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P,P-bis (2-oxooxazolidin-3-yl)-N-(3-(triethoxysilyl)propyl)phosphinic amide (APTES-BOP)-modified SBA-
15 (SBA-15-BOP) was prepared by a post-synthesis grafting method for the removal of anionic azo dyes
from aqueous solutions. The properties of the prepared adsorbent were characterized by PXRD, FT-IR,

SEM, TEM, nitrogen sorption, and elemental analysis. Adsorption equilibrium and adsorption kinetic

studies demonstrated that the experimental data fitted well with the Langmuir isotherm model and
pseudo-second-order model. According to Langmuir fitting, SBA-15-BOP showed high adsorption
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capacity for CR and RR2 dyes, with the maximum adsorption capacities of 518.1 mg g~* and 253.8 mg

g~} respectively. The thermodynamic study indicated that the adsorption processes of CR and RR2 dyes
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1. Introduction

Over ten thousand types of commercial dyestuffs have been
widely used in industries such as textile, food, paper, leather,
plastics, cosmetics, and printing.* They impart the products
with rich colors. However, it is known that in most of the dyeing
processes, dyes cannot be used completely; moreover, many
dyes are toxic to microorganisms and hard to be biodegraded.
Therefore, wastewater from dyeing possesses the characteristics
of high chroma, complicated composition and biological
toxicity and is classified as industrial wastewater that is difficult
to treat.>* It is essential to remove the dyes from wastewater to
achieve the discharge standard.

Physico-chemical and biological methods including
adsorption,® chemical oxidation,”” coagulation,® membrane
separation,® biodegradation,”*® and photo-catalytic degrada-
tion'*** have been developed for dye removal from wastewater.
Among these methods, the adsorption technique, which offers
the benefits of wide sources of absorbents, economic feasibility,
simplicity, rapidity, and ease of operation,”** has been
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on SBA-15-BOP were spontaneous and exothermal. The prepared SBA-15-BOP can be a promising
adsorbent for the removal of anionic dyes from aqueous solutions.

regarded as one of the most efficient methods for dye removal.
Till now, various adsorbents have been reported for dye
removal, including activated carbon,'®” MOF materials,'®*
metal oxide nanoparticles,” mesoporous materials,”*>* and
hydroxides.”>*¢ However, the adsorption performance parame-
ters of these adsorbents such as adsorption capacity and
adsorption efficiency are still limited. Therefore, there is still an
urgent need to develop adsorbents with excellent performance
for the removal of dyestuffs from aqueous solutions.

Ordered mesoporous silica SBA-15, exhibiting remarkable
properties such as excellent hydrothermal stability, high surface
area, and sufficient mechanical resistance, has been identified
as a promising adsorbent for removing dyes and heavy metal
ions.””*° For instance, many reports related to the application of
SBA-15 in the recovery of uranium(vi)**** are available; more-
over, the functionalized SBA-15 materials have also been found
to efficiently remove various dyes such as methyl orange, reac-
tive blue, methylene blue and acid blue,”*® while there are
some limitations to their application.**** Phosphonic-based
ligands form the most important ligand family, which have
numerous interesting chemical structures such as phosphates,
phosphonates or organophosphorus derivatives.>*** These
ligands exhibit remarkable coordination abilities and high
chemical resistance.* Therefore, phosphonic-based ligands are
used for the surface modification of materials to enhance their
adsorption capacity and adsorption efficiency, which are of
great interest for adsorption-based applications.**** However,
previous research has mainly focused on the application of
phosphonic-based ligands in the field of metal ion extraction.
So far, there are no reports about the use of phosphonic-based

This journal is © The Royal Society of Chemistry 2019
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ligand-modified SBA-15 in the adsorption of dyes. This study,
therefore, reports the application of phosphonic-based ligands
in the removal of dyes for the first time.

