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Abstract 

The objective of this study is to investigate the removal of dyes (methylene blue 

and acid blue 25) from aqueous solution using mesoporous silica MCM-41 and 

MCM-41 functionalized with 3-aminopropyltrimethoxysilane (amine-functionalized 

MCM-41, A-MCM-41) as adsorbents. MCM-41 particles were white. The field 

emission scanning electron microscopy (FESEM) image indicated that MCM-41 

had a sphere or rod-like morphology. The energy dispersive X-ray spectrometer 

(EDS) pattern demonstrated that silicon (Si) was the major element of MCM-41. 

The transmission electron microscope (TEM) images showed that MCM-41 had a 

hexagonal shape with a regular arrangement of pores. The particle size analysis 

indicated that MCM-41 had a size of 527.9  100.1 nm. From, N2 adsorption-

desorption analysis, the BET surface area of MCM-41 was determined to be 1239.5 

m
2
/g with total pore volume of 0.92 cm

3
/g, average pore diameter of 2.97 nm, and 

mesopore volume of 0.85 cm
3
/g. The low-angle X-ray diffraction (XRD) pattern 

indicated two peaks at 2 = 2.44
o
 and 4.18

o
, which are indexed to (100) and (110) 

reflections, respectively, characteristic for hexagonal mesostructures. In the Fourier 

transform infrared (FTIR) spectra of MCM-41, a broad band around 3449 (1/cm) 

along with the peaks at 1634 add 965 (1/cm) corresponded to the vibration bands of 

silanol groups (Si-OH). The bands at 1095 and 800 (1/cm) were attributed to the 

stretching vibration of Si-O-Si groups. A-MCM-41 also had the same color and 

shape as MCM-41. The EDS pattern of A-MCM-41 demonstrated that silicon was 
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major element of A-MCM-41 also. TEM images showed that A-MCM-41 had a 

hexagonal shape with a regular arrangement of pores even functionalization. The 

particle size of A-MCM-41 was determined to be 585.7  105.6 nm. The BET 

surface area of A-MCM-41 was 509.9 m
2
/g with total pore volume of 0.34 cm

3
/g, 

average pore diameter of 2.69 nm, and mesopore volume of 0.22 cm
3
/g. The low-

angle XRD pattern indicated that the main peak signal of the MCM-41 XRD pattern 

existed in A-MCM-41 but shifted right due to the surface functionalization by 

APTMS. In the FTIR spectra, the peaks at 1515 and 1471 (1/cm) are due to the 

vibration bands of amine groups (NH2). 

Batch experiments were performed to examine the dye removal using MCM-41. 

Results showed that the adsorption of methylene blue to MCM-41 was fast process, 

reaching equilibrium at 15 min. The adsorption capacity of methylene blue was far 

greater than that of acid blue 25. The maximum adsorption capacity of methylene 

blue was determined to be 126.1 mg/g from the Langmuir isotherm model, which 

was 16 times greater than that of acid blue 25 (= 7.9 mg/g). Results also indicated 

that the removal of methylene blue in MCM-41 was very sensitive to solution pH 

changes. The adsorption capacity increased from 33.5 to 99.4 mg/g with increasing 

pH from 4.1 to 10.3. Meanwhile, the adsorption capacity of acid blue 25 was below 

4.7 mg/g throughout the pH between 4.1 and 9.4. Batch experiments were also 

performed to observe the dye removal using A-MCM-41. Results showed that the 

adsorption of acid blue 25 to A-MCM-41 was fast, reaching equilibrium at 10 min. 

The adsorption capacity of acid blue 25 was greater than that of methylene blue. 
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The maximum adsorption capacity of acid blue 25 was determined to be 45.9 mg/g 

from the Langmuir isotherm model, which was 3.4 times greater than that of 

methylene blue (= 13.7 mg/g). Results also indicated that the removal of acid blue 

25 in A-MCM-41 was very sensitive to solution pH changes. The adsorption 

capacity decreased from 28.7 to 1.1 mg/g with increasing pH from 4.1 to 9.4. 

Meanwhile, the adsorption capacity of methylene blue was below 2.4 mg/g at pH 

4.17.6. However, the adsorption capacity increased to 13.3 mg/g at pH = 9.0 and 

15.5 mg/g at pH 10.3. Results showed that MCM-41 was far more effective in the 

removal of methylene blue (cationic dye), whereas A-MCM-41 was better at the 

removal of acid blue 25 (anionic dye). This could be attributed to the presence of 

amine groups (NH2) on the surfaces of A-MCM-41. This study demonstrated that 

mesoporous silica could be used as adsorbents to remove various types of 

contaminants through surface functionalization. 

 

Keywords: acid blue 25, adsorbent, amine-functionalized MCM-41, batch 

experiment, dye removal, mesoporous silica MCM-41, methylene blue, surface 

functionalization 
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I. Introduction 

1. Background 

Pollution of water bodies by the effluents from textile industry is a serious 

environmental problem. Dyes released from the textile effluents impart a significant 

color to water, making it unfeasible for consumption. In addition, dyes reduce the 

transmission of sunlight via water, affecting the photosynthesis of aquatic plants. 

Furthermore, dyes pose a great damage to aquatic life and human beings due to their 

mutagenic and carcinogenic properties (Gupta and Suhas, 2009). Therefore, the 

removal of dyes from the textile effluents is a challenging topic in environmental 

research. 

Various treatment techniques have been used for the removal of dyes from water, 

including adsorption, sedimentation, flotation, flocculation, coagulation, foam 

fractionation, ionizing radiation, incineration, filtration, neutralization, reduction, 

oxidation, electrolysis, ion exchange, advanced oxidation processes, stabilization 

ponds, aerated lagoons, trickling filters, activated sludge (Table 1-1; Gupta and 

Suhas, 2009). Among them, adsorption is widely applied mainly because of cost-

effectiveness and simplicity of operation. Several adsorbents have been tested for 

dye removal, including activated carbon, alumina, silica gel, zeolite, etc (Robinson 

et al., 2001; Crini, 2006; Salleh et al., 2011). 

Mesoporous silica (Figure 1.1) is a form of silica with large pore diameters 

ranging from 2 to 50 nm. Mesoporous silica has a large surface area with high 
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chemical and thermal stability. The most common types of mesoporous silica 

materials are MCM-41 (Mobil Crystalline of Materials 41) and SBA-15 (Santa 

Barbara Amorphous 15). It is known that various functional groups can be 

accommodated on the surfaces of mesoporous silica through surface modification, 

making them applicable for catalysis, drug delivery, imaging, and adsorbents 

(Yokoi et al., 2012). Mesoporous silica and surface-modified mesoporous silica 

have recently been investigated as a potential adsorbent for removing contaminants 

such as heavy metals, dyes, organic compounds, and pharmaceuticals from water 

and wastewater (Zhang et al., 2007; Mureseanu et al., 2008; Yang et al., 2008; 

Aguado et al., 2009; Anbia and Lashgari, 2009; Bui et al., 2011). 
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Table 1-1. Treatment techniques for dye removal from wastewater 

Treatment technique Note 

Physical 

Treatment 

Adsorption 
Widely used for acid, basic, direct, reactive, and 

dispersed dyes with activate carbon or activated sludge 

Sedimentation 
Basic form of primary treatment with many process 

options to enhance gravity settling 

Coagulation Economical and simple method  

Foam Fractionation Effective on dispersed dye removal 

Ionizing Radiation Adaptable to barely oxidized or reduced dyes 

Incineration 
Possibility to create by-products (e.g. air pollutants, 

heavy metal polluted ashes) 

Filtration 
Ultrafiltration and nanofiltration techniques are 

effective for the removal of all classes of dyestuffs 

Chemical 

Treatment 

Reduction Effective on azo dye removal 

Oxidation 
Most common chemical treatment to remove dye from 

waste water 

Electrolysis Suitable for highly concentrated dye waste water 

Ion Exchange Suitable method for known soluble dye waste water 

Advanced 

Oxidation 

Processes 

Use more than one oxidation processes include 

Fenton’s reagent oxidation, ultra violet photolysis and 

sonolysis 

Biological 

Treatment 
Activated Sludge 

Most common biological treatment, but low-efficiency 

on dye removal 
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Figure 1-1. Structure of mesoporous silica 
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2. Objectives 

The objective of this study is to investigate the dye removal from aqueous 

solution using mesoporous silica MCM-41 and MCM-41 functionalized with 3-

aminopropyltrimethoxysilane (amine-functionalized MCM-41, A-MCM-41) as 

adsorbents.  

