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A series of core-shell Si0,@Mg,Si,0, (SM) composites were synthesized with high efficiency for the

adsorption of Rhodamine B (RhB). The composites were characterized by powder X-Ray Diffraction

(XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), nitrogen

adsorption-desorption. The influences of different magnesium oxide addition, adsorbent dosage,

10 temperature, contact time and initial RhB concentration on RhB adsorption were investigated, and the

optimized adsorption parameters were also obtained. The adsorption data was evaluated using Langmuir

and Freundlich models, but high correlation coefficients (R*) confirmed the validity of Langmuir

isotherm, with maximum adsorption capacity of 52.71mg/g at 313K. The kinetic data fitted pseudo-

second order model well and thermodynamic studies showed that the adsorption process was spontaneous

15 and endothermic. Even after successive five cycles for the adsorption—desorption of RhB, the regenerated

powders remained excellent adsorption capacity with more than 99% dye removal which could be utilized

as an efficient and low-cost adsorbent for adsorption of RhB dye in wastewater.

Key words: SiO,@Mg,Si,O,composite; adsorption; rhodamine B; isotherms; kinetics

1. Introduction

20 Water is one of the most essential natural resources for human
life and only 0.03% of the total water available on earth can be
utilized for various human activities.! However, increasing
population growth and industrial booms have lead to serious
water pollution especially the dyestuff pollution. Dye pollutants

25 produced by textile industries are becoming a major source of
environmental contamination, above 1.6x10°m® dye-containing
wastewater per year drains into environmental water systems
without treatment.”* Azo dyes such as Rhodamine B, methyl
orange, orange II and so on occupy the main part of dye

30 pollutants and often become toxic to organisms.” However, azo
dyes in waste water are difficult to be removed, due to their
complex composition and inert properties. So decolorization,
mineralization and decomposition of azo dyes are still a
challenge.%®

35 For these reasons, several methods for removing dye pollution
from waste water have been investigated,” including coagulation,
chemical  reaction,  photo-degradation,  bio-degradation,
ultrasound-degradation and reverse osmosis. These methods are
often expensive and extremely sensitive to several experimental

4 conditions and in addition may cause undesirable secondary
pollution.'® While adsorption is considered to be more economic
and eco-friendly for the removal of dyes from aqueous systems. !
In recent years, extensive literature has been reported regarding
dye removal from aqueous solutions by using a myriad of
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adsorbents derived from clay mmerals,12 activated carbon,1 !

ﬂy ash’19-21
materials.”** Despite the fact that activated carbon is one of the

coal,'® wood,"” carbon xerogels,18 and bio-
most effective adsorbents, the use of activated carbon is an
expensive process due to its high cost and difficulties in the
regeneration of adsorbed activated carbon. Therefore, the
preparation of low-cost and recyclable adsorbent has become a
focus to researchers for the last few years.'® >

In this paper, synthesized a series of core-shell
Si0, @Mg,Si,0, composites with high specific surface areas and
regular mesopores, which could be used as adsorbents in the
removal of RhB from aqueous solution. Moreover,
adsorbent not only displayed higher adsorption capability and
better desorption property, but also was easy to be regenerated.
Herein, the micron-spherical SiO, is chosen as the core material
for Si0,@Mg,Si,0, due to the following reasons.” Firstly, silica
has a well-characterized surface and can be modified to a wide
range of functionality owing to the presence of active hydroxyl
groups. Secondly, silica surface is generally embedded with
hydroxy groups and ethereal linkages, and hence considered to
have a negative charged surface prone to adsorption of electron
deficient species. Furthermore, Silica is nontoxic to the
environment and very stable due to its thermal stability and
chemical inertness. In addition, Rhodamine B (RhB), a water-
soluble organic dye widely used in textile industries for dyeing
cotton, wool, and silk, was selected as the model azo dye to
evaluate the adsorption efficiency of SiO,@Mg,Si,O,. The
system variables, adsorption isotherms, dynamics,

we

such

and

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 1



w

@

20

25

w
&

40

4

5

@

RSC Advances

thermodynamics of adsorption were also investigated. The
systematic and detailed investigation of SiO,@Mg,Si,O,
materials prepared by facile and economic method was of great
importance toward the application of removal of RhB dye from
aqueous solutions.

