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Abstract A novel Schiff-base/SBA-15 nanoadsorbent

was successfully synthesized by the reaction of salicylal-

dehyde and (3-aminopropyl) trimethoxysilane in methanol

and subsequent grafting with SBA-15. The morphology

and structures of the as-synthesized Schiff-base/SBA-15

nanoadsorbent were characterized by powder X-ray dif-

fraction, transmission electron microscopy, Fourier trans-

form infrared spectroscopy, thermo-gravimetric analysis,

and N2 adsorption/desorption isotherms. The obtained

Schiff-base/SBA-15 nanoadsorbent was used for the

removal of methylene blue (MB) from aqueous solutions.

The effects of various parameters such as temperature,

concentration, pH, and contact time were examined, and

optimal experimental conditions were determined. The

equilibrium isotherms were conducted using Freundlich

and Langmuir models. The pseudo-first-order, pseudo-

second-order, and intraparticle diffusion models were used

to fit adsorption data in the kinetic studies. The thermo-

dynamic parameters such as the standard enthalpy, stan-

dard entropy, and standard free energy were evaluated. The

obtained results indicated that the Schiff-base/SBA-15

nanoadsorbent is an efficient adsorbent for removing MB.

Keywords Schiff-base � SBA-15 � Nanoadsorbent �
Methylene blue � Kinetic model

Introduction

With industrialization, large varieties of dyes are dis-

charged into the environment and make up the most

significant environmental contaminants found in waste-

water (Guo et al. 2014). Long-term exposure to those

solvated dyes and consequently their effects on human

health and natural ecosystems are critical issues. Methylene

blue (MB) is the cationic dye that is most commonly used

for coloring of cotton, wool, and silk (Suresh et al. 2014).

MB can cause eye burns in humans and animals, methe-

moglobinemia, cyanosis, convulsions, tachycardia, dysp-

nea, irritation to the skin, and if ingested, can make

irritation to the gastrointestinal tract, nausea, vomiting, and

diarrhea (Ghaedi et al. 2014a, b, c Wang et al. 2014; Chala

et al. 2014; Lin et al. 2014; Spires-Jones et al. 2014). The

most efficient way for the elimination of MB from aqueous

effluents is the adsorption process. To become an adsorbent

for MB with best performance, a set of conditions must be

met which include the occurrence of an open-pore structure

and accessible adsorption sites; structurally stable adsor-

bent under adsorption; and good contact between the MB

and the adsorption sites (Petzer et al. 2014; Liu et al. 2014;

Ahmed and Theydan 2014; Chunhui et al. 2013; Ting et al.

2014).

Significant efforts have been done to build up new

adsorbents for removing dyes from water and non-aqueous

solvents (Adam et al. 2013). The use of hexagonally

ordered mesoporous silica materials have attracted many

researchers because of their unique properties such as well-

ordered structure, regular pore sizes, and high thermal

stability (Karimi and Ghaedi 2014; Chang et al. 2013).

Many researches show that silica-based structures have

good biocompatibility, high lenience to many organic

solvents (Messina and Schulz 2006; Rafatullah et al. 2010),

and uncomplicated surface functionalization. Then, those

materials with diverse chelating agents are increasingly

utilized as adsorbents (Valle-Vigón et al. 2013; Suchithra

et al. 2012). Among these materials, SBA-15 has been
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intensively studied (Cheraghali et al. 2013). SBA-15

materials have ordered mesoporous silica features with

larger and tailored mesoporous pore diameters, which the

pore sizes can be controlled from 3 to 20 nm. They have

also thicker walls in the region of 4 nm which let easier

convenience of more species to the inner surface of the

material and lead to fast chemical or physical processes

(Bui and Choi 2009; Ghaedi et al. 2014a, b, c; Anbia and

Amirmahmoodi 2011; Yan et al. 2013; Da’na and Sayari

2011). Furthermore, they can be modified with organic

groups to tailor their properties and reach specific functions

(Ghaedi et al. 2014a, b, c; Wang et al. 2013). Two ways are

usually used for modification of SBA-15: co-condensation

and post-grafting synthetic procedures. In the first method,

the functional silane is added to a mixture of tetraethoxy-

silane and surfactant, with a concomitant formation of the

final functionalized structure. In the second method, the

ordered mesoporous skeleton is first obtained, and the

desired silane is added to the suspension in a second step to

result in the final functional solid (Tang et al. 2011; Her-

nández-Morales et al. 2012; Li et al. 2014). Recently,

Bardajee et al. (2013) reported the use of SBA-15 con-

taining a Schiff-base ligand as a catalyst for the synthesis

of 2, 3-disubstituted quinoxalines and pyridopyrazine

derivatives.