 

3. Method of approach 

The characteristics of MCM-41 and A-MCM-41 were elucidated using 

transmission electron microscope (TEM), field emission scanning electron 

microscopy (FESEM), Energy Dispersive X-ray Spectrometer (EDS) analysis, X-

ray diffraction (XRD) spectrometer, Fourier transform infrared (FTIR) spectrometer, 

particle size analysis, and nitrogen gas (N2) adsorption-desorption experiments. 

Kinetic and equilibrium experiments were performed to examine the adsorption of 

dye (methylene blue, acid blue 25) to MCM-41 and A-MCM-41. Batch experiments 

were also conducted to observe the effect of solution pH on dye removal by MCM-

41 and A-MCM-41.  
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II. Literature Review 

1. Contaminant removal by mesoporous silica  

Several researchers have investigated the removal of various contaminants 

including heavy metals, organic compounds, and pharmaceuticals using mesoporous 

silica (Table 2-1). Zhang et al (2007) synthesized multi-amine-grafted mesoporous 

silica for the removal of cadmium, copper, lead, mercury, and zinc. Mureseanu et al 

(2008) synthesized N-Propylsalicylaldimino-modified SBA-15 for the removal of 

cobalt, copper, nickel, and zinc. Yang et al (2008) investigated the removal of 

copper, iron, lead, manganese, silver, and zinc using hybrid surfactant-templated 

mesoporous silica. Aguado et al (2009) investigated the removal of cadmium, 

copper, lead, nickel, and zinc using amine-functionalized SBA-15. Chen et al (2011) 

synthesized Fe
3+

-grafted magnetic MCM-41 for the removal of Chromium. Li et al 

(2011) synthesized thiol-functionalized magnetic mesoporous silica for the removal 

copper, mercury, and silver. Baccile and Babonneau (2008) evaluated chlorophenol 

removal capacity by using organo-modified mesoporous silica. Bui et al (2011) 

synthesized organically functionalized SBA-15 for the removal pharmaceuticals like 

acetaminophen, atenolol, carbamazepine, clofibric acid, diclofenac, estrone, 

gemfibrozil, iopromide, ketoprofen, sulfamethoxazole, and trimethoprim. 
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Table 2-1. Previous studies for contaminant removal by mesoporous silica. 

Author Title Adsorbent Summary 

Quintanilla 

et al  

(2006) 

2-Mercaptothiazoline 

modified mesoporous silica 

for mercury removal from 

aqueous media 

2-

Mercaptothiazoline 

modified 

mesoporous silica 

Mesoporous silicas (SBA-15 and MCM-41) have been functionalized by 

two different methods. SBA-15 and MCM-41 functionalized with 2-

mercaptothiazoline by the homogeneous method present good mercury 

adsorption values (1.10 and 0.7 mmol Hg (II)/g of silica, respectively). 

Zhang  

et al  

(2007) 

Preparation of multi-amine-

grafted mesoporous silicas 

and their application to heavy 

metal ions adsorption 

Multi-amine-

grafted mesoporous 

silica 

Single, double, and trinal amine-grafted mesoporous silca SBA-15 could 

remove the metal ions of Pb
2+

, Cu
2+

, Zn
2+

 as well as Hg
2+

 rather completely. 

From single amine-SBA-15 to trinal amine-SBA-15, their adsorption 

capacities for Hg
2+

 increase from 382 mg/g to 726 mg/g. 

Baccile 

and 

babonneau 

(2008) 

Organo-modified mesoporous 

silicas for organic pollutant 

removal 

in water: Solid-state NMR 

study of the organic/silica 

interactions 

Organo-modified 

mesoporous silica 

Phenyl, propyl, hexyl and hexadecyl groups were selected to study the 

possible interactions that the pollutant could preferentially develop with the 

surface sites. The best performing sample appears to be the hexyl-modified 

porous silica and one of the least performing the un-modified mesoporous 

silica. NMR results suggest that the absence of strong interactions between 

the pollutant and the surface, despite the large difference in the chemical 

nature of the silica surface sites. 
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Table 2-1. (Continued). 

Author Title Adsorbent Summary 

Mureseanu 

et al 

(2008) 

Modified SBA-15 mesoporous 

silica for heavy metal ions 

remediation 

N-

Propylsalicylaldimi

no-modified SBA-

15 

N-Propylsalicylaldimino-modified SBA-15 was obtained using successive 

grafting procedures of SBA-15 silica with 3-aminopropyl-triethoxysilane and 

salicylaldehyde. The hybrid materials showed high adsorption capacity and 

high selectivity for copper ions. Other ions, such as nickel, zinc, and cobalt 

were adsorbed by the modified SBA-15 material. The adsorbent can be 

regenerated by acid treatment without altering its properties. 

Yang et al 

(2008) 

Hybrid surfactant-templated 

mesoporous silica formed in 

ethanol 

and its application for heavy 

metal removal 

Hybrid surfactant-

templated 

mesoporous silica 

With cetyltrimethylammonium (CTAB) and tetramethylammonium hydroxide 

(TMAOH) as hybrid surfactant templates, a mesoporous adsorbent was 

synthesized in ethanol via the integration of “One-step” procedure and 

“Evaporation-Induced Self-Assembly” procedure. The order of adsorption 

capacity for six metal ions was Mn
2+

 <Zn
2+

 <Cu
2+

 <Fe
2+

 <Pb
2+

 <Ag
+
. 

Aguado 

et al  

(2009) 

Aqueous heavy metals 

removal by adsorption on 

amine-functionalized 

mesoporous silica 

Amine-functional 

SBA-15 

Functionalization with amino groups has been carried out by using two 

independent methods, grafting and co-condensation. Metal removal from 

aqueous solution has been examined for Cu
2+

, Ni
2+

, Pb
2+

, Cd
2+

, and Zn
2+

. 

Copper adsorption process has been thoroughly studied from both kinetic and 

equilibrium points of view for some selected materials. 
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Table 2-1. (Continued). 

Author Title Adsorbent Summary 

Anbia and 

Lashgari 

(2009) 

Synthesis of amino-modified 

ordered mesoporous silica as a 

new nano sorbent for the 

removal of chlorophenols from 

aqueous media 

Amino-modified 

mesoporous silica 

Amino-modified ordered mesoporous silica shows significant adsorption for 

2-chlorpphenol and 2,4,6-trichlorophenol. This might be due to the acid and 

alkaline interactions among the amino functional groups and chlorophenols. 

Bui and 

Choi 

(2009) 

Adsorptive removal of 

selected pharmaceuticals by 

mesoporous silica SBA-15 

SBA-15 

The removal of five selected pharmaceuticals, viz., carbamazepine, clofibric 

acid, diclofenac, ibuprofen, and ketoprofen was examined by batch sorption 

experiments onto a synthesized mesoporous silica SBA-15. High removal 

rates of individual pharmaceuticals were achieved in acidic media (pH 3–5) 

and reached 85.2% for carbamazepine, 88.3% for diclofenac, 93.0% for 

ibuprofen, 94.3% for ketoprofen, and 49.0% for clofibric acid at pH 3 but 

decreased with increase in pH. 
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Table 2-1. (Continued). 