2. Experimental
2.1 Materials

The micron-sized silica spheres (Dso= 4.714um) with a normal
size distribution were obtained from Wuhan Shuaier Photo
Electronic Materials Corporation, Ltd., which were synthesized
according to Ai's method.?® Silica sol (25wt% of nano-SiO,) was
supplied by Wuhan Huanyu Chemical Corporation Ltd.,
magnesium carbonate basic pentahydrate
((MgCO;)4-Mg(OH),-5H,0, Rhodamine B (RhB)
purchased from Sinopharm Chemical Reagent Corporation, Ltd..
All the reagents were AR (analytical reagent) grade in purity and
employed without purification. Deionized water was used in all
the processes.

2.2 Preparation of Si0,@Mg,Si,0O,

were

A series of Si0,@Mg,Si,O, (SM) materials were synthesized
under ambient conditions with two procedures. First, the silica sol
(25wWt% of nano-SiO,) was mixed with activated magnesium
oxide in a mass ratio, then the micron-spherical SiO, was added
into the mixture. The activated magnesium oxide was obtained
from magnesium carbonate basic pentahydrate by calcination at
650°C for 3h. Then the mixture was stirred in a mixing agitator
with a speed of 1800rpm for 20min and then dried in an oven at
120°C for 6h. The dried solids were subsequently grinded, and
calcined at 600°C for 3h in air. The obtained samples were named
as SM-X (X=1, 2, 3, 4, 5) according to the addition of activated
MgO (wt%) at 10, 15, 20, 25 and 30%, respectively.

2.3 Characterization

XRD patterns of all the samples were obtained on a Bruker D8
advanced powder X-ray diffractometer using Cu Kal radiation
(A=1.54060A) at 40kV and 40mA. The powders were scanned
from 10° to 80° (20) with a speed of 6°min’".
The morphology of the samples was observed on a FEI Zeiss
Sigma scanning electron microscopy (SEM).

scan

The
structure of the samples was characterized by a JEOL JEM-
100CX L electron microscope (TEM). X-ray
photoelectron spectroscopy (XPS) was carried out on a
Thermo Fisher ESCALAB 250Xi instrument with a
monochromatic Al K Alpha (1486.68eV) X-ray source, and the
binding energies were referenced to the Cls line at 284.8eV from
adventitious carbon. FT-IR spectra were collected by Fourier
Transform Infrared Spectroscopy (Nicolet 5700) in the range of
500-4000cm™. N, adsorption-desorption isotherms were
measured using Gemini [ 2390 at 77k. The specific surface areas
were evaluated using Brunauer-Emmett-Teller (BET) method in
the p/po range of 0.02-0.20. The pore size distributions were
calculated using the Barrett-Joyner-Halenda (BJH) method based
on the adsorption branch. The total pore volume was determined
from the data at p/p;=0.99. UV-vis adsorption spectra were
recorded by UV-vis spectrophotometer (UV-vis, SHIMADZU

internal

transmission

ss UV-3600) from the scale range of 300-700nm.”’
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2.4 Adsorption experiments

A stock solution of RhB (100mgL™") was prepared in deionized
water, which was used to be diluted to obtain solutions of desired
concentrations. Batch method was followed to carry out the
adsorption studies, which permitted the convenient evaluation of
parameters that influence the adsorption process. The represent
sample SM-5 (1.0g/L) was added to 50mL solution of RhB
(10mg/L) taken in 250mL conical flasks. The solution was stirred
in thermostatic water bath-cum-shaker at a constant speed of

s 120r/min at a given temperature. After equilibrium time had been

reached, RhB solution was separated by centrifugation at 12000
rpm for 10min. The absorbance of clarified supernatant solution
was collected by a UV-vis spectrophotometer.”®

The kinetic experiments were carried out with RhB solution (10-
60mg/L) at three temperatures (293, 303 and 313K) as a function
of equilibrium time in a similar manner. For contact time studies,
the residual concentrations of RhB solution (5, 10, 20mg/L) with
SM-5 (0.2g/L)) were measured at varying time intervals between
10 and 420min. The pH of solution was 6.0-6.5 without
adjustment. The equilibrium concentration of RhB solution was
calculated using the value of maximum absorbance obtained at
wavelength (A=554nm) from the UV-vis spectra. A calibration
plot of RhB with known concentrations was prepared and used
for calculation purpose. Adsorption efficiency or removal
percentage was calculated by Eq.(1) and the equilibrium
adsorption capacity g, (mg/g) was calculated using the Eq.(2)

Removal = % x 100% ¢))
0
(Co —Ce)V
e = m = (2)

Where C, is the initial concentration of the RhB solution (mg/L),
C, is the equilibrium concentration (mg/L), V is the volume of the
RhB solution (mL), and m is the adsorbent mass (mg).