Schiff-base derivatives belong to the compounds with

nitrogen–carbon double bond, which can exhibit various

properties to be applied to such fields as organic syn-

thesis, catalyst, liquid crystal, and bioinorganic chemistry

(Anacona et al. 2014). Schiff-base can be introduced in

the inorganic/organic hybrid materials’ systems through

the coordination of the electron in their N or C atoms to

metal ion or organic groups. These properties make them

superior flexibility in the synthesis and modifications

(Shafaatian et al. 2014). Thus, this work aims to give a

new input to the synthesis of Schiff-base/SBA-15 nano-

adsorbent with abundant hydroxyl groups by post-grafting

procedure. Then, we explore its application for MB

removal from aqueous solutions and discuss the mecha-

nism of MB adsorption onto the functionalized nanoad-

sorbent. With respect to the obtained results, it can be

concluded that our novel nanoadsorbent is better in

comparison with other nanoadsorbents (Suraja et al. 2013;

Dong et al. 2010) in terms of initial cost, fast kinetic, and

quantitative removal of huge amount of MB in shorter

times by small value of nanoadsorbent. These observa-

tions make Schiff-base/SBA-15 nanoadsorbent as a good

candidate for MB removal toward other adsorbents. Fur-

thermore, the precise control of conditions for the prep-

aration of nanoadsorbent can be regarded as a

disadvantage of the present study.

Materials and methods

Reagents and chemicals

Pluronic P123 (Aldrich EO20PO70EO20, EO ethylene

oxide, PO propylene oxide, MW = 5,800), tetraethoxysi-

lane (TEOS 98 % GC Aldrich), salicylaldehyde, (3-ami-

nopropyl) trimethoxysilane (APTMS), HNO3, and HCl

were purchased from Sigma-Aldrich, Merck, and Acros

organics companies. All of the other reagents and solvents

were of analytical reagent grade and were used as received.

Dabble distillated water was used in all experiments.

Measurements

The XRD patterns were recorded on a Bruker

D8ADVANCE by using Ni-filtered Cu Ka radiation with a

speed of 2 min-1 and a current of 1.5406 A. N2 adsorp-

tion–desorption isotherms were obtained at 77.35 K using

a Quantachrome Autosorb-1 apparatus. The specific sur-

face-area was calculated using the Brunauer–Emmett–

Teller (BET) method, while the micropore volume was

estimated by the t-plot method. The pore size distribution,

the total pore volume, and mean pore diameter were

derived using the Barrett–Joyner–Halenda (BJH) method.

Thermo-gravimetric (TG) analysis was performed by

heating the samples under N2 flow at a rate of 25 mL/min

using a TA instrument 2050 thermo-gravimetric analyzer

with a heating rate of 20 �C/min. The FT-IR spectra were

recorded on a Jasco 4200 FT-IR spectrophotometer using

KBr disks. The TEM images were obtained from a Philips

CM10 electron microscope at 100 kV. The UV–Vis spectra

were measured with a double-beam Shimadzu UV–Visible

1650 PC spectrophotometer equipped with 1.0 cm quartz

cells.

SBA-15 and Schiff-base/SBA-15 nanoadsorbent

synthesis

At first, SBA-15 was prepared according to Zhao’s

approach (Zhao et al. 1998). In a typical preparation, 4.0 g

of P123 was dissolved in 30 g of deionized water and

120 g of 2 M hydrochloric acid solution with stirring, and

8.50 g of TEOS was added later, while the solution was

stirred. The reaction mixture was vigorously stirred at

35 �C for 20 h and then aged at 80 �C for 12 h without

stirring. The solid product was filtered, washed with

deionized water, and air-dried at room temperature. The

material was calcined to remove the template by slowly

increasing temperature from room temperature to 550 �C

in 8 h and heating at 550 �C for 6 h.
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Schiff-base/SBA-15 nanoadsorbent was synthesized by

adding salicylaldehyde (0.12 g, 1 mmol) and APTMS

(0.18 g, 1 mmol) to absolute MeOH (5 mL). After 3 h of the

stirring solution at room temperature, SBA-15 (1.5 g) was

added to the solution and the dispersion was stirred for 24 h.