Herein, P,P-bis(2-oxooxazolidin-3-yl)-N-(3-(triethoxysilyl)
propyl)phosphinic amide (APTES-BOP)-modified SBA-15 (SBA-
15-BOP) has been prepared by a post-synthesis grafting
method. Two commonly used anionic azo dyes, namely, Congo
red (CR) and Reactive red 2 (RR2) were used for investigating the
dye adsorption properties of SBA-15-BOP. The adsorption study
focused on the effect of operation parameters including
adsorption time, adsorbent dosage, temperature and pH.
Adsorption kinetics, equilibrium and thermodynamics were
evaluated as well.

2. Experimental

2.1 Reagents and materials

SBA-15 was provided by XFNANO Materials Tech Co., Ltd
(Nanjing, China). 3-Aminopropyltriethoxysilane (APTES) was
obtained from Aladdin Industrial Corporation (Shanghai,
China). Dichloromethane, triethylamine and toluene were
purchased from Sinopharm Chemical Reagent (Shanghai,
China). Bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP) was
obtained from Accela ChemBio Co., Ltd (Shanghai, China).
Congo red (>98.0%, HPLC pure) was obtained from Aladdin
Industrial Corporation, and Reactive red 2 (100%, in strength)
was obtained from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China) (Table S1t). All reagents were of analytical
grade and used as received without further purification. Milli-Q
water (Milli-Q Advantage A10, Millipore, USA) was used for
solution preparation.

2.2 Preparation of SBA-15-BOP

The synthesis of SBA-15-BOP consists of two steps: APTES-BOP
ligand synthesis and SBA-15-BOP synthesis. The synthesis
process is illustrated in Scheme 1.*?

Step 1: Preparation of APTES-BOP ligand. Typically, 1.15 g
(4.5 mmol) of BOP, 1.0 g (4.5 mmol) of APTES, and 0.67 g (6.75
mmol) of triethylamine were dissolved in 5 mL of dichloro-
methane at 0 °C under N, atmosphere. Then, the reaction
mixture was continuously stirred at room temperature for 6 h.
After that, for purification, the organic phase was washed with
saturated NaHCO; solution three times. The solvent was

Activation

—lp
6M HCI

SBA-15

activated SBA-15

View Article Online

RSC Advances

subsequently evaporated in a rotary evaporator and finally,
a slightly yellow solid was obtained. The structure of APTES-BOP
was validated by "H NMR and "*C NMR analyses (Fig. S1 and
S2).

Step 2: Synthesis of SBA-15-BOP. SBA-15 was activated in 6 M
HCI solutions at 120 °C for 8 h, followed by rinsing and desic-
cation. Then, 1.0 g of activated SBA-15 was added into 50 mL
toluene and then, 1.75 g (4.0 mmol) of APTES-BOP was added
drop-wise into the system. The reaction was refluxed at 120 °C
for 12 h. Then, the solid product was recovered by filtration,
washed with ethanol and water thoroughly, and finally dried at
50 °C under vacuum.

2.3 Characterization

The powder X-ray diffraction (PXRD) profiles of SBA-15 samples
were collected on a Bruker D8 ADVANCE Powder X-ray Diffrac-
tometer (Bruker, Germany) using Cu Ka. radiation (1.54 A) for 26
from 0.5 to 10°. FT-IR data were recorded on a Bruker Vertex-70
infrared spectrometer (Bruker, Germany) by the KBr pellet
method. N, adsorption-desorption isotherms were measured at
77 K using a Tristar-3000 system (Micromeritics Instrument
Ltd., USA). The specific surface areas were measured by the
Brunauer-Emmett-Teller (BET) method, and the pore volume
and average pore size were obtained according to the Barrett-
Joyner-Halenda (BJH) method. The morphologies of the
samples were collected using an FEI Quanta 400 scanning
electron microscope (SEM) (FEL, USA) and an FEI Tecnai G2 F20
S-TWIN transmission electronic microscope (TEM) (FEI, USA).
Elemental C-H-N analyses were performed using an Elementar
Vario EL Cube elemental analysis apparatus (Elementar, Ger-
many). Nuclear magnetic resonance (NMR) data were deter-
mined on a Bruker AVANCE III 600 MHz instrument (Bruker,
Germany). Solid-state magic-angle spinning (MAS) NMR data
were recorded on a Bruker AVANCE III 500 MHz instrument
(Bruker, Germany). The point of zero charge (pHp,.) of the
adsorbent in the aqueous phase was analyzed by the titration
method according to a previous report.*