Effects of different magnesium oxide addition, adsorbent dosage,
temperature, contact time and initial RhB concentration on RhB
adsorption by SM-5 were also investigated.

3. Results and discussion
3.1 XRD

Fig.1 shows the XRD patterns of SM-5 that before and after
calcination respectively. The composites exhibit a broad peak at
around 23° (20) attributed to the characteristic of amorphous SiO,.
It could be seen that the composites before calcination exhibited
two diffraction peaks at 20 of 42.68, 62.26° of activated MgO.
However, no distinct diffraction peaks were observed in
calcinated composites indicated that the activated MgO was
completely reacted with silica sol in the process of calcination.
The XRD spectra of other composites are shown in the
supporting information (Fig.S1).
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Fig.2 (a and b) SEM images of SM-5; (c) TEM image of SM-5.
5 3.2 SEM

The surface topography of the composite materials is obtained
using SEM and two characteristic images of SM-5 are shown in
Fig.2 (a and b). As shown in the SEM images, the morphology of
SM-5 was approximately elliptical with the diameters of more

10 than 3um. The surface of the particles was rough with many
mesopores on the surface of SiO, spheres, indicating that silicon
magnesium composites agglomerated on the external surface of
the SiO, core, which could also be confirmed by nitrogen
adsorption-desorption studies. It could be concluded that the

15 core-shell structure of SM-5 was formed with silicon magnesium
oxides coated on the surface of SiO, micro-spheres. The
morphologies of other composities were similar to SM-5 and the

SEM images are shown in the supporting information (Fig.S2).
3.3TEM

2 The structural properties of SiO,@Mg,Si,O, materials were
further investigated by transmission electron microscopy
techniques. Fig.2(c) showed the TEM image of one representative
sample SM-5 and illustrated that the micron-SiO, was spherical
which could be observed in the dark place, while the bright area

25 could be ascribed to the coated silicon magnesium oxides with
different molecular formula. The TEM images further confirmed
the core-shell structure of SiO,@Mg,Si,O, and the Mg,Si,O,
particles aggregated to form secondary particles that were tens of
namometers in size, consistent with the results of XRD and SEM.

30 3.4 XPS

The surface composition, chemical status, and elemental content
were further determined by means of XPS (Fig.3). XPS analyses
indicate that the surface of composites contained the element of
Mg, Si, O. The carbon peak is due to adventitious hydrocarbon
35 from the XPS instrument. In figure 3a, three individual peaks
about 1304.76eV, 102.96eV, and 532.21eV could be evidently
observed, which could be assigned to the binding energies of Mg
1s, Si 2p and Ols respectively. The high-resolution spectra of Mg
1s, Si 2p and Ols are shown in Fig 3(b, ¢ and d). The calculated
40 surface atomic ratio of SM-5 for Mg, Si, O is 1:1.34:3.60. The
atomic ratio of other composites are summarized in Table 1.
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Fig.3 XPS spectra of SM-5: (a) survey scan; (b) Mg 1s; (c) Si 2p; (d) O 1s.

3.5 N, adsorption-desorption

ss The textural properties were investigated using nitrogen as the
adsorption gas and the adsorption-desorption isotherms are
depicted in Fig.4a. The isotherms showed a gradual increase in
the amount of N, adsorbed at low relative pressure values due to
monolayer adsorption. As the relative pressure value increased,
so multilayer adsorption occurred and this was followed by capillary
condensation (the steep portion of the adsorption isotherm).The
samples prepared in this study exhibited Type IV isotherms
evidenced by a hysteresis loop which was the characteristic of
mesoporosity. SM-4 and SM-5 showed H2 type hysteresis loops
ss which were characterized by a steep desorption branch. Such
hysteresis loops had been attributed to the presence of ink bottle

This journal is © The Royal Society of Chemistry [year]
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pores

with a

narrow mouth

(Fig.4a).