Author Title Adsorbent Summary 

Nanoti  

et al 

(2009) 

Mesoporous silica as selective 

sorbents for removal of 

sulfones from oxidized diesel 

fuel 

Mesoporous silica 

Ordered mesoporous silica materials of different pore sizes and pore volumes 

were synthesized and characterized. They were used as adsorbent for the 

removal of sulfones from oxidized diesel. Equilibrium loading capacities of 

these adsorbents for sulfones were found to be 2–3 times higher when 

compared to commercially available adsorbents. The dynamic sulfur 

adsorption capacity up to 137 min is calculated to be ~4 mg S/g of adsorbent. 

The adsorbent regenerability was also studied using acetone as a desorbent. 

Rivera- 

Jiménez et 

al 

(2010) 

Metal (M = Co
2+

, Ni
2+

, and 

Cu
2+

) grafted mesoporous 

SBA-15: Effect of transition 

metal incorporation and pH 

conditions on the adsorption of 

Naproxen from water 

Metal (M = Co
2+

, 

Ni
2+

, and Cu
2+

) 

grafted mesoporous 

SBA-15 

Incorporation of Co
2+

, Ni
2+

, or Cu
2+

 onto the surface of mesoporous SBA-15 

via an amino-organic grafting method and the screening of the materials as 

sorbents for the removal of Naproxen from water. The materials uptake 

capacities decreased as follows: CuNH2_g_SBA-15 > NiNH2_g_SBA-15 > 

CoNH2_g_SBA-15. 
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Table 2-1. (Continued). 

Author Title Adsorbent Summary 

Bui et al 

(2011) 

Organically functionalized 

mesoporous SBA-15 as 

sorbents for removal of 

selected pharmaceuticals from 

water 

Organically 

functionalized 

SBA-15 

Mesoporous silica SBA-15 and its postfunctionalized counterparts with 

hydroxymethyl (HM-SBA-15), aminopropyl (AP-SBA-15), and trimethylsilyl 

(TMS-SBA-15) were prepared. SBA-15 showed to have moderate adsorption 

affinity with amino-containing (atenolol, trimethoprim) and hydrophobic 

pharmaceuticals. HM-SBA-15 was analogous with SBA-15 in terms of the 

adsorption efficiency toward all pharmaceuticals. AP-SBA-15 exhibited an 

increase in the adsorption of two acidic compounds (clofibric acid, 

diclofenac). TMS-SBA-15 had the highest adsorption affinity toward most 

pharmaceuticals. 

Chen 

et al 

(2011)  

Selective removal of 

chromium from different 

aqueous systems using 

magnetic MCM-41 

nanosorbents 

Magnetic MCM-41 

A highly selective nanosorbent was obtained by grafting aminopropyls and 

adsorbing Fe3+ on the pores of the magMCM-41. Chromium oxyanions were 

selectively removed over the pH range of 2–7 with high adsorption capacity 

of ca. 1.9 mmol g
−1

 (ca. 100 mg g
−1

) 
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Table 2-1. (Continued). 

Author Title Adsorbent Summary 

Li et al 

(2011) 

Effective heavy metal removal 

from aqueous systems by thiol 

functionalized magnetic 

mesoporous silica 

Thiol functionalized 

magnetic 

mesoporous silica 

A thiol-functionalized magnetic mesoporous silica material (called SH-

mSi@Fe3O4), synthesized by a modified Stöber method. The high saturation 

magnetization (38.4 emu/g) make it easier 

and faster to be separated from water under a moderate magnetic field. 

Adsorption isotherms of Hg and Pb fitted well with Langmuir model, 

exhibiting high adsorption capacity of 260 and 91.5 mg of metal/g of 

adsorbent, respectively. 

Huang  

et al 

(2012) 

Pb (II) removal from aqueous 

media by EDTA-modified 

mesoporous silica SBA-15 

EDTA-modified 

mesoporous silica 

SBA-15 

Absorbent was synthesized by two-step post-grafting method of SBA-15 with 

3-aminopropyltrimethoxy-silane (APTES) and thionyl dichloride (SOCl2) 

activated ethylenediaminetetraacetic acid (EDTA). The adsorbent exhibited a 

favorable performance and its maximum adsorption capacity calculated by 

the Langmuir model was 273.2 mg g
-1

. 
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2. Dye removal by mesoporous silica 

Several researchers have investigated the dye removal from aqueous solution 

using mesoporous silica (Table 2-2). Ho et al (2003) synthesized carboxylic-

functionalized MCM-41 and amino-functionalized MCM-41 for the removal acid 

blue 25, methylene blue. Park et al (2005) evaluated acid violet 17, acid red 44, acid 

blue 45 removal capacities by using Polyelectrolyte impregnated mesoporous silica. 

Titania-MCM-41 was synthesized for the removal methylene blue, rhodamine B by 

Messina and Schulz (2006). Wang and Li (2006) evaluated methylene blue removal 

capacity by using MCM-41, MCM-48, and MCM-50. Cestari et al (2009) 

synthesized mesoporous aminopropyl silica for the removal yellow dye and red dye. 

Asouhidou et al (2009) synthesized APTES-modified HMS-type mesoporous silica 

and cyclodextrin-modified HMS-type mesoporous silica for the removal remazol 

red 3BS. Shi et al (2011) synthesized sulfonic acid-functionalized mesoporous silica 

for the removal neutral red, rhodamine B, and basic fuchsin. Carboxylic 

functionalized superparamagnetic mesoporous silica microspheres were synthesized 

for the removal methylene blue and acridine orange by Fu et al (2011). Deshpande 

et al (2012) synthesized ZrO2/MCM-48 for the removal methyl green. Anbia and 

Salehi (2012) investigated acid blue 113, acid red 114, acid red 114, acid green 28, 

acid yellow 127, and acid orange 67. 
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Table 2-2. Previous studies for dye removal by mesoporous silica. 

Author Title Adsorbent Summary 

Ho et al 

(2003) 

Selective Adsorbents from 

Ordered Mesoporous Silica 

Carboxylic-, 

Amino 

functionalized 

MCM-41,  

Ordered mesoporous silica adsorbents were prepared by grafting amino- 

and carboxylic-containing functional groups onto MCM-41 for the 

removal of Acid blue 25 and Methylene blue dyes. The amino-containing 

OMS-NH2 adsorbent has a large adsorption capacity and a strong affinity 

for the Acid blue 25.  

Mohamed 

(2004) 

Acid dye removal: comparison 

of surfactant-modified 

mesoporous FSM-16 with 

activated carbon derived from 

rice husk 

CTAB-

modified FSM-

16 

Cetyltrimethylammonium bromide (CTAB)-modified mesoporous 

molecular sieve FSM-16, prepared by a hydrothermal process was tested 

as an adsorbent for acid dye. It was found that the ultimate capacity of the 

adsorbents varied in the order FSM-16 > modified FSM-16 > activated 

carbon and followed first-order rate kinetics. 

Park et al 

(2005) 

Adsorption of Acid Dyes Using 

Polyelectrolyte Impregnated 

Mesoporous Silica 

Polyelectrolyte 

impregnated 

mesoporous 

silica 

Cationic polyelectrolyte, PDDA (Poly(diallyldimethylammonium 

chloride)), was impregnated on mesoporous silica SBA-15 (PDDA/SBA-

15) and amorphous conventional silica (PDDA/CS) supports. PDDA/SBA-

15 adsorbent showed fast adsorption kinetics of less than 10 min and much 

higher adsorption capacities compared to PDDA. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Yan et al 

(2006) 

Mesoporous silicas 

functionalized with a high 

density of carboxylate groups 

as efficient absorbents for the 

removal of basic dyestuffs 

Carboxylate 

functionalized 

mesoporous 

silica 

The obtained carboxylate functionalized mesoporous materials exhibit a 

high adsorption capacity and an extremely rapid adsorption rate. 

Furthermore, these carboxylic-functionalized adsorbents can be 

regenerated by simple washing with acid solution to recover both the 

adsorbents and the adsorbed dyes. 