2.4 Batch adsorption experiments

The removal of CR and RR2 dyes was performed in a HZS-H
thermostatic air shaker (Donglian Electronic, China). The dye
solutions were prepared with Milli-Q water. To determine the

Grafting
—l

Toluene reflux

SBA-15-BOP

Scheme 1 Schematic depiction of the formation mechanism of SBA-15-BOP.
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maximum absorption wavelength of CR and RR2 dyes, the
solutions of CR dye (100 mg L") and RR2 dye (50 mg L") were
scanned from 200 to 800 cm™ ' using a Lambda 650 UV-Vis
spectrophotometer (PerkinElmer, USA) (Fig. S41). The pH of
the dye solutions was adjusted to the desired value using 0.1 M
NaOH or 0.1 M HCI. Set amounts of SBA-15-BOP and dye solu-
tions were placed in a 50 mL polyethylene tube and then, the
contents were shaken at 25 °C at 200 rpm for a predetermined
period of time. The content of dyes, before and after adsorption,
was determined by a UV-Vis spectrophotometer at the wave-
lengths of 498 nm (CR dye) and 539 nm (RR2 dye) according to
standard methods and the calibration curves of CR and RR2
dyes. The amount of adsorption g (mg g~ ') and the adsorption
percentage (removal efficiency) (R%) were calculated by eqn (1)
and (2), respectively:
(CO — CC)
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Here, C, (mg L ') and C, (mg L") are the initial and equi-
librium concentrations of the dye in solution, respectively; V
(mL) is the volume of the dye solution and m (mg) is the mass of
the adsorbent used.

3. Results and discussion

3.1 Characterization of the adsorbent

The FT-IR profiles of SBA-15 and SBA-15-BOP samples are given
in Fig. 1a. Several intrinsic peaks of SBA-15 such as the peaks at
3446 cm™ " (-OH vibration of hydrated silane group), 1634 cm™*
(the bending vibration of surface hydroxide), 1085 cm™
(asymmetric Si-O-Si stretching), 803 cm ™' (symmetric Si-O-Si
stretching) and 464 cm™' (Si-O-Si bending vibration) were
observed .*7*%** The FT-IR profile of SBA-15-BOP presents
characteristic peaks at 1760 cm™ " for -C=0 stretching vibra-
tions, 1480 cm ' for ~-CH, group bending vibration (scissor
vibration), and 1398 cm ™" for P=0 stretching vibrations, sug-
gesting that the organophosphorus groups have been success-
fully grafted onto the SBA-15 matrix.*” Moreover, after grafting,
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(a) FT-IR spectra; (b) surface charge of adsorbent as a function of pH; (c) the N, adsorption—desorption isotherms (77 K). Inset: pore size
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the pHy,. of SBA-15-BOP was 3.0, which was determined by the
titration method (Fig. 1b).

The N, adsorption-desorption isotherms of SBA-15 samples
are displayed in Fig. 1c. The profiles show a type-IV isotherm with
an Hi-type hysteresis loop based on the IUPAC classification for
both SBA-15 and SBA-15-BOP.** The pore size distribution of SBA-
15 and SBA-15-BOP samples was calculated from the N, adsorp-
tion-desorption isotherms using the Barrett-Joyner-Halenda
model. The results showed that the BET surface area and the pore
volume of SBA-15 are 577.1 m* g~ " and 0.81 cm® g™, respectively;
however, after modification, they decreased to 210.0 m* ¢~ * and
0.56 cm® g~ ', respectively. The decrease in the BET surface area
and pore volume during modification might be due to the
coverage of APTES-BOP groups on the surface of SBA-15.
However, the pore size of SBA-15 (6.49 nm) increased after
modification (8.35 nm for SBA-15-BOP). The solid state *'P CP-
MAS NMR spectra of SBA-15-BOP reveal a single peak at
9.2 ppm, which can be assigned to the P atoms on the APTES-BOP
ligand (Fig. S3t). These results further indicated that the organ-
ophosphorus groups were successfully functionalized on SBA-15.