However,

the

Si0,@Mg,Si,0, materials with lower magnesium oxide addition,
SM-1, SM-2 and SM-3 exhibited H3 type loops that were not
leveled off at relative pressures that was very close to that of

w

saturation vapor pressure. Such loops were typical for materials

that consisted of aggregates of plate-like particles forming slit
like pores. As the addition of magnesium oxide further increased,
the surface area increased and the results were summarized in

Table 1.

The pore size distribution plots for corresponding samples are

also showed in Fig.4b. As could be seen, the samples showed
fairly narrow and unimodal pore size distribution with pores
centered at near 3nm. It was found that there was no obvious
difference among the five materials while the only difference was

the peak intensity. SM-4 and SM-5 had higher peak intensity,

indicating more pores in comparison with the rest samples. This
might be attributed to the higher amount of magnesium oxide
which could form more pore structures on the surface of SiO,
micro-spheres with the silica sol."
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Fig.4 (a) Nitrogen isotherms and (b) pore size distribution of SM-1 to SM-5

with different magnesium oxide addition.
Table 1. Textural properties of various SiO, @Mg,Si, O, materials
prepared by different addition of activated magnesium oxide.

Sample  MgO Chemical SSA  PVe PD’

(Wi%) formula® (m’g)  mYy) ()
SM-1 10 Si0,@MgSi) 9704 58 204.55 0.59 3.18
SM-2 15 Si0,@MgSi1:04s2  214.88  0.53  2.77
SM-3 20 Si0,@MgSi 550307 249.85  0.53 2.34
SM-4 25 Si0@MgSi 141037 27230 043 3.43
SM-5 30 Si0,@MgSi 130360  311.00 0.54 3.11

25 SSA, PV, and PD refer to specific surface area, pore volume, and pore

diameter

respectively

“ Calculated from the atomic ratio of XPS spectra

b Calculated from the adsorption branch of the isotherm

3.6 Adsorption studies

30 3.6.1 Effect of different magnesium oxide addition

The removal percentage of RhB adsorbed onto the five materials
was in the following order: SM5 > SM4 > SM3 > SM2 > SM1
(Fig.5a). This was consistent with the changing trend of BET
surface area. Taking into account the efficiency of adsorption,

35 here our work mainly focused on the investigation of SM-5. It
was noteworthy that most pores in SM-5 were larger than 3nm
(Fig.4b), which were suitable to adsorb RhB as the length and
width of RhB molecular were 1.8 and 0.7nm,”**° respectively.

3.6.2 Effect of adsorbent dosage

40 To evaluate the adsorption efficiency of SM-5 for RhB, the
dosage of SM-5 varied from 0.2 to 1.2g/L. The removal
efficiency of RhB increased rapidly with the increase of
adsorbent dosage (Fig.5b). This might be attributed to an
increased adsorbent surface area and availability of more

45 adsorption sites.”" Generally, adsorption reached saturated at dose
of 1.0g/L and the dye uptake had a negligible decrease beyond
1.0g/L.

Removal(%)

Removal(%)

Adsorbent dosage(g/L)

Fig.5 (a) Effect of different magnesium oxide addition on adsorption of RhB;
50 (b) effect of adsorbent dosage on adsorption of RhB by SM-5.

3.6.3 Effect of temperature

The adsorption of RhB onto SM-5 at 293, 303 and 313K (Fig.6a)
indicated that the adsorption capacity increased with temperature
from 293K to 313K and the adsorption was endothermic. This

ss phenomenon might be ascribed to these reasons: (a) increase in
the rate of diffusion of adsorbate molecules across the external
boundary layer and internal pores of the adsorbent, (b) an
increase in the porosity and in the total pore volume of the
adsorbent with temperature, (c) increase in the available active

o0 sites for adsorption.’" * Although adsorption was highest at
313K, all further experiments were carried out at 298K as most
water resources had this temperature.