Then, the solvent was removed using a rotary evaporator,

and the resulting white solid was dried at 80 �C overnight.

The solid product was filtered, washed thoroughly with

deionized water, and dried at 80 �C for 8 h (Scheme 1).

Adsorption experiments

The adsorption of MB in aqueous solution on the as-

prepared Schiff-base/SBA-15 nanoadsorbent was per-

formed in a batch experiment and conducted in duplicate.

0.002 g of the Schiff-base/SBA-15 nanoadsorbent was

added into 10 mL of MB solutions of desired initial

concentrations (20–60 mg/L) under agitation in a tem-

perature-controlled shaker. At predetermined time inter-

vals, the samples were removed from the solution by

centrifugation. The effect of pH on the adsorption of MB

on the Schiff-base/SBA-15 nanoadsorbent was studied

over a pH range of 2.0–10.0 with a contact time of

65 min. The pH was adjusted by adding aqueous solu-

tions of 0.1 mol/L HCl or 0.1 mol/L NaOH. The con-

centrations of MB solutions were analyzed by measuring

their absorbance at 660 nm on a UV–Visible

spectrophotometer. This wavelength corresponds to the

maximum absorption peak of the MB dye. A calibration

curve was obtained by using standard MB solutions of

known concentrations versus the absorbance. The

experimental data of calibration were fitted by a straight

line with a high determination coefficient (R2 = 0.999).

The amount of MB adsorbed per unit mass of the

adsorbent and percent adsorption (%) were evaluated by

using the mass balance equation (Chala et al. 2014;

Spires-Jones et al. 2014):

q ¼ C0 � Ceð ÞVð Þ=m ð1Þ
% adsorption ¼ 100� C0 � Ceð Þð Þ=C0 ð2Þ

where q (mg/g) is the amount of adsorbed dye per gram of

adsorbent, C0 and Ce are the initial and equilibrium con-

centrations of MB in the solution (mg/L), respectively, m is

the mass of the adsorbent used (g), and V (L) is the initial

volume of the MB solution.

Results and discussion

Characterization of Schiff-base/SBA-15 nanoadsorbent

Figure 1a shows XRD patterns of pure SBA-15 and

Schiff-base/SBA-15 nanoadsorbent. For the pure SBA-

15, three resolved diffraction peaks are clearly observed

CHO

OH

OH

Si(OMe)3N

MeOH

SBA-15

Schiff-base ligand

Schiff-base/SBA-15 
nanoadsorbent

(MeO)3Si NH2

Scheme 1 Preparation of the

Schiff-base/SBA-15

nanoadsorbent
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at 2h values of 0.991, 1.701, and 1.961, which are

indexed as (100), (110), and (200) reflections. These

peaks indicate an ordered hexagonal nanoporous mate-

rials with high symmetry (Cheraghali et al. 2013;

Bardajee et al. 2013). The Schiff-base/SBA-15 nanoad-

sorbent has an intensive (100) reflection, indicating the

presence of ordered hexagonal structure similar to pure

SBA-15. However, the peak intensity, especially for the

(100), decreases significantly. This is probably due to the

shrinking of the lattice as a result of condensation

(Bardajee et al. 2013). TEM images of the pure SBA-15

and Schiff-base/SBA-15 nanoadsorbent are shown in
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Fig. 1 a XRD patterns of the pure SBA-15 and Schiff-base/SBA-15