Messina and 

Schulz (2006) 

Adsorption of reactive dyes on 

titania–silica mesoporous 

materials 

Titania-MCM-

41 

The presence of TiO2 augmented the adsorption capacity. This would be 

due to possible degradation of the dye molecule in contact with the TiO2 

particles in the adsorbent interior. The adsorption enthalpy was relatively 

high, indicating that interaction between the sorbent and the adsorbate 

molecules was not only physical but chemical. 

Wang and Li 

(2006) 

Structure directed reversible 

adsorption of organic dye 

on mesoporous silica in aqueous 

solution 

MCM-41, 48, 

50 

Adsorption of methylene blue on MCM-41, MCM-48 and MCM-50, were 

investigated and it was found that dye adsorption presents reversible or 

irreversible behaviour depending on the structure of mesoporous materials. 

MCM-41 and MCM-48 display a reversible after reaching equilibrium 

while MCM-50 exhibits irreversible. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Cestari et al 

(2007) 

Aggregation and adsorption of 

reactive dyes in the presence of 

an anionic surfactant on 

mesoporous aminopropyl silica 

Mesoporous 

aminopropyl 

silica 

The adsorption of the yellow dye increases with an increase in temperature 

from 25 to 55 ◦C. In the presence of DBS the adsorption on Sil–NH2 for 

the yellow dye decreases and for the red dye increases from 25 to 55 ◦C. 

Adsorptions occurred below and above the concentration of the anionic 

dyes/DBS aggregates. Adsorption of the dyes onto Sil–NH2, in the absence 

and in the presence of DBS, is controlled by water adsorbed/dye in 

solution ion-exchange interactions. 

Suzuki et al 

(2008) 

Pore-expansion of organically 

functionalized monodispersed 

mesoporous silica 

spheres and pore-size effects on 

adsorption and catalytic 

properties 

Pore expanded 

amino-

functionaized 

mesoporous 

silica spheres 

Mesopores were expanded to 3.5 nm from 2.5 nm for amino-

functionalized monodispersed mesoporous silica spheres (MMSS), and to 

3.3 nm from 2.4 nm for carboxyl-functionalized MMSS. pore-expanded 

organically functionalized MMSS showed excellent adsorption properties 

for methylene blue solution. 

Zubieta et al 

(2008) 

The adsorption of dyes used in 

the textile industry on 

mesoporous materials 

Silica lamellar 

mesoporous 

material 

The adsorption capacity and interaction strength of Tectilon Blue is higher 

than those of Rhodamine B. The differences may be attributed to the 

different regions of the adsorbent surface on which the dyes are adsorbed 

because of their different electric charge. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Asouhidou 

et al 

(2009) 

Adsorption of Remazol Red 3BS 

from aqueous solutions using 

APTES- and cyclodextrin-

modified HMS-type mesoporous 

silicas 

APTES- and 

cyclodextrin 

modified HMS-

type 

mesoporous 

silica 

The removal of Remazol Red 3BS dye by HMS ordered mesoporous 

silica, aminopropylmodified HMS (HMS-NH2) and β-cyclodextrin-

modified HMS (HMS-CD) materials was studied. The maximum 

adsorption capacities obtained at pH 2 on the basis of the Langmuir 

analysis were 0.28 for HMS-CD and 0.14 mmol/g for HMS-NH2. 

Cestari et al 

(2009) 

The removal of reactive dyes 

from aqueous solutions using 

chemically modified mesoporous 

silica in the presence of anionic 

surfactant—The temperature 

dependence and a 

thermodynamic multivariate 

analysis 

Mesoporous 

aminopropyl 

silica 

The three-parameter Sips adsorption model was successfully employed to 

modeled equilibrium adsorption data of a yellowand a red dye onto a 

mesoporous aminopropyl-silica, in the presence of the surfactant sodium 

dodecylbenzenesulfonate (DBS) from 25 to 55 ◦C. The negative ΔadsG 

values indicate spontaneous adsorption processes. Almost all 

adsorption entropy values (ΔadsG) were positive. This suggests that 

entropy is a driving force of adsorption. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Joo et al 

(2009) 

Preparation of polyelectrolyte-

functionalized mesoporous 

silicas for the selective 

adsorption of anionic dye in an 

aqueous solution 

Polyelectrolyte-

functionalized 

mesoporous 

silica 

Polyelectrolytes (PDDA, poly (diallydimethylammonium chloride)) 

functionalized mesoporous silica adsorbent (PDDA/MS) was prepared. 

ThePDDA/MS showed ordered pore structure and the surface charge 

was successfully converted from negative to positive by PDDA 

functionalization. The PDDA/MS suggested in this study could be used for 

the effective removal of acid dye from aqueous solutions. 

Anbia and 

Hariri 

(2010) 

Removal of methylene blue from 

aqueous solution using 

nanoporous SBA-3 

SBA-3 

The adsorption behavior of methylene blue from aqueous systems onto 

mesoporous SBA-3 has been studied. The sorption of methylene blue on 

the mesoporous silica SBA-3 slightly increases with increasing pH, and 

temperature, indicating an endothermic process. 

Anbia et al 

(2010) 

Adsorptive removal of anionic 

dyes by modified nanoporous 

silica SBA-3 

Calcinated 

SBA-3 

Batch sorption experiments were carried out to remove dyes, methyl 

orange (MO), orange G (OG) and brilliant red X-3B (X-3B), from their 

aqueous solutions using a mesoporous silica SBA-3 as an adsorbent. The 

adsorption results of anionic dyes on the uncalcined SBA-3 were 

compared with those of the calcined SBA-3. The uncalcined SBA-3 

adsorbent has a large adsorption capacity and a strong affinity for the 

anionic dyes. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Dong et al 

(2011) 

Removal ofmethylene blue from 

coloured effluents by adsorption 

onto SBA-15 

SBA-15 

SBA-15 possesses a larger pore size and porewall thickness than MCM-

41. As a result, SBA-15 has greater potential for the adsorption of 

methylene blue with larger molecule size and higher hydrothermal stability 

than the M41S family. The efficient adsorption of MB molecules onto 

SBA-15 was ascribed to MB adsorbed into the pore channels of SBA-15, 

which was confirmed by nitrogen physisorption analysis of the adsorbent 

before and after adsorption. 

Fu et al 

(2011) 

Fabrication of carboxylic 

functionalized 

superparamagnetic mesoporous 

silica microspheres and their 

application for removal basic 

dye pollutants from water 

Carboxylic 

functionalized 

superparamag-

netic 

mesoporous 

silica 

microspheres 

Superparamagnetic mesoporous silica microspheres embedded with a 

silica-coated superparamagnetic iron oxide nanoparticles core and 

mesoporous silica shell have been prepared using stearyltrimethyl 

ammonium bromide as surfactant template. As-prepared adsorbent exhibits 

high adsorption capacity, extremely rapid adsorption rate and separation 

convenience for basic dye pollutants removal.  
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Huang et al 

(2011) 

Adsorption of cationic dyes onto 

mesoporous silica 
SBA-15 

SBA-15 molecular sieves were successfully synthesized through 

directsynthesis using non-ionic surfactants as structure directing agent 

under strong acidic conditions. SBA-15 exhibited an excellent adsorptive 

capability of cationic molecules but almost no adsorption to anionic and 

neutral molecules. 

Shi et al 

(2011) 

High performance adsorbents 

based on hierarchically porous 

silica for purifying 

multicomponent wastewater 

Sulfonic acid-

functionalized 

mesoporous 

silica 

Sulfonic acid-functionalized adsorbent (SO3H-HSM) was obtained through 

direct oxidization of thiol functionalized hierarchically porous silica 

micro-foam by H2O2 without destruction of the hierarchical structure. It 

was found that SO3H-HSM could effectively remove organic compounds 

with positive charge in solution through electrostatic interactions. The 

adsorption capability of SO3H-HSM for some basic dyes, such as fuchsin 

basic, could reach approximately 1145.2 mg g
-1

. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Zanjanchi et al 

(2011) 

Modification of MCM-41 with 

Anionic Surfactant: A 

Convenient Design for Efficient 

Removal of Cationic Dyes from 

Wastewater 

Sodium 

dodecyl sulfate 

modified 

MCM-41 

The potential of MCM-41 for the removal of cationic dyes from water 

solution was evaluated using sodium dodecyl sulfate (SDS) for the surface 

modification of this mesoporous material. The maximum adsorption 

capacity of SDS-MCM-41 for MB, based on Langmuir and Sips models, 

were 290.8 and 297.3mg g
-1

. Ethanol was found to be an effective solvent 

for partial regeneration of the adsorbent. 