3.6.4 Effect of contact time and initial RhB concentration

The adsorption capacity with corresponding contact time is also
es shown in Fig.6b. The adsorption capacity increased with

4 | Journal Name, [year], [vol], 00—00
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increasing contact time and reached equilibrium at around 5h. It
was observed that dye uptake was rapid at the beginning, because
of the availability of active sites and the high concentration

gradient of RhB between the active sites and the aqueous solution.

w

And then, the rate of adsorption slowed down with decrease of
available adsorption sites, during this process, the RhB molecules
had to traverse deeper pores inside the particles and overcome a
larger resistance. Moreover, high concentration required longer
contact time to attain equilibrium because of the higher amount of
10 dye molecules.*

Fig.6b also shows the effect of initial RhB concentration (5, 10,
20mg/L) on the adsorption of RhB at 298K. The equilibrium
adsorption capacity increased from 24.78 to 52.05mg/g when the
concentration of RhB increased from 5 to 20mg/L. This trend

15 could be ascribed to that a high concentration of RhB provided
necessary driving force to overcome the mass transfer resistances
between aqueous and solid phases, resulting in better adsorption
of RhB onto SM-5 at a higher dye concentration.’
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20 Fig.6 (a) Effect of temperature on adsorption of RhB by SM-5 (Conditions: C,,
10-60mg/L; adsorbent dose, 1.0g/L; temperature, 298k and pH, 6.0-6.5); (b)
effect of contact time and initial RhB concentration on adsorption of RhB by
SM-5 (Conditions: C,, 5,10,20mg/L; adsorbent dose, 0.2g/L. and temperature,
298k and pH,6.0-6.5)

25 3.7 Mechanism of adsorption

The mechanism of adsorption could be explained by the
chemical interactions between the dye molecules and the
adsorbent. Chemical interactions include electrostatic attraction,
covalent bonding, nonpolar interaction, water bridging, and

30 hydrogen-type bonding. Electrostatic interaction forces between
dye molecules and the adsorbent structure are clearly involved
because the dyes’ molecules have a positive net charge and the
adsorbent has a negatively charged surface (mainly due to
hydroxyl groups on the surface).”’” In addition to electrostatic

35 interaction, there is the possibility of H-bond and water-bridge

formation between the amine, carboxylate, and heterocyclic N or
O groups in the adsorbate organic structure and hydroxyl group.
Hydroxyl groups are bonded to Si atoms at the Si—O-Si
framework and as a consequence of the incomplete electronic Si

s0 d layer, the electronic density distribution in the OH groups
present a negative charge density highly displaced throughout the
O atom. So a dipole is formed with the positive center located at
the H atom. Moreover, dye molecules which have highly
periphery  electronic  displacements  (peripheral  dipoles,

45 quadrupoles, and m-electronic clouds) could form H-bonds with
the adsorbent surface.**

FTIR analysis was carried out in order to identify the
functional groups in the SM-5 that might be involved in the
adsorption process. The FTIR spectrum of RhB is shown in

s0 Fig.7a and the spectra of SM-5 before and after adsorption are
shown in Fig.7b. The broad band positioned around 3430cm™
was assigned to the stretching vibration of hydroxyl functional
groups. The broad peak located at 1091cm™ was attributed to
asymmetric Si—O-Si vibrations; two peaks centered at 797 and

ss 622cm’ due to symmetric Si—O-Si vibrations. The changes in
peak frequency and intensity of FT-IR spectra before and after
RhB adsorption suggested that Si—O-Si band and hydroxyl
groups were involved in the adsorption process. The FTIR
spectrum of SM-5 after adsorption revealed that many new peaks

e were introduced into the spectrum after adsorption. These new
peaks at 2800-3000 and 1300-1600cm™ were of significant
intensities and corresponded to the peaks of RhB, indicating the
adsorption of RhB molecules onto SM-5. The appearance of
band at 1647cm™" could be assigned to the C=0 of carboxylic

es acids. The absorption bands around 1300-1600cm™ were
assigned to aromatic skeletal vibration. The FTIR spectra suggest
RhB might be adsorbed on SM-5 through hydrogen bond
formation and -7 interaction.
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70 Fig.7 FT-IR spectra of (a) RhB and (b) SM-5 before and after adsorption.
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3.8 Adsorption isotherm

The adsorption isotherm indicates how the dye molecules are
distributed between the liquid phase and solid phase when the
adsorption process reaches equilibrium. Two important isotherms,

s the Langmuir isotherm and Freundlich isotherm are tested in this
study.

