesoporous materials especially Si-MCM-41 can serve as
a special environment for chemical separations of large
molecules (such as dyes) [32]. It is also used for testing
various adsorptions and desorption studies of its high pore
volume. The interesting part of these materials is that the
adsorbent and the adsorbate can be regenerated by simple
washing with acid or basic solutions [33, 34].

In the present study, our objective is to examine the
plausible effect of interactions among various dyes with
surface active sites of the adsorbent and the potential of Si-
MCM-41 for the removal of dyes from aqueous solution by
measuring the adsorption data of four dyes such as Safranin
O (Basic Red 2, SF), Neutral Red (Basic Red 5, NR),
Congo Red (Sodium salt of 3,3’-([1,1’-biphenyl]-4,4'-
diyl)bis(4-aminonaphthalene-1-sulfonic acid, CR)) and
Reactive Red 2 (Red MX-5B, RR2). SF is also used for
biological staining. NR is generally used for staining in
histology and also some growth medium for bacterial and
cell culture. CR, a known human carcinogen and mutagen,
is a potential danger for bioaccumulation and can cause
allergic problems [35, 36]. RR2 is mainly used for cotton,
wool, silk and knot dyeing. The changes of surface

@ Springer

characteristics and pore structure of Si-MCM-41 intro-
duced by those dye adsorption were characterized based on
the analyses of the Fourier transform infrared (FTIR)
spectra, the high resolution X-ray diffraction (HRXRD)
patterns, the nitrogen adsorption isotherms, field emission
scanning electron microscopy (FESEM) and high resolu-
tion transmission electron microscopy (HRTEM). The
interactions between the groups present on the surface of
Si-MCM-41 and with the groups present in those corre-
sponding dyes were discussed. Moreover, for dye with high
adsorption capacity, the adsorption processes with respect
to pH, contact time, temperature, adsorbent dose, and dye
concentration were also measured to provide more infor-
mation about the adsorption characteristics of Si-MCM-41.
The thermodynamic and kinetic parameters were calcu-
lated to determine the adsorption mechanism. The equi-
librium data were fitted into Langmuir, Freundlich and
Temkin equations to determine the correlation between the
experimental data and the isotherm models.

2 Experimental
2.1 Materials

Tetraethoxysilane (TEOS, >99 %) was purchased from
Sigma Aldrich. CTAB ((C;¢H33)N(CH3)3Br, My =
364.45) was obtained from Acros Organics. Tri-
ethanolamine (TEA, N(CH,CH,OH);, >98 %) was pur-
chased from S. D. fine-chem. Ltd and ethanol (EtOH,
>99 %) was purchased from Merck India. Deionised water
was used without further purification. SF, NR, CR and RR2
were selected as adsorbates to determine the adsorption
selectivity of Si-MCM-41 in terms of pore structure of
adsorbents and molecular shape of adsorbates. These dyes
of analytical grade were purchased from Loba Chemie and
used without further purification. The structures of these
dyes are presented in Fig. 1.

2.2 Preparation of Si-MCM-41

The mesoporous Si-MCM-41 material was prepared by a
method where TEOS was added into aqueous solution
containing CTAB, ethanol, some amount of additive agents
like TEA. The synthesis of the material was carried out
following an earlier report [37]. In a typical procedure,
6.4 mL of water (0.36 mol), 0.9 g of ethanol (0.015 mol),
1.04 g of a 25 wt% CTAB solution (0.786 mmol), and
0.02 g of TEA (0.19 mmol) were mixed and stirred in an
oil bath at 60 °C for 45 min. 0.73 mL of TEOS
(3.25 mmol) was added into the mixture dropwise within
2 min. with stirring. The solution turned white gradually. A
further 2 h of stirring was necessary. Then, the solution



J Porous Mater (2016) 23:1227-1237

1229

O NHz dNa_o\s¢0
o
A )
oA U UaNreS.
Fow OO
HAN
CongoRed (CR)

ReactiveRed 2 (RR2)

Fig. 1 Chemical structures of dyes used for adsorption

was cooled to room temperature and the solid product was
filtered, washed with deionised water, distilled ethanol and
air-dried overnight. Finally, the material was calcined at
550 °C for 6 h.

