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In this work, aspartic acid- and glycine-functionalized mesoporous silica nanoparticles (Asp-MSNs and Gly-MSNs) were
successfully prepared and applied as adsorbents for removal of methylene blue (MB) from contaminated water. The
mesoporous structure of the fabricated nanomaterials was confirmed by nitrogen adsorption/desorption with specific surface
area of ca. 700 m*/g and pore volume of 0.9 cm®/g for both Asp-MSNs and Gly-MSNs. The average size of the nanoadsorbents
was estimated to be ca. 290 nm as characterized by scanning electron microscopy (SEM) and transmission electron microscope
(TEM). The physical and chemical properties of the Asp-MSNs and Gly-MSNs were also characterized by Fourier transform
infrared (FTIR) spectroscopy, zeta potential, and elemental analysis. Asp-MSNs and Gly-MSNs exhibited good adsorption
performance for removal of cationic organic dyes (MB). The equilibrium adsorption capacity of Asp-MSNs and Gly-MSNs was
found to be 55mgg " and 43 mg-g ', respectively, under the optimal conditions. The Langmuir model and pseudo-second-

order equation exhibited good correlation with the isotherm and adsorption kinetic data for MB, respectively.

1. Introduction

Water pollution with organic dyes from industries, such as
leather, plastic, cosmetics, paper, food, and textile, has been
a serious environmental issue. Wastewater contaminated
with such compounds may create an eco-toxic hazard and
cause bioaccumulation. Thus, the decontamination of waste-
water has received a great deal of attention worldwide. [1]
Most of the organic dyes are very stable and difficult to be
biodegraded. [2] Exposure to such hazardous dyes may
cause neurological injury, nausea, and vomiting. Due to the
strong toxicity in plants, animals, and humans, hazardous
dyes should be removed from wastewater before discharging
to the environment. [3, 4]

Several physical, chemical, and biological treatment
techniques have been developed to decontaminate wastewa-
ter. [3-6] Among these techniques, adsorption method has
proven to be simple, effective, and economically feasible
method for treating of dye-containing wastewater. [6-8]

Therefore, different types of adsorbents have been developed
to meet different needs, such as activated carbon [9], clay
[10], and zeolite. [11] However, such adsorbents have some
limitations such as low adsorption capacities and regenera-
tion problems. [4, 6] Therefore, new adsorbents with high
adsorption performance are needed to develop.

In recent years, nanostructured materials have been
widely explored as high-efficiency sorbents due to their high
surface area and high activities. [12-14] Mesoporous silica
nanoparticles (MSNs) have been widely researched in bio-
logical and environmental fields, because of the excellent
structural features, thermal stability, facile modification,
and high surface area. [15-17] MSNs have been modified
with different functional groups to increase the extraction
efficiency, such as amine [18-22] or carboxylic acid [23,
24]. Amine-functionalized MSNs have been fabricated as
an adsorbent to remove alizarin yellow and phenol red from
wastewater with maximum adsorption capacity of
370.70mgg™" and 400 mgg ', respectively. [21] Moreover,
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FIGURE 2: Elemental analysis for CTAB free MSNs, MSNs-ICP, Asp-MSNs, and Gly-MSNGs.

amine-modified porous silica was used to remove Ponceau
4R, Rhodamine B, Sunset Yellow, and Brilliant Blue from
aqueous solutions with more than 92% extraction efficiency.
[22] MSNs modified with carboxylic acid have also been
used as adsorbent for removal phenosafranine (PF), methy-
lene blue (MB), rhodamine B (RhB), and orange II (OII),
with high extraction capacities for cationic dyes. [23]

Amine and carboxylic groups on the surface may
improve the adsorption of ionic organic molecules. The
attachment of amino acids on the surface of the adsorbents
improved the adsorption efliciency of organic molecules.
[25-29] Beagan reported the synthesis of MSNs via Stober
method and functionalized with cysteine for removal MB
from contaminated water using the batch method. [27]
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The adsorption capacity was about 70 mg/g in acidic media,
and about 140 mg/g in basic media. Histidine attached to
MSNss surface was synthesized to remove MB from an aque-
ous solution. [28] The maximum adsorption efficiency of the
fabricated nanoparticles was reported to be 60 mg/g in basic
media.