nanoadsorbent, b TEM images of the pure SBA-15 and Schiff-base/

SBA-15 nanoadsorbent, c TG/DTG curves of the pure SBA-15 and

Schiff-base/SBA-15 nanoadsorbent, d FT-IR spectra of pure SBA-15

and Schiff-base/SBA-15 nanoadsorbent, e N2 adsorption–desorption

isotherms with pore size distributions at inset of the pure SBA-15 and

Schiff-base/SBA-15 nanoadsorbent
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Fig. 1b. Both images confirm the ordered channel struc-

ture of nanoporous SBA-15 and Schiff-base/SBA-15

nanoadsorbent which are in good agreement with XRD

data (Cheraghali et al. 2013; Bardajee et al. 2013). The

pore size of SBA-15 is about 3.3 nm, but the pore size of

Schiff-base/SBA-15 nanoadsorbent is about 1.5 nm. It

can be explained by the incorporation of Schiff-base

moiety in the SBA-15 matrix during grafting process.

Schiff-base/SBA-15 nanoadsorbent and pure SBA-15

were characterized by TG/DTG experiment. As shown in

Fig. 1c, two important weight loss processes could be

observed for these samples. The weight loss between 50

and 100 �C might be ascribed to the desorbed physi-

sorbed water. The peak starting at 200 �C and centered at

309 �C could be attributed to the decomposition of

organic templates. It could be found that the content of

organic templates in the Schiff-base/SBA-15 nanoadsor-

bent significantly decreased by increasing the tempera-

ture, and the extracted material showed a residual

template content around 73.0 wt% (Hernández-Morales

et al. 2012). The FT-IR spectra of the pure SBA-15 and

Schiff-base/SBA-15 nanoadsorbent are shown in Fig. 1d.

As can be seen from Fig. 1d, the Schiff-base/SBA-15

nanoadsorbent shows bands associated with both the

SBA-15 and the Schiff-base ligand. The broad band at

around 1,435 and 3,440 cm-1 can be assigned to the

hydroxyl stretching vibrations. The broad band at around

1,614 cm-1 is the characteristic of the C=N stretching

bands. In addition, the strong peak for stretching of Si–

O–Si and the bending vibration of Si–O–Si can be

detected at 1,100 and 800 cm-1, respectively (Bardajee

et al. 2013). The N2 adsorption–desorption isotherms of

the pure SBA-15 and Schiff-base/SBA-15 nanoadsorbent

are shown in Fig. 1e. The type IV IUPAC isotherms’

characteristic of capillary condensation in nanopores was

observed for these samples. The sharpness of the hys-

teresis indicates the uniformity of nanopores for the both

samples. However, their shapes are different, with a

capillary condensation of N2 occurring over a slightly

lower P/P0 range when going from SBA-15 to Schiff-

base/SBA-15 nanoadsorbent (Yan et al. 2013; Da’na and

Sayari 2011). The distribution of pore size measured by

the BJH method on the materials is also shown in Fig. 1e.

It can be seen that the nanoporous diameter decreases

with the same order for the adsorbed N2 volume. The

physicochemical properties of the materials (Table 1)

were calculated from the data of the isotherms with the

correlation coefficient from BET fitting. The reduction in

the specific surface area and pore size of Schiff-base/

SBA-15 nanoadsorbent to SBA-15 can be due to the

presence of Schiff-base, which blocks the channels.

Adsorption of MB onto Schiff-base/SBA-15

nanoadsorbent

Effect of Schiff-base/SBA-15 nanoadsorbent dose

The qe and % adsorption of MB at different doses of

Schiff-base/SBA-15 nanoadsorbent are shown in Fig. 2. It

was observed that the % adsorption of MB increased from

89.22 to 99.14 % when the adsorbent load increased from

0.1 to 0.3 g/L. On the other hand, the plot of qe versus

adsorbent dose reveals that with increasing Schiff-base/

SBA-15 nanoadsorbent dosage from 0.1 to 0.3 g/L, the

values of qe decreased from 480.89 to 241.68 mg/g. The

primary factor explaining this characteristic is that

adsorption sites remain unsaturated during the adsorption

reaction, whereas the number of sites available for

adsorption site increases by increasing the adsorbent dose.