2.3 Measurements
2.3.1 Adsorption measurements

SF, NR, CR, and RR2 were first dried at 115 °C for 24 h to
remove moisture before use. All of the dye solutions were
prepared with deionised water. For adsorption experiments,
the pH of the solution was adjusted with the help of HCI or
NaOH solution to maintain a constant value. The dye
adsorption study was performed (for SF, NR, CR, and RR2
respectively for the adsorption experiments to reach equi-
librium) using a orbital shaker (Rivotek, Kolkata, India).
After centrifugation at 3000 rpm for 20 min. in a REMI R-
8C centrifuge, the mixture was left undisturbed overnight.
After that, it was filtered and 20 mL of the solution was
analysed for SF, NR, CR, and RR2 by UV-2450 (Shimadzu,
Japan) at the wavelength (Apaxes) of 518, 529, 499 and
489 nm respectively. The studies of pH variation, contact
time, temperature variation, initial dye concentration and

adsorbent dosage were carried out according to the previ-
ously reported procedure [38]. For all study, 25 mL dye
solutions were used. The effects of temperature and pH on
the adsorption data were carried out by performing the
adsorption experiments at various temperatures (25-60 °C)
and various pH (2-9) respectively. The percent dye adsorp-
tion was calculated by using Eq. 1 [38].

-G,

e

C
%Adsorption = x 100 (1)
The equilibrium uptake was calculated by using Eq 2 [38,
391,

\%4
C,) X —

Qe:(CO_ W

()
where ¢, represents equilibrium capacity of dye on Si-
MCM-41 (mg g~ "), Cy and C, are the initial and equilib-
rium concentrations of adsorbate solutions (mg L,
respectively. V denotes the volume of the dye solution
(L) used and W is the weight of the adsorbent (g) used. The
results shown here are the arithmetic means of three
experiments. For the experiment of adsorption kinetics, the
dye adsorption amounts were determined by analysing the
solution at appropriate time intervals.

2.3.2 Desorption measurements

The regenerability of the material was determined in three
subsequent adsorption—desorption cycles. Desorption
measurements were carried out in the same way as depicted
earlier [38]. Dyes were adsorbed on the adsorbent by the
method described above. Then, the adsorbent was treated
with an aqueous solution to desorb the dye on the adsor-
bent. The aqueous solutions for the desorption experiments
were prepared by adjusting of pH of deionized water at pH
2, 7, or 9 with dilute NaOH and HCI aqueous solutions.
Those solutions were used to evaluate the maximum
regeneration efficiency of dye (For SF, desorption condi-
tions: dye concentration, 50 ppm; adsorbent dosage,
15 mg/25 mL; contact time, 30 min; temperature, 303 K.
For NR, desorption conditions: dye concentration,
100 ppm; adsorbent dosage, 20 mg/25 mL; contact time,
30 min; and temperature, 308 K. For CR, desorption con-
ditions: dye concentration, 100 ppm; adsorbent dosage,
50 mg/25 mL; contact time, 70 min; and temperature,
313 K. For RR2, desorption conditions: dye concentration,
100 ppm; adsorbent dosage, 50 mg/25 mL; contact time,
80 min; and temperature, 308 K). The % desorption was
calculated by using Eq. 3 [40],

Concentration desorbed mg /L

Y%Desorption = x 100 (3)

Concentration adsorbed mg /L
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2.4 Characterisations

FTIR spectra of Si-MCM-41 material before and after
adsorbing dyes were recorded using a Perkin Elmer (Model
1600 FTIR Spectrophotometer) over the range
4000-500 cm™'. KBr pellet method was used for recording
the FTIR spectra. The surface morphology of the Si-MCM-
41 materials before and after adsorbing dyes were evalu-
ated from the HRXRD obtained from thermal ARL X-ray
diffractometer equipped with a CuKo radiation source and
a graphite monochromator. The porous structure charac-
teristics including specific surface area, average pore
diameter and pore volume pre and post adsorption of dyes
were obtained at 77 K with Nova 3200e (Quantachrome,
USA). The surface characteristics of the dye adsorbed Si-
MCM-41 material were analysed by using HRTEM
(Model- JEM-2100, JEOL, Japan). The surface morphol-
ogy of the pure material was analysed by using FESEM
(Model- FESEM Supra 55, Zeiss, Germany).