As far as I am aware, very little work has been reported
on MSNs modification with amino acids for environmental
applications. Hence, in this study, mesoporous silica nano-
particles (MSNs) were combined with amino acids to pre-
pare novel nanosorbents (Asp-MSNs and Gly-MSNs) for
the removal of cationic dye (methylene blue (MB)). There-
fore, anchoring of aspartic acid and glycine onto the MSN's
surface is beneficial for improving the adsorption capacities
of MB. The fabricated Asp-MSNs and Gly-MSNs were char-
acterized by FTIR, zeta potential, SEM, and TEM analyses.
Batch adsorption tests of MB by Asp-MSNs and Gly-MSNs
were carried out at different pH values, initial concentration,
and contact time, to study the adsorption kinetics and
isotherms.

2. Experimental

2.1.  Materials. N-Cetyltrimethylammonium bromide
(CTAB, 98%), n-hexane (99%), ammonium hydroxide
(NH,OH, 32wt%), tetraethyl orthosilicate (TEOS, 98%),
dichloromethane (DCM, HPLC grade), 3-isocyanatopropyl
triethoxysilane (ICPTES, >95%), L-aspartic acid (Asp,
>98%), and glycine (Gly, >98.5%) were obtained from
Sigma-Aldrich. Toluene (98%), hydrochloric acid (HCI,
36%), sodium hydroxide, dimethylformamide (DMF, HPLC
grade), pyridine (analytical grade), methanol (HPLC grade),
and ethanol (HPLC grade) were brought from Fisher Scien-

TaBLE 1: Comparison of the surface area, pore volume, and pore
size of CTAB free MSNs, Gly-MSNs, and Asp-MSNS.

Surface area Pore volume Pore size
(mz/g) (cm3/g) (nm)
CTAB free
MSNs 1019 1.37 5.5
Gly-MSNs 739 0.92 4.9
Asp-MSNs 684 0.87 4.7

tific. Methylene blue (MB) was brought from WINLAB. All
chemicals were used as received.

2.2. Fabrication of the Nanoadsorbents

2.2.1. Synthesis of Mesoporous Silica Nanoparticles (MSNs).
160 mL of distilled water (DW), CTAB (1g), and NH,OH
(4mL) were added and stirred at 40°C. A mixture of TEOS
and n-hexane (25mL) with 4 : 1 ratio was added slowly to
the aqueous solution. The solid was separated and washed
with DW and methanol several times. Then, the particles were
suspended in 25mL of acetic acid (12.5mL) and hydrogen
peroxide (12.5mL) at 120°C. Finally, the solid was separated
and washed with DW and methanol several times [30-32].

2.2.2. Aspartic Acid- and Glycine-Functionalized MSNs. The
synthesis of aspartic acid-functionalized MSNs (Asp-
MSNs) and glycine-functionalized MSNs (Gly-MSNs) was
achieved in two steps. Firstly, 1g of CTAB free MSNs
was dispersed in 25mL dried toluene and sonicated for
10 min. ICPTES (0.2mlL) was added to the mixture and
heated at 120°C overnight. MSNs-ICP was separated and
washed with dry toluene and DMF. Secondly, MSNs-ICP
was suspended in 10mL DMF and sonicated for 10 min.
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FIGURE 4: (a) and (b) SEM images of Asp-MSNs and Gly-MSNs, respectively. (c) and (d) TEM images of Asp-MSNs and Gly-MSNss,

respectively.

To the suspension, 10mL of DMF containing 200 mg of
aspartic acid (or glycine) was added and sonicated for
10min. The mixture was left under stirring at room tem-
perature overnight. Asp-MSNs (or Gly-MSNs) were sepa-
rated and washed with DW and methanol several times,
and dried at 90°C for 3h.

2.3. General Characterization. The structure and perfor-
mance of the fabricated nanoadsorbents were characterized
using several techniques. Scanning electron microscopy
(SEM) images were obtained using JEOL instrument model
JSM-6380 LA. Transmission electron microscopy (TEM)
images were obtained using JEOL instrument model JEM-
1230. The FTIR spectra measurements were mounted using
Thermo Scientific Nicolet iS10 FT-IR spectrometer in KBr
pellet at room temperature in a spectral range 4000-
400cm™. Shimadzu instrument model UV-2600 was used
to acquire UV spectra of dye.