Fig. 1d shows the XRD patterns of SBA-15 samples. The 20
profiles exhibit three intense and well-defined peaks in the region
of 0.65-3.0°, corresponding to the (100), (110), and (200) reflec-
tions of the hexagonal pore structure of the p6mm symmetry.* It
can be seen that there are some distinct differences in the relative
intensities of the (100), (110), and (200) reflections, which can be
related to the functional groups grafted on the surface of the SBA-
15 inorganic matrix. A similar change can be observed in their
SEM and TEM morphologies (Fig. 2). Furthermore, the amount of
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functional groups grafted on the SBA-15 surface was confirmed
by elemental analysis.*>* The chemical and physical properties
of the SBA-15 samples are presented in Table 1.

3.2 Adsorption study

3.2.1 Effect of the initial pH. The effects of initial pH on the
dye adsorption by SBA-15-BOP were studied in 50 mL poly-
ethylene tubes containing 30 mL of 200 mg L™ CR dye or
100 mg L~ RR2 dye solutions with 10 mg of adsorbent at 25 °C
for 60 min by varying the initial pH of the solution from 3.0 to 9.0
(Fig. 3). For the adsorption of CR dye, it can be seen that the
removal efficiency of SBA-15-BOP decreases from 100% to 43.52%
with the increase in pH from 3.0 to 9.0. It is interesting to note
that the adsorption is almost complete (>98%) when the pH value
is below 6.0. However, SBA-15 showed poor adsorption of CR dye,
and almost no adsorption occurred on SBA-15 when the pH was
above 6.0. A similar trend could be observed for the adsorption of

Table 1 Chemical and physical properties of the adsorbents

Property SBA-15 SBA-15-BOP
Specific surface area (m* g~ ") 577.1 210.0

Pore volume (BJH) (cm® g™ %) 0.8110 0.5617

Pore size (BJH) (nm) 6.494 8.349
Functional group content — 1.828
(mmol g™

PHypse — 3.0+ 0.1

Fig. 2 The SEM and TEM images of (a—c) SBA-15 and (d—f) SBA-15-BOP.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Effect of pH on the removal efficiency of (a) CR and (b) RR2 by
100 mg L™t Vim =3 mLmg™%, t = 60 min, T = 25 °C).

the RR2 dye. The removal efficiency decreased from 92.31% to
48.25% with the increase in the pH value from 3.0 to 9.0; when
the pH of the solution was below 6.0, more than 70% of the
removal efficiency could still be maintained. In contrast,
unmodified SBA-15 exhibited poor adsorption capacity for the
RR2 dye in the pH range from 3.0 to 9.0. These results indicate
that the interaction between the dyes and functional groups on
the surface of SBA-15-BOP is mainly through complexation.
Furthermore, the pHp,. of SBA-15-BOP is 3.0, which indicates
that the adsorbent SBA-15-BOP carries a negative surface charge
when the pH value of the system is higher than 3.0. Moreover, the
structures of CR and RR2 dyes should be negatively charged in
aqueous solutions. Hence, the adsorption efficiency of SBA-15-
BOP slightly decreased with the increase in pH mainly owing to
the increase in the electrostatic repulsion between the surface
charges of the adsorbent and dyes. In addition, when the initial
pH of the system is below the pHy,. of SBA-15-BOP, the positive
charges on the surface of the adsorbent increase and the elec-
trostatic interaction and complexation between the adsorbent
and dyes stimulate the increase in adsorption. The results illus-
trate that SBA-15-BOP has a higher adsorption capacity for both
dyes in acid and neutral pH conditions than unmodified SBA-15.
It is worth noting that the natural pH of CR and RR2 dye solu-
tions is nearly neutral, while most water bodies have pH in the
range of 6.5-7.5.*%* Therefore, the following adsorption experi-
ments were performed at pH 6-7.

