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In this study, mesoporous silica nanoparticles (MSNs) were synthesised using the Stober method and functionalised with cysteine
(MSN-Cys) for removal of Methylene Blue (MB) from aqueous solution using the batch method. *e adsorbent nanoparticles
were characterised by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), FTIR, BET, and TGA.
Several influential factors on the adsorption of MB onto the surface of MSN-Cys particles were investigated, including pH, initial
concentration, and contact time.*e adsorption capacity of MB from aqueous solution increased from circa 70mg/g MSN-Cys in
acidic media to circa 140mg/g MSN-Cys in basic media. Adsorption isotherms and kinetic models of adsorption were used to
clarify the adsorption process. *e measured adsorption isotherm was fitted with a Freundlich model for all solutions, and the
kinetic model was determined to be pseudo-second-order.

1. Introduction

Dyes are widely used in many industries, as food addi-
tives, colorings, printing, plastics, and leathers [1, 2]. Dyes
are chemically stable and difficult to decompose biolog-
ically, especially when they are present in water [3–7]. A
small amount of dye can change the colour of water and
decrease sunlight penetration, which prevents the growth
of water bacteria [3, 4]. Moreover, the aromatic rings of
most dyes make them toxic and carcinogenic to humans
[8, 9].

Various physical, biological, and chemical methods have
been used to remediate organic dyes from wastewater, such
as photodegradation, microwave catalysis, biodegradation
[10], coagulation-flocculation [10], oxidation or ozonation
[11, 12], membrane separation [13], and adsorption. Ad-
sorption is based on the conversion of pollutants from a
liquid to a solid phase. *e adsorption process has recently
received attention due to its simplicity, inexpensiveness,
efficacy, high capacity, and ease of regeneration [14]. Ad-
sorption has been widely applied to porous materials such as
activated carbons [15, 16], metal-organic frameworks
(MOF) [17, 18], and mesoporous silica [19, 20].

Mesoporous silica nanoparticles (MSNs) are a porous
material that has unique properties, such as a large surface
area and pore volume, uniform pore size, high rigidity,
thermal stability, low cost, being environmentally friendly,
and facile modification [21–26]. MSNs have been used in the
water purification process to remove dyes [27–29]. *e
adsorption of dyes on mesoporous silica is achieved by
chemical/physical bonding between the active groups on the
surface of the MSNs and the dye molecules. Ramezani and
Zare-Dorabei reported the incorporation of Zr into SBA-15
(Zr-SBA-15) to increase the number of active sites for the
removal of Methylene Blue (MB) and Malachite green from
water using the solid-phase extraction method [19]. Mag-
netic mesoporous silica was utilised for removal of MB from
water under ultrasound irradiation to accelerate the
chemical process [20]. *is study found that ultrasound
irradiation reduced adsorption time by enhancing the dis-
persion of nanoparticles in the aqueous solution.

*e adsorption efficiency of MSNs could be further
improved by functionalising active sites on their surface [21].
Among these functional moieties are amine [27, 30, 31] and
carboxylic acid [32–34]. Chueachot et al. reported the re-
moval of MB from an aqueous solution using amine-
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functionalised mesoporous silica nanospheres via the batch
method [27]. *e maximum adsorption capacity of MSN-
NH2 was found to be 35mg/g in basic media. Tsai et al.
reported the functionalisation of mesoporous silica SBA-16
with carboxylic acid as an effective adsorbent for the removal
of cationic dyes due to electrostatic interaction between dyes
and the nanoparticle surface [34]. Ho et al. prepared MSNs
functionalised with amino and carboxylic groups for the
removal of acid blue 25 andMB fromwastewater [35]. MSN-
COOH was found to be a good adsorbent for MB, with
excellent adsorption capacity and selectivity.

Amino acids consist of an amine and a carboxyl group
attached to an alpha-carbon atom. *ere are a number of
studies in which a silica surface has been modified with
amino acids and used for medical applications [36, 37] or
removal of heavy metals [38, 39]. Silica nanoparticles have
been fabricated with the amino acid cysteine for removal of
uranium (VI) from aqueous solution with high adsorption
efficiency [38].