Zhang et al 

(2011) 

Cooperative adsorbent based on 

mesoporous SiO2 for organic 

pollutants in water 

Diamine 

/phenyl 

-SBA-15 

Three corresponding cooperative adsorbents were synthesized: 

diamine/phenyl-SBA-15, diamine/cetyl-SBA-15 and phenyl/cetyl-SBA-

15, respectively. These bifunctionalized adsorbents were prepared using 

two appropriate organosilanes among N-(2-aminoethyl)-3- 

aminopropylmethyldimethoxysilane, 3-

phenoxypropyldimethylchlorosilane and n-hexadecyltriethoxysilane to 

modify the surface of SAB-15. The maximal adsorption amounts of eosin, 

4-NP and DBP are 0.59, 1.49 and 1.56 mmol g
-1

 on corresponding 

cooperative adsorbents, respectively. 
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Table 2-2. (Continued). 

Author Title Adsorbent Summary 

Anbia and 

Salehi  

(2012) 

Removal of acid dyes from 

aqueous media by adsorption 

onto amino-functionalized 

nanoporous silica SBA-3 

Pentaethylene 

hexamine 

functionalized 

SBA-3 

Adsorption of acid dyes on SBA-3 ordered mesoporous silica, 

ethylenediamine functionalized SBA-3 (SBA-3/EDA), aminopropyl 

functionalized SBA-3 (SBA-3/APTES) and pentaethylene hexamine 

functionalized SBA-3 (SBA-3/PEHA) materials has been studied. The 

adsorption capacity of the adsorbents varies in the following order: SBA-

3/PEHA > SBA-3/APTES > SBA-3/EDA > SBA-3. The adsorption 

mechanism which is based on electrostatic attraction and hydrogen 

bonding is described. 

Deshpande  

et al 

(2012) 

Removal of acid dyes from 

aqueous media by adsorption 

onto amino-functionalized 

nanoporous silica SBA-3 

Pentaethylene 

hexamine 

functionalized 

SBA-3 

The deposition of 2–5 nm ZrO2 particles over MCM was achieved using 

gel combustion technique with glycine as a fuel, and the formation of 

nanocomposites was confirmed using transmission electron microscopy. 

The nanocomposites were tested for the adsorption of cationic dyes. 

High rates of adsorption and large dye uptake were observed over the 

nanocomposites.  
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III. Materials and Methods 

1. Synthesis of mesoporous silica MCM-41 

Mesoporous silica MCM-41 was synthesized according to procedures reported in 

the literature (Cai et al., 1999). 205 mL of ammonia water (25 weight %, Daejung 

Chemicals & Metals) was mixed with 270 mL of deionized water (Direct-Q, 

Millipore) at room temperature. Then, 2.0 g of cetyltrimethylammonium bromide 

(CTAB, ≥ 99%, Sigma Aldrich) as template (surfactant) was dissolved into the 

solution and stirred for 1 h to form hexagonal arrayed micelle rods. After that, 10 

mL of tetraethylorthosilicate (TEOS, ≥ 99%, Sigma Aldrich) was added as silica 

source. After 2 h of crystallization through stirring, a white precipitate was obtained, 

filtered, and washed with 2 L of deionized water to neutralize pH. The washed 

precipitate was dried under desiccator for overnight and then calcined at 550 
o
C in 

air for 4 h to remove the surfactant. After cooling, MCM-41 powder was obtained 

through fragmentation with mortar and pestle to use.  
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2. Synthesis of amine-functionalized MCM-41 

Amine-functionalized MCM-41 (A-MCM-41) was synthesized using modified 

methods (Figure 3-1; Dey et al., 2009). 4.0 g of 3-aminopropyltrimethoxysilane 

(APTMS, ≥ 97 %, Sigma Aldrich) as functional monomer was mixed with 100 mL 

of methanol and refluxed for 3 h. Then, 6.0 g of MCM-41 powder was added to the 

mixture, stirred, and refluxed for 24 h. The resulting precipitate was filtered and 

washed with 500 mL ethanol to remove unreacted functional monomer. Afterwards, 

the precipitate was washed again with 1 L of deionized water, filtered, and dried at 

105 
o
C in air for overnight. After cooling, A-MCM-41 powder was obtained through 

fragmentation with mortar and pestle to use.  
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Figure 3-1. Schematic diagram for amine-functionalized MCM-41 (A-MCM-41) 

synthesis. 
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3. Characterization of MCM-41 and A-MCM-41 

Transmission electron microscope (TEM, JEM-1010, JEOL, Tokyo, Japan) was 

used to take images of MCM-41 and A-MCM-41. Field emission scanning electron 

microscopy (FESEM) and Energy Dispersive X-ray Spectrometer (EDS) analyses 

were performed using a field emission scanning electron microscope (Supra 55VP, 

Carl Zeiss, Germany). The mineralogical and crystalline structural properties were 

examined using low-angle X-ray diffractometry (XRD, D8 Discover, Bruker, 

Germany) with a CuKα radiation of 1.5406Ǻ at an exposure time of 1800 sec. 

Infrared spectra were recorded on a Bomem MB-104 (Abb-Bomem Inc, Quebec, 

Canada) Fourier transform infrared (FTIR) spectrometer using KBr pellets. The 

particle size was determined using Zetasizer (ELSZ-1000, Otsuka electronics, 

Japan). Nitrogen gas (N2) adsorption-desorption experiments were performed using 

a surface area analyzer (BELSORP-max, BEL Japan Inc., Japan) after the sample 

was pretreated at 120 
o
C. From the N2 adsorption-desorption isotherms, the specific 

surface area, average pore diameter, total pore volume, and mesopore volume were 

determined by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

analyses. 
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4. Batch experiments 

4.1. Dye removal experiments in single solution 

Batch experiments were performed in single solution containing acid blue 25 

(45%, Aldrich, Figure 3-2a) or methylene blue (Samchun chemical, Figure 3-2b). 

The characteristics of acid blue 25 and methylene blue are provided in Table 3-1. 

The desired dye solution was prepared by diluting the stock solution (1000 mg/L). 

To observe the effect of reaction time on the dye removal, 0.05 g of adsorbent 

(MCM-41 or A-MCM-41) was added to 50 mL dye solution (initial concentration = 

100 mg/L). The solutions were shaken in a shaking incubator (Figure 3-3) at 150 

rpm and 25 
o
C. The samples were collected at regular time intervals, and filtered 

through a 0.45-μm membrane filter. The dye concentration was measured by 

UV/visible spectrometer (Aquamate, Thermo). The characteristic wavelengths of 

600 nm for acid blue 25 and 665 nm for methylene blue were selected for the 

analysis. Both signals displayed good linear relationship between intensity and 

concentration. To examine the effect of initial dye concentration, 0.05 g of 

adsorbent was added to 50 mL dye solution (initial concentration = 10500 mg/L). 

For the pH experiments, solution pH was adjusted with 0.1 M HCl and 0.1 M 

NaOH. The pH was measured with a pH probe (9107BN, Orion, USA). All 

experiments were performed in triplicate. 
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Figure 3-2. Solutions of (a) acid blue 25 and (b) methylene blue. 
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Table 3-1. Characteristics of acid blue 25 and methylene blue. 