3 Results and discussion
3.1 Adsorption of different dyes

Removal of dyes from aqueous solution using an adsorbent
is known to depend on the temperature, the solution pH, the
equilibrium time of adsorption, the adsorbent dosage and
finally the initial concentration of dye solution. Those have
been optimised and discussed in detailed in Supplementary
material (SM, Section 1). Under alkaline conditions, at
higher pH, the electrostatic attraction between negatively
charged surface of adsorbent and positively charged
adsorbate is enhanced, resulting in higher % of adsorption
for both SF and NR. Additionally, for both CR and RR2,
the adsorption of dye molecules become reduced because
of the repulsive forces among negatively charged groups
present in the surface of adsorbent and negatively charged
adsorbate molecules [41]. The effects of temperature,
contact time, dye concentration and adsorbent dose on % of
dyes adsorption have been discussed in SM (Fig. S2-S5).

3.1.1 FTIR spectra

Infrared spectra of Si-MCM-41 before and after adsorbing
dyes are demonstrated in Fig. 2. Some well known vibra-
tional modes of the material are visible in all the spectra.
Infrared spectrum of calcined Si-MCM-41 (Fig. 2) show a
broad band due to associated -OH groups (Si—-OH) near
3463 cm™'. The —OH bending mode is present near
1637 cm™'. Asymmetric Si—O-Si stretching occurs at
1085 cm™'. Si—O bending in Si—OH is observed near
970 cm~'. Symmetric Si—O-Si stretching occurs at
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Fig. 2 FTIR spectra of calcined Si-MCM-41 before and after
adsorbing dyes; from top to bottom is SF/Si-MCM-41 (pH 9,
50 mg L', 303 K), RR2/Si-MCM-41 (pH 2, 100 mg L™, 308 K),
NR/Si-MCM-41 (pH 7, 100 mg L™, 303 K), CR/Si-MCM-41 (pH 4,
100 mg L™, 313 K), Si-MCM-41 (calcined). The percentages of the
dye to the anion exchange capacity of Si-MCM-41 are 1.296, 1.227,
0.239, and 0.202 meq/g for SF, NR, CR, and RR2 respectively

801 cm™! [42]. But, the dye loaded Si-MCM-41 materials
exhibit the characteristic peaks of broad band due to
associated —OH groups (Si—OH) near 3449, 3451, 3445 and
3456 cm™! for SF, RR2, NR, and CR respectively. The
—OH bending mode shifted to 1632, 1630, 1633 and
1631 cm™ ' for SF, RR2, NR, and CR respectively. The
shifting of —OH bonds indicate H-bonding, because
H-bonding lowers the energies of absorption (E = hv). The
asymmetric Si—O-Si stretching shifted to 1069, 1075, 1076
and 1080 cm ™! for SF, RR2, NR, and CR respectively. The
Si—-O bending in Si-OH shifted to 965, 960, 964 and
961 cm~! for SF, RR2, NR, and CR respectively. The
symmetric Si—-O-Si stretching shifted to 789, 791, 795 and
799 cm™! for SF, RR2, NR, and CR respectively. This
suggests that electrostatic as well as H-bonding interaction
may involve between the active sites of dyes and —OH
groups present on the surface of adsorbent (Fig. S12, SM).
Moreover, the characteristic absorption peaks of the Si-
MCM-41 in the range between 970 and 960 cm™" are also
observed for all samples, which implies that there is no
change in the pore structure of Si-MCM-41 after
adsorption.