*e aim of this study was to prepare nanostructured
materials that have two functional groups (amine and
carboxylic acid groups) as effective moieties to remove toxic
ionic dyes. At pH values below the pKa of carboxylic acid
functional groups, nanoparticles exhibited cationic char-
acter, which reduced the adsorption capacity of cationic
dyes. At pH values above the pKa of amine groups, the
nanomaterials showed anionic character, which increased
the amount of dye adsorbed on the surface. To my
knowledge, very few studies have reported the utilisation of
amino acid-modified MSNs for dye removal. In the present
work, cysteine-functionalised MSNs were successfully fab-
ricated through a three-step modification process (Figure 1)
and characterised by FTIR, Scanning Electron Microscopy
(SEM), Transmission ElectronMicroscopy (TEM), BET, and
TGA. *ese materials were then applied as absorbents for
removal of MB, a cationic dye, from aqueous solution. *e
effects of pH, the initial concentration, and contact duration
were studied on the adsorption of MB. Moreover, the ad-
sorption process was modelled using adsorption isotherms
and kinetic models.

2. Materials and Methods

2.1.Materials. Deionized (DI) water was obtained from Elga
Pure Nanopore system. N-Cetyltrimethylammonium bro-
mide (CTAB, 98%, Germany), ammonium hydroxide (28 wt
%, Germany), tetraethyl orthosilicate (TEOS, 98%, Ger-
many), methanol (99.8% HPLC grade, UK), ethanol (99.8%,
HPLC grade, UK), hexane (99.9%, Germany), and 3-glyci-
doxypropyltrimethoxysilane (GPTS, 97%, USA) were pur-
chased from Sigma-Aldrich. Hydrochloric acid (HCl, 36%,
UK) and toluene (98%, UK) were obtained from Fisher
Scientific. Cysteine (98%, USA) was obtained from Acros.
All chemicals were used as received.

2.2. Preparation of MSNs. CTAB (0.5 g) was dissolved in DI
water (80mL), and then 3.5ml of ammonium hydroxide was
added at 37°C under magnetic stirring. A mixture of TEOS

(2.5mL) and n-hexane (5mL) was added to this solution
over 30min. MSNs were collected after 15 h by centrifu-
gation, then washed with DI water and ethanol, and dried at
120°C for 1 h. MSNs (1.5 g) were dispersed in a solution of
HCl (4.5mL, 12M) in 80mL methanol under reflux. *e
products were obtained after centrifugation and then
washed with ethanol [40].

2.3. Synthesis of Epoxy-Functionalised MSNs (MSN-GPTS).
MSNs (1.5 g) were dispersed in a solution of GPTS (0.4mL)
in toluene (60mL) and heated under reflux for 15 h. *e
sample was collected by centrifugation and then washed with
toluene and ethanol.

2.4. Synthesis of Cysteine-Functionalised MSNs (MSN-Cys).
1 g of MSN-GPTS was placed in a flask with 150mL of
alkaline aqueous solutions (pH 8.5), and then cysteine (1.5 g)
was added to the suspension.*emixture was ultrasonicated
for 15min and then heated at 65°C in an oil bath equipped
with a magnetic stirrer for 24 h [36].

2.5. Adsorption Studies. *e adsorption behaviour of MB
onto MSN-Cys was studied by varying contact time, pH, and
initial concentrations. A series of concentrations of Meth-
ylene Blue in DI water were prepared (50, 80, 100, 120, and
150mg/L). In each experiment, 10mg of MSN-Cys was
suspended in 10mL of MB solution and stirred (150 rota-
tions (r)/min) at room temperature. Nanomaterials were
obtained by centrifugation. MB content was measured by
UV-vis spectrophotometry at 663 nm. *e adsorption ca-
pacity (qe) was estimated by the following equation:

qe �
Co − Ce( V

m
, (1)

where Co and Ce represent the initial concentration (mg/L)
and concentration at equilibrium (mg/L) for MB, respec-
tively, qe represents the adsorption capacity at equilibrium in
mg/g, and m and V represent the mass of MSN-Cys (g) and
the volume of MB solution (L), respectively.