Langmuir isotherm is valid for monolayer. The linearized form
of equation is expressed as Eq.(3) (Langmuir,1918):

Ce 1 + Ce 3
de bdm dm ®)
Where C, and g, are the equilibrium liquid-phase and solid-phase
10 of concentration respectively; ¢, (mg/g) is the monolayer
capacity of the adsorbent; and b (L/mg) is the Langmuir
adsorption constant, which is related to the adsorption energy. As
shown in Fig.8a, the plots of C.J/q, versus C, at different
temperatures (293, 303 and 313K) are linear, which indicated that
15 the adsorption data followed the Langmuir isotherm model.
The Freundlich isotherm is described by the following Eq.(4)
(Freundlich,1906):

1
logqe = logKp +Hlog Ce 4)

Where Kr (L/g) and n are the Freundlich constants of the system,
indicators of adsorption capacity and adsorption intensity,
20 respectively, which are obtained from the slope and the intercept
of the lineralized Freundlich plots (Fig.8b).
The results of Langmuir and Freundlich parameters at different
temperatures are shown in Table 2. It could be concluded that the
correlation coefficient (R?) for Langmuir isotherm model was
25 higher than 0.99, and g,, calculated from the model was close to
the experimental data. It illustrated that the Freundlich isotherm
did not fit well with the equilibrium data while the adsorption of
SM-5 could be well described by the Langmuir isotherm. In

Table 2. Isotherm parameters for adsorption of RhB onto SM-5

addition, the adsorption capacity increased with the temperature

30 and the maximum adsorption capacity was 52.71mg/g at 313K,
which was higher than most other adsorbents reported earlier
(Table 3) for RhB adsorption.“o'42
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Fig.8 (a) Langmuir adsorption isotherm and (b) Freundlich isotherm plots for

35 adsorption of RhB onto SM-5.

Temperature(K) Experimental Langmuir model Freundlich model
Ina(ME/R) gn(mg/g) b(L/mg) R’ Ki(L/g) n R’
293 49.26 48.10 1.99 0.9964 26.28 3.67 0.9006
303 52.34 51.98 2.08 0.9969 28.63 3.25 0.9491
313 55.06 52.71 2.17 0.9955 29.29 3.21 0.9263

40

Table 3. Comparison of adsorption capacity for adsorption of RhB with other adsorbents

Adsorbent q,,(mg/g) Reference

Fly ash 10.0 Chang et al.(2009)

Modified parthenium biomass 18.5 Lata,Garg,and Gupt (2008)
Kaolinite 46.08 Khan,Dahiya,and Ali (2012)
Duolite C-20 resin 28.57 Al-Rashed and Al-Gaid (2012)
Hypercross-linked polymeric adsorbent 2.1 Huang et al.(2008)
Surfactant-modified coconut coir pitch 14.9 Sureshkumar and Namasivayam (2008)
Sago waste derived activated carbon 16.1 Kadirvelu et al.(2005)
Carbonaceous adsorbent 91.1 Bhatnagar and Jain (2005)
Used black tea leaves 53.2 Hossain et al.(2012)

SM-5 52.71 This work

6 | Journal Name, [year], [vol], 00—00
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40 The Weber-Morris intraparticle diffusion model is applied to

determine the rate-limiting step of adsorption process using the
Adsorption kinetics of RhB, including the adsorption mechanism following expression:

qe = kit®® +C ™
05)

3.9 Adsorption kinetic studies

and rate controlling steps, were tested by pseudo-first order,

pseudo-second order and intra-particle diffusion model. ) ) ) o )
Where k; is the intraparticle diffusion rate constant (g/mg- min

and C is the constant that gives an idea about the thickness of the

0.5 - . .
The linear form of Pseudo-first order equation is given as Eq (5): ~ + boundary layer. The plot of ¢, vs. 7™ is shown in Fig 9c.
The adsorption process is controlled by the intraparticle diffusion