3.1.2 HRXRD analysis

From the HRXRD patterns (Fig. 3) of Si-MCM-41 before
and after adsorbing dyes, it is obvious that the presence of
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(100), (110), (200) and (210) diffraction peaks in the pri-
mary Si-MCM-41 depicts the crystalline nature of the
calcined material. Various changes have occurred after the
adsorption of dyes onto Si-MCM-41. From Fig. 3, it is
observed that not only the disappearance of the major
peaks but also peak shifting took place. HRXRD patterns
NR/Si-MCM-41 and SF/Si-MCM-41 reveal no peaks due
to (100), (110), (200) or (210) diffractions, clearly signi-
fying that the crystalline character of the adsorbent has
been suppressed by high adsorption of adsorbates.

3.1.3 Nitrogen adsorption—desorption isotherms

The nitrogen adsorption—desorption isotherms (Fig. 4)
were measured to investigate the changes that occurred in
the pore structure of Si-MCM-41. Specific surface area,
average pore diameter, total pore volume data are given in
Table 1. The BET surface area for the calcined material is
973 m*/g and the average pore diameter is 2.42 nm. The
total pore volume of the calcined material is 0.758 cm’/g.
It is observed that the BET surface area of Si-MCM-41,
becomes decreased more effectively for both NR/Si-MCM-
41 (47 m*/g) and SF/Si-MCM-41 (66 m*/g) than that of
both CR/Si-MCM-41 (337 m%*/g) and RR2/Si-MCM-41
(392 m?/g) dyes. Not only BET surface area but also
average pore diameter along with total pore volume
decreased more effectively for both NR/Si-MCM-41 and
SFE/Si-MCM-41 compared to both CR/Si-MCM-41 and

(100) —Si-MCM-41
—— SF/Si-MCM-41

NR/Si-MCM-41

——CR/Si-MCM-41
RR2/Si-MCM-41

Intensity

26

Fig. 3 HRXRD patterns of calcined Si-MCM-41 before and after
adsorbing dyes; from top to bottom is calcined Si-MCM-41, SF/Si-
MCM-41 (pH 9, 50 mg L', 303 K), NR/Si-MCM-41 (pH 7,
100 mg L™, 303 K), CR/Si-MCM-41 (pH 4, 100 mg L™", 313 K),
RR2/Si-MCM-41 (pH 2, 100 mg L™', 308 K). The percentages of the
dye to the anion exchange capacity of Si-MCM-41 are 1.296, 1.227,
0.239, and 0.202 meq/g for SF, NR, CR, and RR2 respectively

1231
—u—Si-MCM-41
—e—CR/Si-MCM-41
6: SF/Si-MCM-41
~ ||—v—NR/Si-MCM-41 .Hf-l'
W - ) - ! -l.f'f-l"""
o0 RR2/Si-MCM-41 l:.._..__'.-!i?-ﬁﬂiw
id/ '-
k=
=
1}
g
<
=] .
2
B _,rf'. ¢
o o-0000-22P88Y
3 d 000:8:8 0N 0050033008 2208
< oo™ v
- .M” v
.'.. vwwy v v
R ———— T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure, P/P0

Fig. 4 Nitrogen adsorption—desorption isotherms of Si-MCM-41
(calcined) before and after adsorbing dyes; from top to bottom is
Si-MCM-41 (calcined), CR/Si-MCM-41 (pH 4, 100 mg L™', 313 K),
SF/Si-MCM-41 (pH 9, 50 mg L™", 303 K), NR/Si-MCM-41 (pH 7,
100 mg L™, 303 K), RR2/Si-MCM-41 (pH 2, 100 mg L™, 308 K).
The percentages of the dye to the anion exchange capacity of Si-
MCM-41 are 1.296, 1.227, 0.239, and 0.202 for SF, NR, CR, and RR2
respectively

RR2/Si-MCM-41 dyes. The reason behind this is the sur-
face of Si-MCM-41 was blocked by both NR and SF during
the adsorption process and these dyes may screen the
surface as well as the pores of the Si-MCM-41 more
effectively, which become inaccessible for the nitrogen
molecules at the time of analysis. It is observed that the
primary Si-MCM-41 (calcined) shows clear capillary
condensation at moderate nitrogen pressure. However, after
dye adsorption onto Si-MCM-41, the capillary condensa-
tion phenomenon becomes insignificant which indicates
that the adsorption process may decrease the pore size
uniformity and also the specific surface area. The pore
sizes can be calculated from the X-ray diffraction inter-
planar spacing (Fig. 3) and nitrogen isotherms (Fig. 4)
using the equation,