2.6. Adsorption Isotherms. *ree different isotherm models
were used to fit the adsorption of MB on MSN-Cys. A linear
form of the Langmuir model isotherm is represented by the
following equation:

Ce

qe

�
1

qmKl

+
Ce

qm

, (2)

where Ce and qe represent the concentration of MB solution
(mg/L) and the adsorption capacity (mg/g) at equilibrium,
respectively, qm represents the maximum adsorption ca-
pacity (mg/g) of MB onto the adsorbent, and kl represents
the Langmuir constant (L/mg) related to energy of ad-
sorption [41]. A linear form of the Freundlich model iso-
therm is represented by the following equation:
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log qe �
1
n

log Ce + logKF, (3)

where KF represents the Freundlich adsorption constant
((mg/g)/(mg/L)1/n) related to adsorption capacity and 1/n
represents the adsorption intensity and surface heteroge-
neity [42].

*e linearised Temkin model isotherm is represented by
the following equation:

qe �
RT

bT

lnCe +
RT

bT

ln KT, (4)

where R is the gas constant (8.314 J/mol·K), bT represents a
constant related to the heat of adsorption, KT represents the
Temkin isotherm constant (1/L.g), and T is the absolute
temperature in Kelvin [43].

2.7.AdsorptionKinetics. *e kinetics of MB adsorption onto
fabricated material was analysed by pseudo-first-order and
pseudo-second-order equations.

2.8. 7e Pseudo-First-Order Equation. *e pseudo-first-or-
der equation is

log qe − qt(  � log qe(  −
K1

2.303
t, (5)

where K1 is the rate coefficient of pseudo-first-order ad-
sorption in L/min and qt is the adsorption capacity at time t
in mg/g [44].

2.9. 7e Pseudo-Second-Order Equation. *e pseudo-sec-
ond-order equation is

t

qt

�
1

K2q
2
e

+
1
qe

t, (6)

where K2 is the rate coefficient of pseudo-second-order
adsorption in g/mg·min [45].

2.10. Measurement and Characterisation

2.10.1. SEM. A JEOL JSM-6380 LA was used to image the
fabricated nanoparticles prior to treatment.

2.10.2. TEM. A JEOL JEM-1230 was used to image the
sample prepared on a copper grid.

2.10.3. FTIR Spectroscopy. A*ermo Scientific Nicolet IS10
was used to obtain infrared spectra in KBr pellets in the
region of 4000–400 cm−1 with a resolution of 4 cm−1.

2.10.4. BET Surface Area. A Micromeritics Gemini 2375
volumetric analyser was used to measure the surface area of
nanomaterials with nitrogen physisorption isotherms. Each
sample was degassed at 120°C overnight prior to analysis.
Brunauer–Emmett–Teller (BET) surface areas were identi-
fied using experimental points at a relative pressure (P/Po) of
0.05–0.25. *e total pore volume was calculated from ni-
trogen gas adsorbed at 0.99 P/Po for each sample. *e av-
erage pore size distribution was discovered using the
Barrett–Joyner–Halenda (BJH) model.

2.10.5. 7ermogravimetric Analysis (TGA). A SII TGA 6300
instrument was used to carry out TGA with a 10°C/min
heating rate under N2

2.10.6. UV-Vis Spectrophotometer. A Shimadzu (UV-2600)
was used to obtain UV spectra of MB solutions.

3. Results and Discussion

MSNs were synthesised by addition of TEOS in an aqueous
solution of CTAB in the presence of ammonium hydroxide,
with n-hexane as a pore-expanding agent. *e template was
extracted by the ion exchange method using HCl in methanol
to allow reaction within the pores. GPTS was conveniently
bonded to the surface of MSNs.*e thiol group in cysteine can
react with an epoxy group on the surface of MSNs in basic
medium, producing MSNs that contained amine and carboxyl
groups attached to a single carbon atom (Figure 1).

SEM and TEM were utilised to characterise MSNs. SEM
images revealed the size, shape, and distribution of MSNs
(Figure 2(a)). MSNs were almost nanospherical particles,
ranging in size between 200 and 350 nm. Figure 2(b) shows
TEM images of MSNs between 200 and 350 nm, in agree-
ment with the SEM images. Fabricated nanoparticles were
mesoporous, with a pore size of approximately 6 nm.

N2 adsorption-desorption isotherms were classified as
Type IV (for the ordered mesoporous materials) for all
samples (Figure 3). Compared with bare MSNs, the hys-
teresis loop for MSN-GPTS and MSN-Cys moved to a
relatively lower pressure; simultaneously, the surface area,
pore size, and pore volume all decreased, confirming the
modification process (Table 1).