5 3.9.1 Pseudo-first order model

(5) model if the plot of g, vs. 1 * gives a straight line and passes
through the origin. Here, the plot of ¢, vs. t*° was a straight line
but did not pass through the origin implied that the intraparticle

so diffusion was involved in the adsorption process but was not the
only rate controlling step.>*

1
log(qe — qv) =logge =552

Where g, (mg g™") and ¢, (mg g™") are the adsorption capacity
of RhB at equilibrium and at time ¢, respectively. k; (min™") is the
pseudo-first order rate constant. Values of k; and ¢, can be

10 obtained from the slope and the intercept of the plot of log (g, — 12
q,) versus ¢ (Fig.9a). ol B a
3.9.2 Pseudo-second order model o : . : T -

The pseudo-second order model is expressed as Eq (6) 5054 . S "N 2 T .
t _ 1 t p 2 o M * : .
AR © 1am= o
4 v 5mglL .
Where k, (g/mg-min) is the pseudo second order rate constant. R S L IR P . L P e

15 The intercept and slope of the plot of #/g, and ¢ provides the ° ¢ (min)
values of k, and ¢, (Fig.9b). b
The calculated values of correlation coefficients, adsorption 1 v
capacities and rate constants are reported in Table 4. From the 21 v :
table we could see that the values of correlation coefficients w_‘:: .

20 obtained from the pseudo second order (R*>>0.99) were much . - P P
better than the values obtained from the pseudo first order (R*= 4] e e
0.9813 - 0.8491). Moreover, the calculated values of g, by fitting 1 ¥ e : ?:,:QL,L
pseudo second order model were almost same as the experimental O'; - - - : 2:’&"0‘9“
values for all the concentrations studied, where as g, values t (min)

25 obtained from pseudo first order model showed a larger deviation o I —
from the experimental values, which indicated that the adsorption 0] ¢ ;ﬂ:z/t _jaseier .
process obeyed pseudo second order model well. In addition, the ol
value of k, was found to decrease with increased initial dye 0 —
concentration implying a higher diffusion rate of adsorption at E:”' L g

30 lower concentration. This may be attributed to the greater degree S - 3
of distribution of dye over the surface of adsorbent for the 2] I 5 e
adsorption process. al oY v
3.9.3 Intraparticle diffusion model ’ ’ “ P — * ” “

Adsorption involves three consecutive steps: liquid film
35 diffusion, intraparticle diffusion and mass action. As mass action
is very rapid and negligible for kinetic studies, the rate-limiting

Fig.9 (a) Fit of kinetic data to pseudo first order model; (b) fit of kinetic data to

pseudo second order model; (c) fit of kinetic data to intraparticle diffusion

3 de.
step is usually film diffusion or/and intra-particle diffusion.*  moce
Table 4. Kinetic parameters for adsorption of RhB onto SM-5.
Initial concentrations(mg/L)
Kinetic parameters
5 10 20

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 0000 | 7
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qe,('xp(mg/ g)
Pseudo-first-order model
qe,cal(mg/g)

k;(min™)

R

Pseudo-second-order model
qe,cal(mg/g)

k>(g/mg-min)

R

Intra-particle diffusion model
k{(mg/g: min®>)

C

R2

24.78 38.40 52.05
4.98 9.44 11.13
0.0035 0.0048 0.0030
0.8491 0.9722 0.9813
26.60 38.76 52.08
0.0074 0.0032 0.0022
0.9998 0.9989 0.9988
0.3148 0.4936 0.4763
20.94 29.21 42.17
0.8260 0.9528 0.9879

3.10 Adsorption thermodynamics

In order to fully understand the nature of the adsorption process,
thermodynamic studies were performed. Thermodynamic
parameters such as change in free energy (AG), enthalpy (AH)
and entropy (AS) were calculated using the following equations:

w

cycles it could reach 99.83%. This might be due to the increasing
specific surface area of RhB calcinated and the adsorption sites
4 recovered from the regenerated samples. The results of N,
adsorption and desorption are shown in Table 6, indicated that the
specific surface area was indeed increased from 311.00 (Table 1)
to 501.58m%g. Such adsorbent not only possessed higher

AG = —RTInK, ® adsorption capability, but also showed better desorption property,
_AH  AS 4s which could significantly reduce the overall cost for adsorbent.
InK¢ = o TR ©) Therefore, it was suggested from the desorption studies that

Where K¢ is the equilibrium constant, R is the gas constant (8.314

J-mol k") and T is the absolute temperature. The values of AH
10 and AS can be obtained from the slope and intercept of Van’t

Hoff plot of InK versus 1/T. The results are given in Table 5.