2.4. Adsorption Investigation

2.4.1. Batch Adsorption Experiments. Batch method experi-
ments were performed using MB as probes to evaluate the
adsorption performance of fabricated nanoadsorbents.
The adsorption behavior was investigated at different pH
values, initial concentration, and exposure time. The con-
taminated water samples were prepared by dissolving
known amounts of MB in DW. The prepared adsorbent
(10mg) was placed in a sample tube containing 10 mL of
different concentrations MB aqueous solution (20, 50, 80,
100, 200 mg-L) and then shaken at 150 rmin’! for certain
period time. The nanoadsorbents were separated by centri-

fugation and the concentration of MB after adsorption
process was determined by UV-vis spectrophotometer.
The removal efficiency and the amount of MB adsorbed
onto nanoadsorbents were calculated using the following
equations:

Removal efficiency (%) = C, - C,/C, x 100%,
4,= (Cy- C)VIm

where C, and C, (mgL) are the initial and equilibrium
concentrations of MB, respectively. C, (mg-L) is the con-
centration of MB at time ¢ (min). g, (mg-gfl) is the
amount of MB adsorbed per unit mass of the nanoadsor-
bents at time t. V (L) is the volume of the adsorbed solu-
tion. m (g) is the mass of the nanoadsorbents.

2.4.2. Adsorption Kinetics. The kinetics of MB adsorbed on
the surface of the nanoadsorbents was explained by three

adsorption models. Each equation model is expressed by:

(i) Pseudo-first-order model

l,(q, — q,) =149, — kit (2)

(ii) Pseudo-second-order model
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+ —, (3)

(iii) Intraparticle diffusion model

q, = kget'? + C, (4)

where g, (mg-g ') is the amount of MB adsorbed onto the

nanoadsorbents at equilibrium. g, (mg-g™') is the amount
of MB adsorbed onto the nanoadsorbents at time ¢ (min).
k, (mgmin-g™') is the pseudo-first-order rate constant. k,
(mg-min-g™") is the pseudo-second-order rate constant. k,
g,% is the initial sorption rate (mg-g~:min'), revealing the
movement rate of MB molecule. kg (mg-g 'min~""?) is
the intraparticle diffusion rate constant.

2.4.3. Adsorption Isotherms. To understand the adsorption
behavior of MB on the surface of nanoadsorbents, two iso-
therm equations were selected to model the adsorption
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isotherm data. The Langmuir and Freundlich equation
models are expressed by:
Langmuir equation:

c, 1 ¢
T a (5)
9 99 qm
Freundlich equation:
1
lnqe:anf+ElnCe, (6)

where g,, (mg-g ') is the maximum adsorption capacity. K
is the constant related to the adsorption intensity. b (L-mg ")
is the Langmuir constant which is related to the affinity of
the binding site. A smaller value of (1/n) suggests a more
heterogeneous surface. However, when the value is equal

or closer to one suggests that the adsorbent has relatively
more homogeneous binding sites.

3. Results and Discussion

3.1. General Characterization. Asp-MSNs (or Gly-MSNs)
were fabricated in four steps. In basic solution and presence
of template (CTAB) and expander agent (hexane), conden-
sation reaction of TEOS was carried out to obtain MSNs.
CTAB was extracted by ion exchange process using a mix-
ture of acetic acid and hydrogen peroxide, to have hydro-
philic surface and allow reaction with inner surface. CTAB
free MSNs were reacted with ICPTES through hydrolysis
and condensation reactions between the silanol groups of
MSNs and alkoxysilane groups of ICPTES to obtain isocya-
nato groups conveniently attached to MSNs surface. The
primary amine groups in aspartic acid and glycine could
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react with isocyanato groups on the surface, producing Asp-
MSNs (or Gly-MSNs).

The covalent functionalization of MSNs with aspartic
acid and glycine was characterized by FTIR spectroscopy.
Figure 1 shows the IR spectra for MSNs (with CTAB), CTAB
free MSNs, MSNs-ICP, Asp-MSNs, and Gly-MSNs. Peaks at
~450 cm™! (SiO,, tetrahedron vibration) and ~800cm ™" (Si
—O-Si, symmetric vibration) were noted. Peaks were
observed between 1300 and 1000cm™, ascribed to Si-O
bands stretching of the silica network. A large band at
3400 cm ™! was observed for SiO-H. [33] Two bands located
at ~2920cm™" and 2855cm™' due to —CH,— stretching
vibrations of CTAB in MSNs (with CTAB) sample, which

disappeared after solvent extraction process of CTAB, indi-
cating the successful removal of the template from the pores
of MSNs. [28, 29] In the MSNs-ICP spectrum, the peak
appearing at ~2900cm ' and~1440cm™' corresponded to
the C—H groups. In the Asp-MSNs and Gly-MSNs spectra,
peak located at ~1720 cm ™" was observed, corresponding to
the carbonyl (—~CO-) presence in aspartic acid and glycine,
which indicated the successful grafting of amino acids onto
the MSNs surface.