At higher Schiff-base/SBA-15 nanoadsorbent concentra-

tion, there is a very fast superficial adsorption onto the

Schiff-base/SBA-15 nanoadsorbent surface that produces a

lower solute concentration in the solution than when

Schiff-base/SBA-15 nanoadsorbent dose is lower. Thus,

Table 1 Physicochemical properties of pure SBA-15 and Schiff-

base/SBA-15 nanoadsorbent

Sample Surface area

(m2/g)

Pore volume

(cm3/g)

Pore

diameter

(nm)

Pure SBA-15 397.24 0.6004 3.12

Schiff-base/SBA-15

nanoadsorbent

328.96 0.5328 3.08
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%
 adsorption

Fig. 2 Effect of Schiff-base/SBA-15 nanoadsorbent dose on the

adsorption of MB. Conditions: initial MB concentration, 50 mg/L;

temperature, 25 �C; pH, 8; contact time, 65 min

Int. J. Environ. Sci. Technol. (2015) 12:1737–1748 1741

123



with increasing adsorbent dose, the amount of MB adsor-

bed per unit mass of Schiff-base/SBA-15 nanoadsorbent

reduced, thus causing a decrease in qe value (Messina and

Schulz 2006). To confirm the adsorption of MB onto

Schiff-base/SBA-15 nanoadsorbent, the FT-IR spectra

(Fig. 3) of MB, Schiff-base/SBA-15 nanoadsorbent, and

MB-loaded Schiff-base/SBA-15 nanoadsorbent were stud-

ied. After the adsorption processes, the FT-IR spectrum of

Schiff-base/SBA-15 nanoadsorbent shows some charac-

teristic peaks of MB. The adsorption band of Schiff-base/

SBA-15 nanoadsorbent at 1,614 cm-1 corresponds to C=N

shift to 1,570 cm-1, indicating that C=N of Schiff-base/

SBA-15 nanoadsorbent plays an important role in the

adsorption process. It also can be seen that the adsorption

peaks at 3,440 cm-1 relating to OH of Schiff-base/SBA-15

nanoadsorbent shifts to wavenumbers 3,415 cm-1 which

suggests that hydrogen bond could be involved in MB

adsorption. Additionally, the characteristic adsorption peak

of MB at 880 cm-1 ascribed to the aromatic rings appears

at 883 cm-1 due to its interaction with nanoadsorbent.

Effect of pH on adsorption

The effects of initial solution pH on the adsorption of MB

onto Schiff-base/SBA-15 nanoadsorbent were investigated

at pH 2–10, 25 �C, and an initial MB concentration of

50 mg/L. As shown in Fig. 4 and Scheme 2, adsorption of

MB on Schiff-base/SBA-15 nanoadsorbent in the pH val-

ues below 4 is lower than basic solutions. At lower pH

values, the dimethylamine groups in MB molecule are

protonated (the pKa value of MB molecule is 3.8). More-

over, at low pH, the surface of adsorbents would be

surrounded by the hydrogen ions which compete with MB

ions for interaction with the sites of the sorbent. Overall,

the protonation of dimethylamine groups in MB molecules

along with the protonation of the surface of adsorbent

causes a weak sorption for the MB. In other words, by

increasing the pH of the medium, deprotonating of MB as

well as adsorbent functional groups for the creation of

active centers can simultaneously occur. The molecule

interactions between MB and Schiff-base/SBA-15 nano-

adsorbent during the adsorption process are schematically

represented in Scheme 2. In higher pH, both the hydrogen

bonding and electrostatic interactions cause an efficient

removal of MB from wastewater samples (Bui and Choi

2009).

Different adsorption of MB regarding the initial solution

pH can also be described on the basis of the structure of

MB molecule and adsorbent point of zero charge (pHZPC).

At pH \ 4, the surface of Schiff-base/SBA-15 nanoadsor-

bent may obtain positive charge (due to H3O? ions pre-

sence) that lead to electrostatic repulsion between the MB

molecules and positive charge of active Schiff-base/SBA-

15 nanoadsorbent. On the contrary at pH [ 4, the surface

of Schiff-base/SBA-15 nanoadsorbent may attain negative

charge leading to an increase in MB uptake due to the

electrostatic attraction force.