General 

name 
Abbreviation 

Molecular 

formula 
Structure 

λmax 

(nm) 

Acid blue 

25 
AB-25 C20H13N2NaO5S 

 

257,  

600 

Methylene 

blue 
MB C16H18ClN3S 

 

291,  

665 
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Figure 3-3. Shaking incubator. 
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5. Data analysis 

The kinetic data can be analyzed using the following nonlinear forms of pseudo 

first-order and pseudo second-order models (Ho and Mckay, 1999; Mathialagan and 

Viraraghavan, 2003): 

  tkqq et 11 -exp-  (1) 

tqk

tqk
q
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e
t

2

2

2
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where qt is the amount of dye removed at time t, k1 is the pseudo first-order rate 

constant, and k2 is the pseudo second-order velocity constant. 

The equilibrium data can be analyzed using the following nonlinear forms of 

Langmuir and Freundlich isotherm models: 
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where qe is the amount of dye removed at equilibrium (mg/g), Qm is the maximum 

mass of dye removed per unit mass of adsorbent (removal capacity), KL is the 

Langmuir constant related to the binding energy, Ce is the concentration of dye in 

the aqueous solution at equilibrium, KF is the distribution coefficient, and n is the 

Freundlich constant. Values of KL, Qm, KF, and n can be determined by fitting the 

Langmuir and Freundlich models to the observed data. 



      

32 

IV. Results and Discussion 

1. Characteristics of MCM-41 and A-MCM-41 

1.1. Characteristics of MCM-41 

The image of MCM-41 synthesized in the laboratory is presented in Figure 4-1. It 

showed that MCM-41 particles were white. The FESEM image (Figure 4-2) 

indicated that MCM-41 had a sphere or rod-like morphology. The EDS pattern 

(Figure 4-3) demonstrated that silicon (Si) was the major element of MCM-41. 

Through EDS analysis, Si was evident at the peak position of 1.740 keV as K alpha 

X-ray signal. In addition, oxygen (O) was detected at the peak position of 0.523 

keV as K alpha signal. Color mapping was performed to visualize the spatial 

distribution of Si and O on MCM-41 (Figure 4-4). Si was colored as yellow-green 

(Figure 4-4b, d), whereas O was visualized as blue (Figure 4-4c, d). The TEM 

images (Figure 4-5) showed that MCM-41 had a hexagonal shape with a regular 

arrangement of pores. The particle size analysis indicated that MCM-41 had a size 

of 527.9  100.1 nm (Table 4-1). N2 adsorption-desorption analysis for MCM-41 is 

presented in Figure 4-6. N2 adsorption-desorption isotherm was shown in Figure 4-

6a. From the BET plot (Figure 4-6b), the BET surface area of MCM-41 was 

determined to be 1239.5 m
2
/g with total pore volume of 0.92 cm

3
/g and average 

pore diameter of 2.97 nm. The BJH plot (Figure 4-6c) determined the mesopore 

volume of MCM-41 to be 0.85 cm
3
/g (Table 4-1). The low-angle XRD pattern of 

MCM-41 (Figure 4-7a) indicated two peaks at 2 = 2.44
o
 and 4.18

o
. These peaks are 

indexed to (100) and (110) reflections, respectively, characteristic for hexagonal 
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mesostructures.  In the FTIR spectra of MCM-41 (Figure 4-8a), a broad band 

around 3449 (1/cm) along with the peaks at 1634 add 965 (1/cm) corresponded to 

the vibration bands of silanol groups (Si-OH). The bands at 1095 and 800 (1/cm) 

were attributed to the stretching vibration of Si-O-Si groups.  
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Figure 4-1. MCM-41 powder synthesized in the laboratory. 
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Figure 4-2. Field emission scanning electron microscope (FESEM) image of MCM-

41 (bar = 200 nm). 
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Figure 4-3. Energy dispersive X-ray spectrometer (EDS) pattern of MCM-41.
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Figure 4-4. Color mapping of MCM-41: (a) FESEM image of MCM-41 (bar = 10 

m); (b) silicon (Si) map; (c) oxygen (O) map; (d) overlay of the secondary electron 

image, Si map, and O map. 

  



      

38 

  

 

 

Figure 4-5. Transmission electron microscope (TEM) image of MCM-41: (a) bar = 

50 nm; (b) bar = 10 nm. 
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Table 4-1. Characteristics of MCM-41 and A-MCM-41 synthesized in the 

laboratory (data from particle size analysis and N2 adsorption-desorption analysis) 

 
Particle 

Size 

(nm) 

BET 

surface 

area 

(m
2
/g) 

Total 

pore 

volume 

(cm
3
/g) 

Average 

pore 

diameter 

(nm) 

Mesopore 

Volume 

(cm
3
/g) 

MCM-41 527.9  100.1 1239.5 0.92 2.96 0.85 

A-MCM-41 585.7  105.6 509.9 0.34 2.69 0.22 
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Figure 4-6. Nitrogen gas (N2) adsorption-desorption analysis for MCM-41: (a) N2 

adsorption-desorption isotherm; (b) Brunauer-Emmett-Teller (BET) plot; (c) 

Barrett-Joyner-Halenda (BJH) plot.  
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Figure 4-7. Low-angle X-ray diffraction (XRD) pattern: (a) MCM-41; (b) A-MCM-

41. 
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Figure 4-8. Fourier transformed infrared (FTIR) spectra: (a) MCM-41; (b) A-MCM-

41. 
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1.2. Characteristics of A-MCM-41 

A-MCM-41 also had the same color (Figure 4-9) and shape (Figure 4-10) as 

MCM-41. The EDS pattern of A-MCM-41 (Figure 4-11) demonstrated that nitrogen 

(N) was evident at the peak position of 0.392 keV as K alpha X-ray signal along 

with Si peak at 1.740 keV as K alpha signal. In color mapping (Figure 4-12), Si and 

N were colored as yellow-green (Figure 4-12b, d) and green (Figure 4-12c, d), 

respectively. The TEM images (Figure 4-13) showed the MCM-41 particle 

functionalized with APTMS (A-MCM-41). The particle size of A-MCM-41 was 

determined to be 585.7  105.6 nm (Table 4-1). N2 adsorption-desorption analysis 

for A-MCM-41 is provided in Figure 4-14. N2 adsorption-desorption isotherm was 

illustrated in Figure 4-14a. The BET plot (Figure 4-14b) provided that the BET 

surface area of A-MCM-41 was 509.9 m
2
/g with total pore volume of 0.34 cm

3
/g 

and average pore diameter of 2.69 nm. From the BJH plot (Figure 4-14c), the 

mesopore volume of A-MCM-41 was determined to be 0.22 cm
3
/g (Table 4-1). The 

low-angle XRD pattern of A-MCM-41 (Figure 4-7b) indicated that the main peak 

signal of the MCM-41 XRD pattern existed in A-MCM-41 but shifted right due to 

the surface functionalization by APTMS. In the FTIR spectra of A-MCM-41 

(Figure 4-8b), a broad band around 3441 (1/cm) along with the peaks at 1627 add 

949 (1/cm) corresponded to the vibration bands of silanol groups (Si-OH), whereas 

the peaks at 1515 and 1471 (1/cm) are due to the vibration bands of amine groups 

(NH2). The bands at 1099 and 800 (1/cm) were attributed to the stretching vibration 

of Si-O-Si groups. 
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Figure 4-9. A-MCM-41 powder synthesized in the laboratory. 
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Figure 4-10. Field emission scanning electron microscope (FESEM) image of A-

MCM-41 (bar = 200 nm). 
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Figure 4-11. Energy dispersive X-ray spectrometer (EDS) pattern of A-MCM-41.
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Figure 4-12. Color mapping of A-MCM-41: (a) FESEM image of A-MCM-41 (bar 

= 30 m); (b) silicon (Si) map; (c) nitrogen (N) map; (d) overlay of the secondary 

electron image, Si map, and N map. 
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Figure 4-13. Transmission electron microscope (TEM) image of A-MCM-41: (a) 

bar = 100 nm; (b) bar = 20 nm. 
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Figure 4-14. Nitrogen gas (N2) adsorption-desorption analysis for A-MCM-41: (a) 

N2 adsorption-desorption isotherm; (b) Brunauer-Emmett-Teller (BET) plot; (c) 

Barrett-Joyner-Halenda (BJH) plot. 
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2. Dye removal by MCM-41 and A-MCM-41 

2.1. Removal of methylene blue and acid blue 25 by MCM-41 

The effect of reaction time on the removal of methylene blue and acid blue 25 by 

MCM-41 is shown in Figure 4-15. In case of methylene blue, the adsorption 

capacity was 43.4 mg/g at 5 min of reaction time and increased to 45.1 mg/g at 10 

min. The adsorption of methylene blue reached equilibrium at 15 min with the 

adsorption capacity of 48.5 mg/g. After reaching the equilibrium, there were no 

significant changes in the adsorption capacity. In case of acid blue 25, the 

adsorption capacity was far lower than that of methylene blue. For instance, the 

adsorption capacity of acid blue 25 at 30 min was 1.8 mg/g, which was only 4% of 

that of methylene blue at 30 min (= 48.9 mg/g). 