Table 5. Thermodynamic parameters of RhB adsorption by SM-5

Si0,@Mg,Si,0, composites could be repeatedly used as an
efficient adsorbent for the removal of RhB from contaminated
water.

so Table 6. Pore parameters of SM-5 regenerated by calcination with
different repeat times.

> Repeat times SSA PV PD*
Temperature -AG AH AS R (m¥/g) (em/e) (nm)
(K) (kJ/mol)  (kJ/mol) (J/(k-mol)) n 5 §8 0 42g 206
293 1.68 3.29 16.93 0.9999 ' ' '
L84 2 458.96 0.51 3.38
303 8 3 434.43 0.55 3.39
313 202 4 470.73 0.59 3.36
5 501.58 0.66 3.35

AG is a fundamental criterion to determine if a process occurs
spontaneously. The negative value of AG indicated the feasibility
of the process and the spontaneous nature of the adsorption
process.* Moreover, when the temperature increased from 293 to
313K, AG changed from -1.68 to -2.02kJ/mol, suggesting that
adsorption was more spontaneous at higher temperature. The
positive value of AH (3.29kJ/mol) indicated that the process was
endothermic in nature, which was also confirmed by the
increased adsorption capacity of SM-5 for RhB with increasing
temperature. In addition, the positive value of AS (16.93]-mol'k™")
indicated an irregular increase of the randomness at the solid-
liquid interface during the adsorption of RhB. 4%

o

2

2

G

3.11 Desorption and recycling experiments

The most important requirement for the adsorbent is its
reusability even after several adsorption—desorption cycles. This
was tested by the constancy of its removal efficiency during the
» repeated cycle. Initially, the spent samples saturated with RhB
were filtered, dried then calcined at 600°C for 1h. The
regenerated powder was used again for the next cycle of the
adsorption of RhB. The adsorption —desorption experiments were
carried on for the successive five cycles (Fig.10).

From Fig.10, adsorption efficiency was found to increase
obviously compared with the initial adsorption for the next five
cycles. The initial removal efficiency was 97.18% while after five

3

w
&

SSA, PV, and PD refer to specific surface area, pore volume, and pore
diameter respectively

“ Calculated from the adsorption branch of the isotherm

100 4

I

Removal(%)

Repeat times
55
Fig.10 Recycling experiment for adsorption of RhB onto SM-5 (Conditions: C,,
10mg/L; adsorbent dose, 1.0g/L; temperature, 298K and pH, 6.0-6.5).

4. Conclusions

A series of core-shell SiO,@Mg,Si,O, composites with high
e efficiency for adsorption of Rhodamine B were successfully
synthesized. The composition and structure of the composites
were characterized by various analysis methods. The adsorption

8 | Journal Name, [year], [vol], 00—00
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process followed the Langmuir isotherm with maximum 65 22. P. S. Guru and S. Dash, J. Dispersion Sci. Technol. 2013, 34, 898-907.
adsorption capacity Of 527lmg/g at 313K Kinetic studies 23.S. Hll, S. Young and C. Wong, J. Appl. PhyCOl. 2009, 21, 625-631.
24. M. C. T. Largura, A. Debrassi, H. H. Santos, A. T. Marques and C. A.
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S

25

30

35

40

45

50

55

60

suggested that the adsorption mechanism fitted pseudo-second
order model well and intraparticle diffusion was not the only rate
controlling step. Thermodynamic studies showed that the
adsorption process was spontaneous and endothermic. The
adsorbent showed very good reproducibility and reusability for
the successive five cycles. Therefore, it concluded that
Si0,@Mg,Si,0, composite can serve as a promising adsorbent
for practical use in the adsorption of pollutants.
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Graphical abstract

A novel core-shell SiO,@Mg,SiyO, composite were synthesized, which can be repeatedly used as an efficient
adsorbent for the removal of RhB.
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