3.2.2 Effect of adsorbent dosage. The effect of the dosage of
SBA-15-BOP on the adsorption of dyes was investigated by
varying the amount of SBA-15-BOP from 1.0 to 20.0 mg. All
experiments were performed in 50 mL polyethylene tubes con-
taining 20 mL of 200 mg L™" dye solution at 25 °C for 60 min.
The results (Fig. 4) showed that the removal efficiency of CR and
RR2 dyes increased with the increase in adsorbent dosage,
which may be due to increase in the active sites offered for
adsorption.*>*® The solutions gradually faded to lighter shades
as the adsorbent dose increased; then, they turned completely
colorless (Fig. 4, insets), suggesting the good adsorption
performance of SBA-15-BOP for the removal of anionic dyes.

13480 | RSC Adv., 2019, 9, 13476-13485
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3.3 Adsorption isotherms

The effect of the initial concentration of dyes on the adsorption
of CR and RR2 dyes onto SBA-15-BOP was investigated by
varying the concentration of dyes from 25 to 1000 mg L™ *. The
experiments were performed at 25 °C with 30 mL of dye solution
and 10 mg of SBA-15-BOP for 60 min. It could be seen that the
adsorption capacities of SBA-15-BOP for both dyes increased on
increasing the initial dye concentration until a plateau was
reached (Fig. 5a). While the initial dye concentration increased
in the range of 25-1000 mg L™, the adsorption capacity (g.) for
CR dye increased from 68.55 to 507.2 mg g~ ' and the adsorption
capacity (g.) for RR2 dye increased from 70.83 to 249.7 mg g~ .
An adsorption isotherm is essential in understanding the
interactive behavior between the adsorbate and the adsorbent
when the adsorption attains equilibrium. Herein, the experi-
mental data were evaluated with the models of Langmuir,*
Freundlich,” and Temkin*' (Fig. 5b, S5, and Table S27). The

—®—CR

100

fole]
(=
1

D
S
1

Removal (%)

IS
S
1

204

: =
0 5 10 15 20 25 30
Adsorbent dosage (mg)

Fig. 4 Effect of adsorbent dosage on adsorption; the insets show the
adsorbed sample solutions using different adsorbent dosages (dye
concentration = 200 mg L% V = 20 mL, t = 60 min, T = 25 °C).
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Fig.5 (a) Effect of initial dye concentration on adsorption; (b) Langmuir models for CR and RR2 adsorption onto SBA-15-BOP (V/m =3mLmg™?,

t =60 min, T=25°C).

results showed that the Langmuir model fitted the experimental
data well with the correlation coefficient (R*) values of 0.9984
(CR dye) and 0.9991 (RR2 dye) (Table S31), suggesting a mono-
layer uniform adsorption mode for SBA-15-BOP adsorbing
anionic dyes. The maximum adsorption capacities (gmax) Of
SBA-15-BOP according to the Langmuir fitting result were
518.1 mg g ' for CR dye and 253.8 mg g ' for RR2 dye. In
comparison with other reported adsorbents in the literature
(Table 2), SBA-15-BOP exhibited a good adsorption performance
for CR and RR2 dyes in aqueous solutions in near-neutral pH
conditions. A dimensionless parameter R;, from the Langmuir
model is commonly used to predict the feasibility of the
adsorption process, which is defined in eqn (3).