The effect of the initial concentrations of methylene blue and acid blue 25 on the 

dye removal by MCM-41 is presented in Figure 4-16. In case of methylene blue, the 

removal was highly concentration dependent. At the lowest concentration of 10 

mg/L, the adsorption capacity was 9.0 mg/g, while the adsorption capacity 

increased to 102.9 mg/g at the highest concentration of 500 mg/L. At lower 

concentrations, the dyes available in the solution are fewer in number than the 

sorption sites on the adsorbents, and the available dyes increased with increasing 

dye concentrations. However, the adsorption capacity of acid blue 25 in MCM-41 

was very low, increasing from 0.05 to 10.8 mg/g with increasing dye concentrations 

from 10 to 500 mg/L. At the dye concentrations of 500 mg/L, the adsorption 

capacity for acid blue 25 was only 10% of that of methylene blue. 
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The effect of solution pH on the removal of methylene blue and acid blue 25 by 

MCM-41 is demonstrated in Figure 4-17. In case of methylene blue, the adsorption 

capacity at pH 4.1 was 33.5 mg/g and increased to 40.5 mg/g at pH 5.7. As the 

solution pH further increased and approached 10.3, the adsorption capacity 

increased to 99.4 mg/g, indicating that the removal of methylene blue in MCM-41 

was very sensitive to solution pH changes. In acidic pH, the surface of MCM-41 is 

surrounded by excess H
+
 ions, which compete with positively-charged methylene 

blue molecules for the binding sites of the adsorbent. In alkaline pH, the surface of 

MCM-41 becomes more negatively-charged due to the presence of excess OH
-
 ions, 

which results in the increase of methylene blue adsorption to MCM-41 via the 

electrostatic attraction. Our results were similar with the findings of Dong et al 

(2011) who investigated the effect of solution pH on the removal of methylene blue 

by mesoporous silica SBA-15. They reported that the adsorption of methylene blue 

to SBA-15 increased slightly with increasing pH from 2 to 6, and then increased 

sharply at the pH range from 8 to 12. Meanwhile, the adsorption capacity of acid 

blue 25 was below 4.7 mg/g throughout the pH between 4.1 and 9.4. Especially, the 

adsorption capacity was below 1.0 mg/g at pH > 8.1. This result could be attributed 

to the fact that the adsorption of negatively-charged acid blue 25 to MCM-41 is not 

favorable due to the electrostatic repulsion. Note that the point of zero charge (pHpzc) 

of MCM-41 is known to be pH = 2.5, above which MCM-41 is negatively-charged 

(Qin et al., 2007).  

The kinetic data and model fits for dye removal in MCM-41 are shown in Figure 

4-18. Model parameters for the pseudo first-order and pseudo second-order models 
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are provided in Table 4-2. In the pseudo first-order model, the value of qe for 

methylene blue was 48.0 mg/g, whereas the value of qe was 1.1 mg/g for acid blue 

25. The values of k1 for methylene blue and acid blue 25 were 27.5 and 27.7 (1/h), 

respectively. The values of qe from the pseudo second-order model were similar to 

those from the pseudo first-order model. For methylene blue, the value of qe was 

48.6 mg/g, while it was 1.1 mg/g for acid blue 25. The values of k2 for methylene 

blue and acid blue 25 were 2.5 and 380.9 g/mg/h, respectively. The correlation 

coefficients (R
2
) indicated that the kinetic data were similarly described by both 

model. 

The equilibrium data and isotherm model fits for dye removal in MCM-41 are 

given in Figure 4-19. The equilibrium isotherm parameters are summarized in Table 

4-3. The correlation coefficient (R
2
) indicated that the Freundlich model was better 

at describing the experimental results than the Langmuir model. In the Freundlich 

model, the distribution coefficient (KF) for methylene blue was 5.27 L/g, whereas it 

was 0.04 L/g for acid blue 25. The Freundlich constant (n) for methylene blue and 

acid blue 25 were 0.49 and 0.73, respectively. In the Langmuir model, the Langmuir 

constant (KL) for methylene blue was 0.007 L/mg, whereas it was 0.002 L/mg for 

acid blue 25. The maximum adsorption capacity (Qm) for methylene blue was 126.1 

mg/g, which was 16 times greater than that of acid blue 25 (= 7.9 mg/g). Our 

adsorption capacity for methylene blue (= 126.1 mg/g) was in the ranges of the 

adsorption capacity of mesoporous silica for methylene blue (51.2 – 285.7 mg/g) 

reported in the literature (Wang and Li, 2006; Anbia and Hariri, 2010; Dong et al., 

2011; Huang et al., 2011).  
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Figure 4-15. Effect of reaction time on the removal of methylene blue and acid blue 

25 by MCM-41 (initial dye concentration = 100 mg/L).  
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Figure 4-16. Effect of initial dye concentration on the removal of methylene blue 

and acid blue 25 by MCM-41.  
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Figure 4-17. Effect of solution pH on the removal of methylene blue and acid blue 

25 by MCM-41 (initial dye concentration = 100 mg/L). 
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Figure 4-18. Kinetic batch data and model fit for dye removal by MCM-41.  
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Table 4-2. Kinetic model parameters obtained from model fitting to experimental 

data of MCM-41. 

Dye 

Pseudo first-order model Pseudo second-order model 

qe 

(mg/g) 

k1 

(1/h) 
R

2
 

qe 

(mg/g) 

k2 

(g/mg/h) 
R

2
 

Methylene blue 48.0 27.5 0.99 48.6 2.5 0.99 

Acid blue 25 1.1 27.7 0.62 1.1 380.9 0.62 
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Figure 4-19. Equilibrium batch data and model fit for dye removal by MCM-41.  
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Table 4-3. Equilibrium isotherm parameters obtained from model fitting to 

experimental data of MCM-41. 

Dye 

Freundlich isotherm model Langmuir isotherm model 

KF 

(L/g) 
n R

2
 

KL 

(L/mg) 

Qm 

(mg/g) 
R

2
 

Methylene blue 5.27 0.49 0.99 0.007 126.1 0.93 

Acid blue 25 0.04 0.73 0.93 0.002 7.9 0.92 
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2.2. Removal of methylene blue and acid blue 25 by A-MCM-41 

The effect of reaction time on the removal of methylene blue and acid blue 25 by 

A-MCM-41 is shown in Figure 4-20. In case of acid blue 25, the adsorption 

capacity was 18.3 mg/g at 5 min of reaction time and increased to 19.9 mg/g at 10 

min. The adsorption of methylene blue reached equilibrium at 10 min, and there 

were no significant changes in the adsorption capacity after reaching the 

equilibrium. In case of methylene blue, the adsorption capacity was far lower than 

that of acid blue 25. For example, the adsorption capacity of methylene blue at 30 

min was 3.6 mg/g, which was only 18% of that of methylene blue at 30 min (= 20.1 

mg/g). 