Effect of initial MB concentration on adsorption

Figure 5 shows the adsorption of different concentration of

MB onto Schiff-base/SBA-15 nanoadsorbent as a function

of contact time at 25 �C. Adsorption studies were carried

MB
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3440

1614
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6501000200030004000
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%
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Fig. 3 FT-IR spectra of MB, Schiff-base/SBA-15 nanoadsorbent,

and MB-loaded Schiff-base/SBA-15 nanoadsorbent
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Fig. 4 Effect of pH on the adsorption of MB by Schiff-base/SBA-15

nanoadsorbent. Conditions: initial MB concentration, 50 mg/L;

temperature, 25 �C; adsorbents, 0.2 mg/L; contact time, 65 min
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out for 2 h, and it was observed that the amount of

adsorbed MB increased linearly with time at the beginning

of adsorption. It is clear from Fig. 5 that a larger amount of

MB was removed in the first 5 min of contact time and the

equilibrium was established in 65 min for all studied ab-

sorbents. The amount of dye adsorbed at the equilibrium

time reflects the maximum adsorption capacity of the

adsorbent under those operating conditions. The qe

increased with an increase in the initial MB concentrations

from 20 to 60 mg/L, because the initial concentration

provided an important driving force to overcome all mass

transfer resistance (Messina and Schulz 2006).

Adsorption isotherm models

It is important to analyze the adsorption isotherms for

design purposes. Therefore, experimental data were ana-

lyzed with Langmuir isotherm and Freundlich isotherm, the

well-known adsorption isotherm models. Nonlinear equa-

tion of Langmuir and Freundlich isotherms are expressed

as the following, respectively (Langmuir 1918; Freundlich

1906):

qe ¼ qmKLCeð Þ= 1þ KLCeð Þ ð3Þ

qe ¼ KfC
1=n
e ð4Þ

where qm (mg/g) is the maximum adsorption capacity

corresponding to complete monolayer coverage. Ce (mg/L)

and qe (mg/g) are the concentration of MB in the solution

and the adsorption capacity at the equilibrium, respec-

tively. KL is adsorption equilibrium constant (Lm/g). Kf

and 1/n are the Freundlich constants; Kf represents the

relative adsorption capacity of the adsorbent, and n repre-

sents the degree of dependence of adsorption on the equi-

librium concentration of MB. The Langmuir and

0 20 40 60 80 100 120 140
0

25
50
75

100
125
150
175
200
225
250
275
300
325
350
375

60 mg/L

50 mg/L

40 mg/L

30 mg/L

20 mg/L

q e (m
g/

g)

t (min)

Fig. 5 Effect of initial concentration on MB adsorption by Schiff-

base/SBA-15 nanoadsorbent. Conditions: initial MB concentration,

50 mg/L; temperature, 25 �C; adsorbents, 0.2 mg/L; pH, 8
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Freundlich constants were calculated and are summarized

in Table 2. The data for the adsorption of MB onto the

Schiff-base/SBA-15 nanoadsorbent were well fitted by the

Langmuir isotherm model at all temperatures, as demon-

strated by the high correlation coefficients (R2) compared

to that of the Freundlich isotherm. This might be due to the

monolayer adsorption of MB onto the Schiff-base/SBA-15

nanoadsorbent (Cheraghali et al. 2013). It is obvious that

Schiff-base/SBA-15 nanoadsorbent has relatively high

value of adsorption capacity (396.82 mg/g) using 0.15 g/L

of nanoadsorbent.

Kinetic models

Kinetic models have been proposed for determining the

mechanism of interaction. The mechanism of adsorption

depends on the physical and/or chemical characteristics

of the adsorbent as well as on the mass transport process.

In order to determine the adsorption mechanism of MB

onto Schiff-base/SBA-15 nanoadsorbent, pseudo-first- and

pseudo-second-order kinetic models have been proposed

as follows to elucidate that the mechanism of adsorption

depends on the characteristics of the adsorbent. These

two models can be expressed in linear form as Eqs. (5)

and (6), respectively (Bui and Choi 2009; Wang et al.