PV
S=bd|| ——— 4
(1 + pr) @

where b is a constant, S is the pore size dependent on the
assumed pore geometry and is equal to 1.155 for hexagonal
models, V, is the mesoporous volume, p is the pore wall
density (i.e. 2.2 cm’/g for siliceous materials), d is the
XRD interplanar spacing [43]. The average pore diameter
of both SF/Si-MCM-41 and NR/Si-MCM-41 are difficult to
estimate due to the absence of (100) peak in Fig. 3. So, it is
observed that an enormous decrease occurs in specific
surface area, average pore diameter and total pore volume
of Si-MCM-41 after dye adsorptions.

@ Springer
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3.1.4 FESEM and HRTEM analysis

Both FESEM and HRTEM are important tools for char-
acterising the surface morphology as well as fundamental
physical properties of the adsorbent surface. It is useful
for determining the particle shape, porosity and approxi-
mate size distribution of the adsorbent. FESEM and
HRTEM images reveal that fine particles have been
formed (Fig. 5a, b). Si-MCM-41 has considerable number
of pores and there is a good possibility for dyes to be
trapped and adsorbed into these pores. After adsorption of
dyes (Fig. 5c—f), pores have been covered up (indicated
by white arrows).

According to the adsorption efficacy and the analysis of
FTIR spectra, HRXRD patterns, nitrogen adsorption—des-
orption isotherms, FESEM and HRTEM, it is experimen-
tally demonstrated that the adsorption capacity of dyes
(especially both of SF and NR) is closely related to the pore
structure stability and specific surface area of Si-MCM-41
during the adsorption process.

3.2 Kinetics study
Dye adsorption rate is highly dependent on residence time.

During the adsorption process, adsorbate molecules
migrate to the outer surface of the adsorbent, diffuse to the

Table 1 BET surface areas, average pore diameter, total pore volume, and sorption conditions of Si MCM-41s before and after absorbing dyes

Material BET surface Average pore Total pore Sorption conditions Anion exchange capacity
area (m2/g) diameter (nm) volume (cm3/g) (meq/g) (% dye solution)

Si-MCM-41 973 242 0.758 - -

CR/Si-MCM-41 337 1.77 0.296 pH 4,100 mg L™', 313 K 0.239

SF/Si-MCM-41 66 - 0.139 pH 9,50 mg L™, 303 K 1.296

NR/Si-MCM-41 47 - 0.116 pH 7, 100 mg L', 303 K 1.227

RR2/Si-MCM-41 392 1.82 0.309 pH 2, 100 mg L', 308 K 0.202

Fig. 5 a FE-SEM image of calcined Si-MCM-41. HR-TEM images
of calcined Si-MCM-41 before (b) and after adsorbing dyes such as
(¢) SF/Si-MCM-41 (pH 9, 50 mg L™', 303 K), d NR/Si-MCM-41
(pH 7, 100 mg L™", 303 K), e CR/Si-MCM-41 (pH 4, 100 mg L™,

@ Springer

313 K), f RR2/Si-MCM-41 (pH 2, 100 mg L™!, 308 K). The
percentages of the dye to the anion exchange capacity of Si-MCM-
41 are 1.296, 1.227, 0.239, and 0.202 meq/g for SF, NR, CR, and RR2
respectively
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Fig. 6 Modelling of the adsorption kinetics of a SF, b NR, ¢ CR and d RR2 using pseudo-second-order model onto Si-MCM-41 as adsorbent

boundary layer and from the particle surface into the
internal sites via pore diffusion [38]. To investigate the
adsorption process on Si-MCM-41, pseudo-first-order [44],
pseudo-second-order [45], second order [46], and intra-
particle diffusion [47] kinetics models were used (for
details, see SM, Section 2, Fig. S6-S8 and Table S1-S4).
From Fig. 6, it is apparent that the kinetics data of dye
adsorption using Si-MCM-41 fitted well with pseudo-sec-
ond-order model which exhibits higher correlation coeffi-
cient (R?) and lower XZ value (see SM; Table S1-S4),
compared to other models.