1

Rl= ——
LT IR KLG

(3)

The values of R;, at different C. values are depicted in
Fig. S6.f The calculated R; values were between 0 and 1,
demonstrating that the adsorption of CR and RR2 dyes onto
SBA-15-BOP is a favorable process.*

3.4 Adsorption kinetics

The effect of contact time on the adsorption of CR and RR2
dyes onto SBA-15-BOP was studied in 1000 mL Erlenmeyer
flasks containing 500 mL of 300 mg L~' dye solutions with
100 mg of SBA-15-BOP at 25 °C. It could be observed that the
adsorption of CR and RR2 dyes on SBA-15-BOP was rapid,
reaching equilibrium in 20 min (Fig. 6a). To further investigate
the adsorption kinetics, the experimental data were fitted to 4
common kinetic models (Table S27).7*-*¢ The kinetic parame-
ters are summarized in Table S4,1 while the fitting curves are
shown in Fig. 6b and S7.7 The experimental data fitted well
with the pseudo-second-order model, with an R*> value of
0.9999. The results further indicate that the adsorption of
anionic azo dyes on SBA-15-BOP is mainly a chemical
adsorption process.

The intra-particle diffusion model has been widely applied to
analyze the mechanism of adsorption.'**” The fitting results are
shown in Fig. 7 and Table S5.f It can be observed that the
adsorption process is divided into three sections. The first sharp
section can be ascribed to instantaneous adsorption or external
surface adsorption owing to the high initial concentration of

Table 2 Adsorption performances of some reported adsorbents in removing CR and RR2 dyes

Dye Adsorbents pH Temp (°C) Gmax (Mg g™ 1) Reference

CR SBA-15/AmBenS 6-7 25 64.3 28
SBA-15-NH, 4 40 230.9 35
SBA-15-COOH 9 40 133.9 35
Hierarchical porous NiFe-LDO 6-7 30 330 26
Si-MCM-41 4 40 87.4 22
Si-MCM-41-PEI 4 40 458.72 24
SBA-15-BOP 6-7 25 518.1 This study

RR2 RPB-Fe;0, nanoparticles 3 25 97.8 21
BIO-sludge 2 25 213.9 15
PC-sludge 2 25 159.3 15
CFA-PEI 2 40 316.8 16
Si-MCM-41 2 35 60.2 22
SBA-15-BOP 6-7 25 253.8 This study

This journal is © The Royal Society of Chemistry 2019
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tration = 300 mg L™%; V/m =5 mL mg™%; T = 25 °C).

dyes and ample active adsorption sites. The second section
illustrates a gradual adsorption stage ascribed to intra-particle
diffusion between the dye ions and the adsorbent. The last
section represents the equilibrium stage, in which intra-particle
diffusion further slows down due to the saturation of active
adsorption sites and the decrease in dye concentration."*** A
similar result was reported in the literature while studying CR
dye adsorption on hierarchically porous NiFe-LDO.** These
results suggest that the adsorption process between dye ions
and the adsorbent follows the intra-particle diffusion model,
indicating that the adsorption process is limited by the intra-
particle diffusion rate.>*>°

3.5 Thermodynamic study

A thermodynamic study was performed to investigate the effect
of temperature on the adsorption process of CR and RR2 dyes by
SBA-15-BOP. Ten mg of adsorbent and 30 mL of 200 mg L™" dye

600 - _
. . Kigs
400 - I :
k, :
5 @ :
= ! : : m CR
Es00{ ; ° RR2
& : '
I . .
2004 1 - =
P
1 /’ : :
100 , e
1y
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tl/2 (minl/Z)
Fig. 7 Intra-particle diffusion model for dye adsorption onto SBA-15-
BOP.
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(a) Effect of contact time on adsorption; (b) pseudo-second-order model for CR and RR2 adsorption onto SBA-15-BOP (dye concen-