MSNs, MSN-GPTS, andMSN-Cys were characterised by
FTIR to confirm modification (Figure 4). Si–O band
stretching of the silica network produced a broad peak at
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Figure 1: Illustration of the synthesis of mesoporous silica nanoparticles functionalised with cysteine (MSN-Cys).
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1250–1050 cm−1 and 810 cm−1 [46]. Peaks at ∼2900 cm−1 and
∼1430 cm−1 were assigned to C-H groups of GPTS attached
to the MSN surface. After reaction of MSN-GPTS with
cysteine, a peak at ∼1750 cm−1 was attributed to –C�O
carbonyl stretching in cysteine [40]. Moreover, it was ob-
served that there was an increase in the intensity of C-H
peaks, indicating successful attachment of cysteine.

MSN-Cys contains a carboxylic acid and a primary
amine attached to a single carbon atom.*e surface ofMSN-
Cys possesses zwitterionic, cationic, or anionic character,
depending on the pH of the solution. At intermediate pH,
cysteine-modified MSNs display a zwitterionic character. At
a pH below its pKa, all the amine groups remain protonated,
while the carboxylic acid groups are no longer ionised;
hence, the surface acquires a cationic character, which

reduces the capacity of MB adsorption. In contrast, the
carboxylic acid groups remain ionised at pH above their
pKa, while the amine groups become deprotonated, giving
the surface an anionic character, which can increase the
amount of MB adsorbed on the surface (Figure 5).

MB removal from aqueous solution by MSN-Cys at room
temperature was studied by varying the initial concentration of
MB (50, 80, 100, 120, and 150mg/L). When the concentration
of MB was increased, the amount of adsorbed MB increased.
As shown in Figure 6, the highest amount adsorbed was ob-
served in basic media, due to the interaction between the
ionised surface of MSNs-Cys and MB (a cationic dye), in
agreement with Ho et al. [35]. In acidic media, the amount of
MB absorbed was the lowest, due to the repulsive forces be-
tween the cationic character of the surface and MB [35, 47].

100 nm

(a)

100 nm

(b)

Figure 2: Images of mesoporous silica nanoparticles: (a) SEM and (b) TEM.
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Figure 3: Nitrogen adsorption isotherms of bare MSNs (▲black), MSN-GPTS (●red), and MSN-Cys (■blue).

Table 1: Physiochemical data obtained for bare MSNs, MSN-GPTS, and MSN-Cys.

Material BET surface area (m2·g−1) Pore volume (cm3·g−1) Average pore size (nm)
Bare MSNs 986 1.26 6
MSN-GPTS 743 0.91 5
MSN-Cys 652 0.83 5
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Successful MB adsorption on the surface of MSN-Cys
(MB@MSN-Cys) was evaluated by thermogravimetric
analysis (TGA) (Figure 7). When treated with cysteine-
modified MSNs, about 19% of weight was lost. When MB
was adsorbed on MSN-Cys (150 ppm) at pH 1.5 and 7, the
weight loss increased to ca. 30%. *ese results showed that
the amount of MB adsorbed on the surface was estimated to
be 110mg/g. *e weight loss with MB@MSN-Cys at pH 8.5
was ca. 38%, equating 190mg/g MB adsorbed. *ese results
were consistent with UV-adsorption studies.

MB adsorption capacities using MSNs with different
functional groups have been reported in the literature. Ta-
ble 2 shows the performance of fabricated nanoparticles
(MSN-Cys) compared to different adsorbents. It can be seen
that MSN-Cys adsorption capacity is higher than many
modifications in previous studies.

*e effect of contact duration on the adsorption of MB
was investigated (10, 20, 40, 60, 80, 100, 150, or 200min).
Figure 8 illustrates the amount of MB adsorbed byMSN-Cys
over time. *e initial rate of adsorption increased sharply
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Figure 4: FTIR spectra: (a) MSNs, (b) MSN-GPTS, and (c) MSN-Cys.
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Figure 5: Schematic representation of the suggested adsorption mechanism of MB onto MSN-Cys.
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during the first 80min, which could be ascribed to the large
amount of accessible adsorption sites. When contact time
reached ca. 80min, uptake reached maximum MB ad-
sorption.*e highest amount ofMB adsorbed in basicmedia
was ca. 140mg/g, compared to 70mg/g in acidic media due
to the negative charge of the material surface.