Weber and Morris plot was also used to investigate the
intraparticle diffusion kinetics model and its mechanism
(see SM, Fig. S8). If the plots g, vs. #2 is linear and passes

through the origin, then intraparticle diffusion is the rate
limiting step [48, 49]. However, if the plot does not pass

through the origin, having an intercept (C) which gives an
idea about the thickness of the boundary layer. This also
indicates that intraparticle diffusion is involved in the
adsorption process. Therefore, the presence of multilin-
earity and the boundary layer thickness suggests that some
other mechanism may also play a significant role in the dye
uptake process in association with intraparticle diffusion
model. Most probably, both surface adsorption and intra-
particle diffusion are likely to take place simultaneously.

3.3 Adsorption isotherms
The current research presents a method of direct compar-
ison of the isotherm fit of several models to enable the best-

fit and best isotherm parameters to be obtained. Beside this,
adsorption isotherm shows how the adsorbate molecules

@ Springer
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Fig. 7 Modelling of the adsorption isotherms of a SF, b NR, ¢ CR and d RR2 using Langmuir model onto Si-MCM-41 as adsorbent

are distributed between the liquid phase and solid phase.
Langmuir [50], Freundlich [51], Temkin [52] isotherm
models are most frequently used adsorption models and all
the models were used to fit the experimental data. The
various isotherm models have been explained in SM (see
Fig. S9-S10, Table S5-S8).

The essential feature of the Langmuir isotherm can be
expressed in terms of a dimensionless factor called sepa-
ration factor R;, which is an important characteristics of the
Langmuir isotherm model [53].

1
R =——
L <1 +bC0>

where Cj is the initial concentration of corresponding dyes
and b is the Langmuir constant. The value of R, signifies
whether the Langmuir model is linear (R; = 1), favourable

(5)
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(0 <Ry < 1), irreversible (R; =0) or unfavourable
(R; > 1). The values of R; are found to be 0 < R, < 1,
which implies the favourable uptake of these dyes from
aqueous solution. It has also been observed that Langmuir
isotherm model shows higher correlation coefficient and
lower XZ value (see SM, Table S5-S8).

It is observed from Fig. 7 that Langmuir isotherm model
shows better mathematical fit with experimental data in con-
trast to Freundlich, and Temkin isotherm models (based on the
higher correlation coefficient (RZ) and lower ;{2 value). A basic
assumption of Langmuir theory is that sorption takes place at
specific sites within the adsorbent. This means that the
adsorption of dye takes place at specific homogeneous sites
and mono layer adsorption on the surface of Si-MCM-41.
Also, investigations carried out at various temperatures sug-
gest that the adsorption is monolayer. From Langmuir
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isotherm models at various temperatures (303 K for SF,
303 K for NR, 313 K for CR, and 308 K for RR2), ¢,, were
found to be 275.5,288.2, 87.4, and 60.2 mg g~ ' respectively.
This indicates that the Si-MCM-41 is having very high
adsorption capacity to remove both of SF and NR dyes from
aqueous solution. The values of Langmuir constant ‘b’ also
increased with temperature. This specifies the stronger affinity
between the active sites of the adsorbent and adsorbate
moleules [39].

3.4 Thermodynamics study
Thermodynamic studies are important to find out the nature

of adsorption process. Thermodynamic parameters were
determined using van’t Hoff’s equation, which is given by:

AS®  AH°

Inb = — (6)
R RT

AG®° = AH®° — TAS° (7)