In order to confirm the presence of aspartic acid and gly-
cine components in Asp-MSNs and Gly-MSNs, elemental
analysis was used to estimate the percentages of carbon,
hydrogen, and nitrogen in CTAB free MSNs, MSNs-ICP,
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Asp-MSNs, and Gly-MSNs. As seen from Figure 2, there is
an increase in amount of the C, H, and N elements at each
step in the surface modification, which indicated the suc-
cessful attachment of aspartic acid and glycine onto MSNs
surfaces.

The texture properties of CTAB free MSNs, Gly-MSN:s,
and Asp-MSNs were studied by the N, adsorption-
desorption isotherm. The BET surface area, total pore vol-
ume, and pore sizes were analyzed using Micromeritics
Gemini 2375 instrument. It was observed that all the ana-
lyzed samples exhibited type IV isotherm with H, hysteresis
loop, which is typical for mesoporous materials, as shown in

Figure 3. This isotherm suggested the adsorption process on
the surface of fabricated nanoparticles via multilayer adsorp-
tion followed by capillary condensation. Small different cap-
illary condensation steps were found for modified
nanoparticles (Gly-MSNs and Asp-MSNG) at higher relative
pressures, compared with CTAB free MSNs. The presence of
functional groups on MSNs surface reduced its effective sila-
nol surface area. Moreover, the CTAB free MSNs pore diam-
eter was smaller after surface modification due to the
presence of functional groups on the internal and external
pore surface, leading to the reduction in pore volume; the
data are summarized in Table 1.
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The SEM and TEM images were utilized to study the
morphology of Asp-MSNs and Gly-MSNs. Representative
images illustrated in Figures 4(a)-4(d) clearly showed that
both Asp-MSNs and Gly-MSNs were almost spherical in
shape particles with an average particles size of 290 nm. In
addition, TEM images revealed that MSNs have well-
ordered pores with an average pore size of 6nm, which
agreed with BET pore size.

The electronic charges on the surface of Asp-MSNs and
Gly-MSNs in aqueous solutions at different pH values can be
analyzed by zeta potentials. As shown in Figure 5, the result
indicated that when the pH was higher than 2 (at pH above
the pK, of carboxylic acid), the surface charge of both
nanoadsorbents was negatively charged due to the deproton-
ation of the carboxylic acid groups. Asp-MSNs and Gly-
MSNs are expected to exhibit increased adsorption capaci-
ties at pH above the pK, of carboxylic acid groups, since
the electrostatic interactions usually dominate the adsorp-
tion process of cationic dyes.

3.2. Effect of pH on the Removal Efficiency. It has been
reported that pH is an important parameter affecting
the adsorption of organic dyes from contaminated water;
[34, 35] therefore, a series of batch equilibrium experi-
ments were conducted to study the effect of pH on the
adsorption efficiency of MB by nanoadsorbents over a
range of pH values. Figure 6 shows the removal effi-
ciency of MB by CTAB free MSNs, Asp-MSNs, and
Gly-MSNs as a function of the corresponding solution
pH. According to the surface zeta potential obtained by
DLS, as the pH of the solution increased, the surface
zeta potential of Asp-MSNs and Gly-MSNs became more
negative. Consequently, the adsorption capacities of
adsorbents increased due to the electrostatic attractions
between the surface of the nanoadsorbents and MB.
When the pH of 50ppmMB solution reached 9, the
removal efficiency of MB by Asp-MSNs and Gly-MSNs
was 95% and 87%, respectively, compared to 17% for
CTAB free MSNS.

3.3. Effect of Contact Time and Initial Concentration on the
Removal Efficiency. The contact time is an important
parameter for evaluating the adsorption properties of
nanoadsorbents. Figures 7(a) and 7(b) show the influence
of the contact time and initial concentration on the
adsorption capacities of MB by Asp-MSNs and Gly-
MSNs. At all concentrations, the removal efficiency
increased sharply within 10min and reached equilibrium
in 90 min. The adsorption sites on Asp-MSNs and Gly-
MSNs for the MB were sufficient in the initial stage of
the adsorption process. When the contact time increases,
sufficient interactions can occur between the dye and the
adsorption sites of nanoadsorbents. As time progressed,
the number of adsorption sites was occupied by MB, and
the adsorption capacities were eventually saturated. MB
molecules have good mobility and reached equilibrium in
a short time due to their low molecular weight and planar
structure. [36]
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FiGURE 10: Adsorption efficiency of the fresh Asp-MSNs and Gly-
MSNs (1st use) and that of the regenerated nanoadsorbents after
two, three, and four uses in the removal of MB from
contaminated water at C,=50mgL, V=10mL, T=298K, and
pH=7.