Adsorption isotherms of MB onto MSN-Cys are plotted
in Figure 9, and the relevant parameters are listed in Table 3.
*e adsorption equilibrium data can be presented by the

Freundlich model in all solutions based on the linear re-
gression coefficient (R2), as opposed to the Langmuir or
Temkin models.*is adsorption behaviour suggests that MB
adsorption occurs heterogeneously, and MSN-Cys prefer-
entially occupies the stronger binding sites. *e values of
parameter n in the Freundlich isotherm are higher than 1 for
natural and basic media, which indicate favourable ad-
sorption [53].

Two kinetic models could be used to explain the ad-
sorption mechanism of MB onto the surface of MSN-Cys.
*e linear curves plotted based on pseudo-first-order and
pseudo-second-order kinetic models are shown in Figure 10,
and Table 4 summarises the values of qe, k1, k2, and R2. *e
calculated adsorption from the pseudo-second-order model
is closer to the experimental data than that from the pseudo-
first-order model in all solutions. Correlation coefficients
(R2) are closer to 1 when fitted with the pseudo-second-
order model as well, compared to the pseudo-first-order
model.

Regenerability of MB@MSN-Cys was also examined to
evaluate the performance of the adsorbent. MB@MSN-Cys
was washed several times with an aqueous solution
(pH� 1.5) under ultrasonication and then centrifuged and

Table 2: Comparison of removal of MB by different functional
groups on mesoporous silica surfaces.

Functional group qe (mg.g−1) Ref.
— 140 [48]
— 172 [20]
Amine 13 [27]
Cyclodextrin 60 [49]
Carboxylic 470 [33]
Carboxylic 43 [50]
Chitosan 43 [51]
Sulfonate 208 [52]
Cysteine 140 *is study
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Figure 6: Effect of initial MB concentration on MB removal via MSN-Cys at different pH values (25°C for 200min, 150 rpm).
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150 ppm, and (d) MB@MSN-Cys at pH 8.5 and 150 ppm.
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Figure 9: Adsorption isotherms fitted to the adsorption equilibrium data: (a–c) the Langmuir model at pH 1.5, 7, and 8.5, respectively; (d–f) the
Freundlich model at pH 1.5, 7, and 8.5, respectively; (g–i) the Temkin model at pH 1.5, 7, and 8.5, respectively (150ppm, 25°C, and 150 rpm).

Table 3: Linear isotherm parameters for MB removal by MSN-Cys at 150 ppm and 25°C.

Isotherms Parameters
pH

1.5 7 8.5

Langmuir
qm (mg/g) 61.35 250 384
KL (L/mg) 0.03 0.01 0.05

R2 0.87 0.70 0.85

Freundlich
KF ((mg/g)/(mg/L)1/n) 0.05 2.10 3.90

N 0.60 1.75 3.66
R2 0.98 0.97 0.98

Temkin
bT 34.70 56.19 37.69

KT (L/g) 0.04 0.15 0.99
R2 0.93 0.90 0.96
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Figure 10: Kinetic models of MB removal by MSNs-Cys: (a–c) pseudo-first-order reactions at pH 1.5, 7, and 8.5, respectively; (d–f) pseudo-
second-order reactions at pH 1.5, 7, and 8.5, respectively (150 ppm, 25°C, and 150 rpm).

Table 4: Coefficient of pseudo-first-order and pseudo-second-order reactions for MB removal by MSNs-Cys at 150 ppm and 25°C.

Parameters
pH

1.5 7 8.5

Pseudo-first-order
qe, cal (mg/g) 6.59 6.27 2.78
kl (min−1) 0.0003 0.0148 0.0002

R2 0.94 0.83 0.75

Pseudo-second-order
qe, cal (mg/g) 80.64 86.95 140.84
k2 (min−1) 0.0004 0.0004 0.17

R2 1 0.93 0.99
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dried at 100°C overnight. *e adsorbent was reused for
removal of MB (150 ppm) at different pH values. Figure 11
shows the performance of the adsorbent after this second
removal cycle. *e removal efficiency of MB reached 64%,
60%, and 83% at pH 1.5, 7, and 8.5, respectively.