Where AG® is the change in Gibbs free energy (J Mol ™),
AH° is the change in enthalpy (J Mol '), 45° is the change
in entropy (J Mol™' K™'), R is the universal gas constant
(8.314 T Mol~" K™ ') and b is the Langmuir gas constant at
temperature 7 (K). The variation in the extent of adsorption
with respect to temperature has been explained on the basis
of thermodynamic parameters i.e. change in standard free
energy, enthalpy and entropy. The values AS° and AH® (see
SM) were evaluated from the intercept and slope of a plot
of In b versus 1/T (Fig. 8). The negative values of 4G° (see
SM) confirms the spontaneous nature of the dye uptake
process. It was also observed that with increase in tem-
perature, the values of AG° gradually decreased (see SM).
This implies stronger adsorptive force, which results in
higher degree of spontaneity at higher temperature. The
positive values of AH° (see SM) suggest that the process is
endothermic [54]. The positive values of A4S° (see SM)
suggested higher degree of freedom at the solid-liquid
interface during the adsorption of dye molecule on the
active site of adsorbent [38, 55-57].

3.5 Regeneration study

The adsorption and desorption characteristics of an adsor-
bent is very important for its potential application. An
efficient adsorbent should possess both high adsorption
capacities as well as excellent desorption characteristics, to
render the sorbent economically viable. Desorption
experiments (see SM, Fig. S11) were performed with dif-
ferent media of pH solutions (pH 2, 7 and 9). Desorption
study was repeated three times. For both NR and SF, the
maximum % desorption were obtained at pH 2 (97.57 %
for NR, 97.65 % for SF) and the minimum % desorption
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Fig. 8 Thermodynamic study for adsorption of various dyes using Si-
MCM-41 as adsorbent; from fop to bottom. a RR2, b SF, ¢ NR and
d CR

were obtained at pH 7 (49.89 % for NR) and at pH 9
(50.36 % for SF). For both RR2 and CR, the maximum %
desorption were obtained at pH 9 (86.02 % for RR2,
86.81 % for CR) and the minimum % desorption were
obtained at pH 2 (29.33 % for RR2, 31.69 % for CR),
which is an opposite trend observed in adsorption (see
SM). This provides clear evidence of reusability of the
adsorbent for the treatment of respective dyes from aque-
ous solution and this result also indicates that dyes uptake
may follow the ion exchange mechanism [58, 59].

3.6 Adsorption mechanism

It has been observed that various factors play a key role in
dye adsorption mechanism, such as the dye structure, tex-
tural properties and surface chemistry of adsorbent as well
as the specific interaction between the adsorbent surface
and adsorbate [60, 61]. In basic and neutral environment,
strong electrostatic attraction as well as H-bonding exist
between the negatively charged surface of Si-MCM-41 and
positively charged groups of the dye molecules, leading to
the enhanced adsorption of both SF and NR dyes onto the
Si-MCM-41. However, for both CR and RR2, the nega-
tively charged surface of Si-MCM-41 may compete with
the anionic dyes, resulting in repulsive forces among the
negatively charged adsorbent surface and negatively
charged dyes (Fig. S12, SM). The high surface area of Si-
MCM-41, also helps to adsorb lower amount of anaonic
dyes on the Si-MCM-41 surface. Additionally, consecutive
diffusion and mass transport process also play an important
role in the adsorption process [41, 62-65]. The siloxane
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network (Si—O-Si) might be facilitating the mass transport
and diffusion process. Thus, it is expected that intraparticle
diffusion may also take place and control the dye adsorp-
tion process.

4 Conclusions

The present work focused on the plausible effects of
interaction among the surface active groups of the dye
molecules and Si-MCM-41 on the pore structure of the
material and its ability to remove various dyes from
aqueous solution. Moreover, all the silica particles can
effectively adsorb both SF and NR dyes than CR and RR2
dyes from aqueous solution compared to other adsorbents
(Table S13, SI). The electrostatic interactions along with
the H-bonding are playing an important role in the
adsorption process. The kinetics data follows both pseudo-
second-order kinetics and intraparticle diffusion kinetics
models simultaneously. The adsorption equilibrium is in
good agreement with Langmuir adsorption isotherm, indi-
cating monolayer adsorption on the homogenous surface.
Regeneration studies indicate the good regeneration ability
of Si-MCM-41. So, based on the data of present investi-
gation, one could conclude that Si-MCM-41 being a pro-
ficient adsorbent with high dye adsorption capacity might
be a suitable alternative to remove dyes from aqueous
solution.
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