2013).

ln qe � qtð Þ ¼ ln qe�k1t ð5Þ

t=qt ¼ 1= k2q2
e

� �
þ t=qe ð6Þ

where qe and qt (mg/g) are the amounts of adsorbed MB at

equilibrium and at time t, respectively. k1 (min-1) and k2

(g/mg/min) are the pseudo-first-order and pseudo-second-

order model rate constant, respectively. The values of the

k1, k2, calculated qe,cal and the correlation coefficient of

these two models are listed in Table 3. The data show an

excellent fit to pseudo-second-order model with high R2

(0.999). A good fit can be further confirmed by the fact that

the calculated qe value is very close to the measured one.

Therefore, MB adsorption on the Schiff-base/SBA-15

nanoadsorbent is able to explain experimental data at most

conditions according to the pseudo-second-order kinetic

model (Hernández-Morales et al. 2012).

Weber’s intraparticle diffusion model is used to further

identify the steps of adsorption process. It can be expressed

as Eq. (7) as follows (Li et al. 2014).

qt ¼ kit
1=2 þ c ð7Þ

where qt (mg/L) is the adsorption capacity at time t (min);

ki (mg/(g min1/2)) is the rate constant of intraparticle dif-

fusion; I is a constant associated with thickness of the

boundary layer. As shown in Table 3, the R2 values (0.99)

demonstrate good applicability of Weber’s intraparticle

diffusion model in studying of MB adsorption onto the

Schiff-base/SBA-15 nanoadsorbent.

Thermodynamic analysis

The inherent energetic changes related to the adsorption

process can be reflected by thermodynamic parameters,

such as free energy change (DG�, kJ/mol), entropy change

(DS�, J/mol/K1), and enthalpy change (DH�, kJ/mol). They

can be determined using the following equations (Her-

nández-Morales et al. 2012):

DG� ¼ �RT ln KDð Þ ð8Þ
ln KDð Þ ¼ DS�=R� DH�=RT ð9Þ

where R and T represent the universal gas constant

(8.314 J/K/mol) and the system temperature (K),

respectively. KD is distribution coefficient calculated

from the experiment data using equation below (Wang

et al. 2013):

KD ¼ Equilibrium concentration of MB adsorbed on Schiff-base=ð
SBA-15 nanoadsorbentÞ= Equilibrium concentration ofð
MB in solutionÞ ¼ C0�Ceð ÞVð Þ= Cemð Þ

ð10Þ

0.0032 0.0033 0.0034 0.0035
5.0

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0

60 mg/L
50 mg/L

40 mg/L

30 mg/L

20 mg/L

ln
 K

D

1/T (K-1)

Fig. 6 Plot of ln KD versus 1/T for the MB adsorption on the Schiff-

base/SBA-15 nanoadsorbent
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DG� can be easily determined from Eq. (8). DS� and DH�
are determined from the intercept and slope of the van’t

Hoff plots of ln (KD) versus 1/T (Fig. 6). The values of

DG�, DH�, and DS� are listed in Table 4. The negative DG�
values of MB at various temperatures are due to the fact

that the adsorption processes are spontaneous with a high

preference of MB on Schiff-base/SBA-15 nanoadsorbent

and the negative value of DG� increased with an increase in

temperature, indicating that the spontaneous nature of

adsorption of MB is proportional to the temperature. The

positive value of DH� confirms the endothermic character

of adsorption of MB on Schiff-base/SBA-15 nanoadsor-

bent, and the positive value of DS� confirmed the increased

randomness at solid/solution interface during the adsorp-

tion process (Anbia and Amirmahmoodi 2011; Da’na and

Sayari 2011).

Conclusion

In this study, the novel Schiff-base/SBA-15 nanoadsorbent

was successfully prepared by a post-grafting procedure and

was characterized by XRD, TEM, FT-IR, TG, and N2

adsorption/desorption isotherms. Adsorption ability of the

as-obtained Schiff-base/SBA-15 nanoadsorbent is evalu-

ated by choosing MB as a model dye. Batch adsorption

tests demonstrate that the adsorption is affected by various

conditions. The equilibrium data were best described by the

Langmuir isotherm model. The kinetic data were well

described by the pseudo-second-order kinetic model, which

suggested that the process was controlled by chemisorp-

tion. The thermodynamic parameters indicated that the

adsorption of MB on Schiff-base/SBA-15 nanoadsorbent

was an endothermic and spontaneous process.
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