solution were placed in a 50 mL polyethylene tube with
continuous shaking under various temperatures for 60 min.
The results demonstrated that the adsorption capacity of the
two dyes significantly decreased on increasing the temperature
from 15 °C to 40 °C, indicating that the adsorption processes are
exothermic (Fig. S8at). The values of standard free energy (AG®),
standard enthalpy (AH°) and standard entropy (AS°) were
calculated using the van't Hoff equation (Table S2 and
Fig. S8bt), and they are summarized in Table S6. The negative
values of AH® revealed that the adsorption processes of CR and
RR2 dyes on SBA-15-BOP were exothermic. The negative values
of AG° also confirmed the feasibility and spontaneity of
adsorption. In comparison with the observation for the
adsorption of the RR2 dye, the value of AS® was positive for the
adsorption of the CR dye, which may contribute to the increase
in randomness at the solid/solution interface during adsorp-
tion.® The result implies that the higher adsorption capacity of
SBA-15-BOP for the CR dye than that for the RR2 dye is due to
better affinity of SBA-15-BOP towards the CR dye.

3.6 Adsorption mechanism

Various mechanisms such as electrostatic interaction, ion
exchange, hydrogen bond, and m-m interaction may be
involved in the whole adsorption process.®>*> As discussed in
the effects of initial pH, the complexation between the func-
tional groups on SBA-15-BOP and the aqueous dye ions is
considered to play a major role in the adsorption process, and
electrostatic interaction is regarded as an important adsorp-
tion force. In addition, some hydroxyl groups exist on the
surface of SBA-15-BOP, and hydrogen bonds are also present
as a general force in the adsorption process. The adsorption
mechanisms for adsorbing CR dye molecules by SBA-15-BOP
are schematically illustrated in Fig. 8a. Moreover, the TEM
image of SBA-15-BOP after adsorption (Fig. 8b) indicates that
CR dye has been adsorbed onto the mesoporous network of
SBA-15-BOP.

This journal is © The Royal Society of Chemistry 2019
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3.7 Desorption and reusability study

SBA-15-BOP showed poor adsorption performance for both
dyes at a higher pH range (Fig. 3), implying that the adsor-
bed dye ions might be desorbed from SBA-15-BOP by an
alkaline medium. In this study, the desorption of CR and
RR2 dyes from SBA-15-BOP was studied with 0.1 M NaOH
solution. The degrees of desorption were found to be 97.98%
(CR dye) and 97.53% (RR2 dye). The reusability was esti-
mated over five consecutive cycles of the adsorption-

[ cr
100 4 [rr2
= 80 1
g
z
g
5 60 -
£
£
=
2 40 4
E
Q
-
20 A
0
1 2 3 4 5

Cycle times

Fig. 9 Reusability of SBA-15-BOP for CR and RR2 removal
(adsorption conditions: CR concentration = 150 mg L™%, RR2
concentration = 100 mg L™}, V/m =2 mL mg™, t = 60 min, T =
25°C; desorption conditions: 0.1 mol L™ NaOH, V/m =4 mLmg™% t
=120 min, T = 25 °C).
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(a) The proposed adsorption mechanism of CR onto SBA-15-BOP; (b) the TEM image of SBA-15-BOP with adsorbed CR.

desorption process (Fig. 9). It was seen that SBA-15-BOP
could maintain high removal efficiencies for CR dye (above
92.5%) and RR2 dye (above 93.3%) after five cycles, which
indicated the excellent regeneration property of SBA-15-
BOP.

4. Conclusions

In summary, organophosphorus group-modified SBA-15 (SBA-15-
BOP) was prepared by a post-synthesis grafting method, which
included ligand synthesis and grafting process. Then, the
prepared SBA-15-BOP was used for the removal of the anionic azo
dye (CR) and the Reactive dye (RR2) from aqueous solutions. SBA-
15-BOP showed good adsorption capacity for CR and RR2 dyes in
acidic and near-neutral pH conditions. The adsorption processes
followed the Langmuir model and the pseudo-second-order
model. The obtained maximum adsorption capacities for CR
and RR2 dyes were 518.1 mg g~ " and 253.8 mg g ', respectively.
The intra-particle diffusion model indicated that the adsorption
processes were divided into three steps and the intra-particle
diffusion rate was the rate-controlling step. The thermodynamic
study indicated that the adsorption processes were spontaneous
and exothermal.
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