4. Conclusions

In the present work, mesoporous silica functionalised with
cysteine (MSN-Cys) was prepared in three steps. Epoxy-
functionalised saline was anchored onto the surface of the
MSN, followed by reaction with cysteine in basic media via
an epoxy-thiol reaction. *is nanomaterial exhibited cat-
ionic character below the pKa and anionic character above
the pKa, with zwitterionic character at intermediate pH.*e
amount of adsorbed MB was found to be affected by the
initial concentration of MB, contact duration, and pH of the
solution. *e amount of adsorbed MB increased when the
concentration of MB increased, with the highest adsorption
capacity at high pH with 140mg of MB per gram of MSN-
Cys due to the physical interaction between MB and the
negative charge on the MSN surface. *e adsorption iso-
therm was fitted with the Freundlich model for all solutions.
*e kinetics of MB adsorption on MSN-Cys was found to fit
a pseudo-second-order kinetic model. *e material was
characterised using SEM, TEM, and FTIR.

Data Availability

SEM and TEM were used to support the findings that the
prepared materials are mesoporous silica nanoparticles
(MSNs). FT-IR spectra were used to support the findings
that the functional groups are successfully attached onto the
surface of the nanomaterials. *e adsorptions of MB on
MSNs at different pH were demonstrated to support the
findings that MB is affected by different functional groups.
*e adsorption isotherm used to support the findings that all
data are fitted with the Freundlich model was demonstrated.
*e kinetics of MB adsorption used to support the findings
that all data are fitted with the pseudo-second-order kinetic
model was demonstrated.
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“Amino functionalized mesostructured SBA-15 silica for CO2
capture: exploring the relation between the adsorption ca-
pacity and the distribution of amino groups by TEM,” Mi-
croporous and Mesoporous Materials, vol. 158, pp. 309–317,
2012.

[27] R. Chueachot, S. Wongkhueng, K. Khankam et al., “Ad-
sorption efficiency of methylene blue from aqueous solution
with amine-functionalized mesoporous silica nanospheres by
co-condensation biphasic synthesis: adsorption condition and

equilibrium studies,” Materials Today: Proceedings, vol. 5,
no. 6, pp. 14079–14085, 2018.

[28] N. Yuan, H. Cai, T. Liu, Q. Huang, and X. Zhang, “Adsorptive
removal of methylene blue from aqueous solution using coal
fly ash-derived mesoporous silica material,” Adsorption Sci-
ence & Technology, vol. 37, no. 3-4, pp. 333–348, 2019.

[29] Y. Hong, B. J. Cha, Y. D. Kim, and H. O. Seo, “Mesoporous
SiO2 particles combined with Fe oxide nanoparticles as a
regenerative methylene blue adsorbent,” ACS Omega, vol. 4,
no. 6, pp. 9745–9755, 2019.

[30] L. Adlnasab, M. Shabanian, M. Ezoddin, and A. Maghsodi,
“Amine rich functionalized mesoporous silica for the effective
removal of alizarin yellow and phenol red dyes from waste
waters based on response surface methodology,” Materials
Science and Engineering: B, vol. 226, pp. 188–198, 2017.

[31] N. M. Mahmoodi, S. Khorramfar, and F. Najafi, “Amine-
functionalized silica nanoparticle: preparation, characteriza-
tion and anionic dye removal ability,” Desalination, vol. 279,
no. 1-3, pp. 61–68, 2011.

[32] X. Fu, X. Chen, J. Wang, and J. Liu, “Fabrication of carboxylic
functionalized superparamagnetic mesoporous silica micro-
spheres and their application for removal basic dye pollutants
from water,”Microporous andMesoporous Materials, vol. 139,
no. 1-3, pp. 8–15, 2011.

[33] J. R. Deka, Y.-H. Lin, and H.-M. Kao, “Ordered cubic mes-
oporous silica KIT-5 functionalized with carboxylic acid
groups for dye removal,” RSC Advances, vol. 4, no. 90,
pp. 49061–49069, 2014.

[34] C.-H. Tsai, W.-C. Chang, D. Saikia, C.-E. Wu, and H.-M. Kao,
“Functionalization of cubic mesoporous silica SBA-16 with
carboxylic acid via one-pot synthesis route for effective re-
moval of cationic dyes,” Journal of Hazardous Materials,
vol. 309, pp. 236–248, 2016.

[35] K. Y. Ho, G. McKay, and K. L. Yeung, “Selective adsorbents
from ordered mesoporous silica,” Langmuir, vol. 19, no. 7,
pp. 3019–3024, 2003.