3.4. Adsorption Kinetics. The kinetics of the MB adsorbed
onto Asp-MSNs and Gly-MSNs were described by adsorp-
tion (equations (2), (3), and (4)). Figures 8(a)-8(c) show
the linear fitting results of the kinetic data. The obtained
experimental data fitted better with the pseudo-second-
order kinetic model (MB on Asp-MSNs: R? =0.962, MB on
Gly-MSNs: R*>=0.948). These results suggested that the
adsorption rate of MB on the nanoadsorbents was primarily
controlled by chemisorption. Since there are electron-rich
functional groups on the surface of the nanoadsorbent, then
these groups provide attraction forces with dye. Further-
more, the calculated g, from the pseudo-second order was
52.63mgg ' for MB on Asp-MSNs, and 42.92mg-g ' for
MB on Gly-MSNs, which were close to the experimental
data (49.7mgg ' for MB on Asp-MSNs, and 41.8 mg-g ™'
for MB on Gly-MSNs).

3.5. Adsorption Isotherms. Two isotherm models, Langmuir
and Freundlich, were selected to fit the adsorption iso-
therm data, to understand the adsorption behavior of
nanoadsorbents. The fitted results of the selected isotherm
models are presented in Figure 9. According to the corre-
lation coefficients (R?), the Langmuir model was found to
be more suitable than the Freundlich model for describing
the adsorption of MB onto Asp-MSNs and Gly-MSNs
with correlation coefficients of 0.949 and 0.961, respec-
tively. These results suggested that the surface of both
Asp-MSNs and Gly-MSNs were coated by a monolayer
of the dye. The maximum adsorption capacity of MB cal-
culated from the Langmuir model was found to be
68.58mg.g ' and 55.11mgg ' for Asp-MSNs and Gly-
MSNs, respectively.

3.6. Nanoadsorbents Reusability. The spent nanoadsorbents
after use under the optimal set of conditions (C,=50mg-L,
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TaBLE 2: The maximum adsorption capacities of different adsorbents for removing MB from aqueous solution, reported in the past

literatures.

Adsorbents q, (mg-g™) Ref
Amine functionalized mesoporous silica 49 [37]
Mesoporous silica with cyclodextrin 60 [38]
Histidine modified mesoporous silica 60 [28]
Mesoporous silica functionalized with carboxylic groups 43 [39]
Mesoporous silica coated chitosan 43 [40]
Cysteine functionalized mesoporous silica 140 [27]
Aspartic acid-functionalized MSNs (Asp-MSNs) 55 In this study
Glycine-functionalized MSNs (Gly-MSNs) 43 In this study

V=10mL, T=298K, and pH=7) were then washed with
acidic solution and ethanol, and then reused under the same
optimal conditions. The adsorption efficiencies obtained
with successive reuse of the nanoadsorbents are shown in
Figure 10. The adsorption efficiencies obtained after two,
three, and four uses of Gly-MSNs 1.05-, 1.1-, and 1.13-fold
lower than that for the unused Gly-MSNs, whereas the
adsorption efficiencies obtained after two, three, and four
uses of Asp-MSNs 1.04-, 1.06- and 1.1-fold lower than that
for the unused Asp-MSNGs.

To illustrate the adsorption performance of Asp-MSNs
and Gly-MSNs, the maximum adsorption capacities of
nanoadsorbents for MB were compared with those of other
reported adsorbents. In general, the maximum adsorption
capacities of the fabricated nanoadsorbents for MB were
close to most of the other adsorbents, as reported in
Table 2. Considering the convenient synthetic method and
good adsorption performance, Asp-MSNs and Gly-MSNs
are good absorbents for removing toxic cationic molecules
from polluted water.

4. Conclusion

In this study, a simple and effective approach based on
surface modification of mesoporous silica nanoparticles
(MSNs) with amino acids was developed to obtain
nanoadsorbents with good adsorption performances. Both
Asp-MSNs and Gly-MSNs exhibited good removal proper-
ties of MB from aqueous solutions. The equilibrium
adsorption capacity of Asp-MSNs was 55mg-g ', whereas
the equilibrium adsorption capacity of Gly-MSNs was
43mg-g ', at 298K. The experimental data from the
adsorption kinetics and isotherm studies indicated that
the adsorption of pollutant on both nanoadsorbents fitted
well with the pseudo-second-order equation and Langmuir
model, respectively. Based on the high efficiency and feasi-
bility, Asp-MSNs and Gly-MSNs exhibited good potential
for water treatment.
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