[36] J. E. Rosen and F. X. Gu, “Surface functionalization of silica
nanoparticles with cysteine: a low-fouling zwitterionic sur-
face,” Langmuir, vol. 27, no. 17, pp. 10507–10513, 2011.

[37] A. Kołodziejczak-Radzimska and T. Jesionowski, “A novel
cysteine-functionalized MxOy material as support for laccase
immobilization and a potential application in decolorization
of alizarin red S,” Processes, vol. 8, p. 885, 2020.

[38] L. Ismail, F. Khalili, and F. M. A. Orabi, “Modification of silica
nanoparticles with cysteine or methionine amino acids for the
removal of uranium (VI) from aqueous solution,” Silicon,
vol. 12, no. 12, pp. 1–15, 2020.

[39] P. Petrova, I. Karadjova, M. Chochkova, I. Dakova, and
M. Karadjov, “New amino acid modified silica gel sorbents for
solid phase extraction of Au (III),” Bulgarian Chemical
Communications, vol. 49, pp. 95–100, 2017.

[40] A. M. Alswieleh, A. M. Beagan, B. M. Alsheheri,
K. M. Alotaibi, M. D. Alharthi, and M. S. Almeataq, “Hybrid
mesoporous silica nanoparticles grafted with 2-(tert-butyla-
mino) ethyl methacrylate-b-poly (ethylene glycol) methyl
ether methacrylate diblock brushes as drug nanocarrier,”
Molecules, vol. 25, no. 1, p. 195, 2020.

[41] I. Langmuir, “*e constitution and fundamental properties of
solids and liquids,” Journal of the American Chemical Society,
vol. 39, no. 9, pp. 1848–1906, 1917.

[42] H. Freundlich, “Uber die adsorption in losungen, zeitschrift
fur phtsikalische chemie,” Zeitschrift Fur Physikalische
Chemie, vol. 62, pp. 121–125, 1906.

Journal of Chemistry 11



[43] M. Temkin and V. Pyzhev, “Recent modifications to langmuir
isotherms,” 1940.

[44] S. Lagergren, “Zur theorie der sogenannten adsorption
geloster stoffe,” 1898.

[45] Y. S. Ho and G. McKay, “Pseudo-second order model for
sorption processes,” Process Biochemistry, vol. 34, no. 5,
pp. 451–465, 1999.

[46] P. Innocenzi, “Infrared spectroscopy of sol-gel derived silica-
based films: a spectra-microstructure overview,” Journal of
Non-crystalline Solids, vol. 316, no. 2-3, pp. 309–319, 2003.

[47] M. Anbia and S. A. Hariri, “Removal of methylene blue from
aqueous solution using nanoporous SBA-3,” Desalination,
vol. 261, no. 1-2, pp. 61–66, 2010.

[48] S. Liu, X. Chen, W. Ai, and C. Wei, “A newmethod to prepare
mesoporous silica from coal gasification fine slag and its
application in methylene blue adsorption,” Journal of Cleaner
Production, vol. 212, pp. 1062–1071, 2019.

[49] A. Ebadi and A. A. Rafati, “Preparation of silica mesoporous
nanoparticles functionalized with β-cyclodextrin and its ap-
plication for methylene blue removal,” Journal of Molecular
Liquids, vol. 209, pp. 239–245, 2015.

[50] Z. Jiaqi, D. Yimin, L. Danyang, W. Shengyun, Z. Liling, and
Z. Yi, “Synthesis of carboxyl-functionalized magnetic nano-
particle for the removal of methylene blue,” Colloids and
Surfaces A: Physicochemical and Engineering Aspects, vol. 572,
pp. 58–66, 2019.

[51] Y. Li, Y. Zhou, W. Nie, L. Song, and P. Chen, “Highly efficient
methylene blue dyes removal from aqueous systems by chi-
tosan coated magnetic mesoporous silica nanoparticles,”
Journal of Porous Materials, vol. 22, no. 5, pp. 1383–1392,
2015.

[52] M. Zarezadeh-Mehrizi, A. Badiei, and A. Shahbazi, “Sulfo-
nate-functionalized nanoporous silica spheres as adsorbent
for methylene blue,” Research on Chemical Intermediates,
vol. 42, no. 4, pp. 3537–3551, 2016.

[53] R. Sales, H. O. M. A. Moura, A. B. F. Câmara et al., “As-
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