The effect of the initial concentrations of methylene blue and acid blue 25 on the 

dye removal by A-MCM-41 is presented in Figure 4-21. The removal was highly 

concentration dependent. In case of acid blue 25, the adsorption capacity was 2.1 

mg/g at the lowest concentration of 10 mg/L, while the adsorption capacity 

increased to 36.8 mg/g at the highest concentration of 500 mg/L. At lower 

concentrations, the dyes available in the solution are fewer in number than the 

sorption sites on the adsorbents, and the available dyes increased with increasing 

dye concentrations. The adsorption capacity of methylene blue in A-MCM-41 was 

low, increasing from 1.23 to 9.1 mg/g with increasing dye concentrations from 10 to 

500 mg/L. At the dye concentrations of 500 mg/L, the adsorption capacity for 

methylene blue was only 25% of that of acid blue 25. 

The effect of solution pH on the removal of methylene blue and acid blue 25 by 

A-MCM-41 is demonstrated in Figure 4-22. In case of acid blue 25, the adsorption 
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capacity at pH 4.1 was 28.7 mg/g and decreased to 19.5 mg/g at pH 5.6. As the pH 

increased to 8.1, the adsorption capacity decreased slightly to 18.4 mg/g. As the pH 

further increased to 9.4, the adsorption capacity decreased sharply to 1.1 mg/g, 

indicating that the removal of acid blue 25 in MCM-41 was sensitive to solution pH 

changes, especially at high pH conditions. In acidic pH, the surface of A-MCM-41 

is surrounded by excess H
+
 ions, which enhance the adsorption of negatively-

charged acid blue 25 molecules to the binding sites of the adsorbent. In alkaline pH, 

the surface of A-MCM-41 becomes negatively-charged due to the presence of 

excess OH
-
 ions, which results in the decrease of adsorption of acid blue 25 to A-

MCM-41 via the electrostatic repulsion. Our results were similar with the findings 

of Dong et al (2011) who investigated the effect of solution pH on the removal of 

methylene blue by mesoporous silica SBA-15. They reported that the adsorption of 

methylene blue to SBA-15 increased slightly with increasing pH from 2 to 6, and 

then increased sharply at the pH range from 8 to 12. Meanwhile, the adsorption 

capacity of methylene blue was below 2.4 mg/g at pH 4.17.6. However, the 

adsorption capacity increased to 13.3 mg/g at pH = 9.0 and 15.5 mg/g at pH 10.3. 

This result could be attributed to the fact that the adsorption of positively-charged 

methylene blue to A-MCM-41 is not favorable at acidic and neutral pH conditions 

due to the electrostatic repulsion. But, the adsorption of methylene blue to A-MCM-

41 becomes favorable because the surface of A-MCM-41 is surrounded by excess 

OH
-
 ions, which enhance the adsorption of methylene blue to A-MCM-41 via the 

electrostatic attraction.  

The kinetic data and model fits for dye removal in A-MCM-41 are shown in 
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Figure 4-23. Model parameters for the pseudo first-order and pseudo second-order 

models are provided in Table 4-4. In the pseudo first-order model, the value of qe 

for acid blue 25 was 19.3 mg/g, whereas the value of qe was 2.8 mg/g for methylene 

blue. The values of k1 for acid blue 25 and methylene blue were 36.8 and 26.6 (1/h), 

respectively. The values of qe from the pseudo second-order model were similar to 

those from the pseudo first-order model. For acid blue 25, the value of qe was 19.4 

mg/g, while it was 2.8 mg/g for methylene blue. The values of k2 for acid blue 25 

and methylene blue were 14.1 and 129.8 g/mg/h, respectively. The correlation 

coefficients (R
2
) indicated that the kinetic data were similarly described by both 

model. 

The equilibrium data and isotherm model fits for dye removal in A-MCM-41 are 

given in Figure 4-24. The equilibrium isotherm parameters are summarized in Table 

4-5. The correlation coefficient (R
2
) indicated that the Langmuir model was better at 

describing the experimental results than the Freundlich model. In the Freundlich 

model, the distribution coefficient (KF) for acid blue 25 was 2.54 L/g, whereas it 

was 0.36 L/g for methylene blue. The Freundlich constant (n) for acid blue 25 and 

methylene blue were 0.45 and 0.54, respectively. In the Langmuir model, the 

Langmuir constants (KL) for acid blue 25 and methylene blue were 0.01 L/mg. The 

maximum adsorption capacity (Qm) for acid blue 25 was 45.9 mg/g, which was 3.4 

times greater than that of methylene blue (= 13.7 mg/g). Our adsorption capacity for 

methylene blue (= 45.9 mg/g) was lower than the reported values (55.4 and 145 

mg/g) of functionalized mesoporous silica for acid blue (Mohamed, 2004; Suzuki et 

al., 2008).   
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Figure 4-20. Effect of reaction time on the removal of methylene blue and acid blue 

25 by A-MCM-41 (initial dye concentration = 100 mg/L).  
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Figure 4-21. Effect of initial dye concentration on the removal of methylene blue 

and acid blue 25 by A-MCM-41.  
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Figure 4-22. Effect of solution pH on the removal of methylene blue and acid blue 

25 by A-MCM-41 (initial dye concentration = 100 mg/L). 
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Figure 4-23. Kinetic batch data and model fit for dye removal by A-MCM-41.  
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Table 4-4. Kinetic model parameters obtained from model fitting to experimental 

data of A-MCM-41. 

Dye 

Pseudo first-order model Pseudo second-order model 

qe 

(mg/g) 

k1 

(1/h) 
R

2
 

qe 

(mg/g) 

k2 

(g/mg/h) 
R

2
 

Methylene blue 2.8 26.6 0.84 2.8 129.8 0.83 

Acid blue 25 19.3 36.8 0.99 19.4 14.1 0.99 
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Figure 4-24. Equilibrium batch data and model fit for dye removal by A-MCM-41. 
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Table 4-5. Equilibrium isotherm parameters obtained from model fitting to 

experimental data of A-MCM-41. 

Dye 

Freundlich isotherm model Langmuir isotherm model 

KF 

(L/g) 
n R

2
 

KL 

(L/mg) 

Qm 

(mg/g) 
R

2
 

Methylene blue 0.36 0.54 0.89 0.01 13.7 0.90 

Acid blue 25 2.54 0.45 0.90 0.01 45.9 0.97 
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V. Conclusions 

The removal of methylene blue and acid blue 25 was examined using MCM-41 

and A-MCM-41. Results showed that the adsorption of methylene blue (cationic 

dye) to MCM-41 was fast process. The adsorption capacity of methylene blue was 

far greater than that of acid blue 25. Results also indicated that the removal of 

methylene blue in MCM-41 was very sensitive to solution pH changes. The 

adsorption capacity increased with increasing pH from 4.1 to 10.3. Meanwhile, the 

adsorption capacity of acid blue 25 was low throughout the pH between 4.1 and 9.4. 

Results also showed that the adsorption of acid blue 25 to A-MCM-41 was fast. The 

adsorption capacity of acid blue 25 was greater than that of methylene blue. Results 

indicated that the removal of acid blue 25 in A-MCM-41 was very sensitive to 

solution pH changes. The adsorption capacity decreased with increasing pH from 

4.1 to 9.4. Meanwhile, the adsorption capacity of methylene blue remained low at 

pH 4.17.6. However, the adsorption capacity increased above pH 9.0. Results 

showed that MCM-41 was far more effective in the removal of methylene blue 

(cationic dye), whereas A-MCM-41 was better at the removal of acid blue 25 

(anionic dye). This could be attributed to the presence of amine groups (NH2) on the 

surfaces of A-MCM-41. This study demonstrated that mesoporous silica could be 

used as adsorbents to remove various types of contaminants through surface 

functionalization. 
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국문초록 

  본 연구에서는 메조다공성 실리카 MCM-41과 3-

aminopropyltrimethoxysilane을 이용하여 개질한 amine-

functionalized MCM-41(A-MCM-41)를 흡착제로 이용하여 

수용액상의 염료(Methylene blue, acid blue 25)의 제거에 대하여 

평가해보았다. MCM-41 입자는 흰색이며, Field emission scanning 

electron microscopy (FESEM)을 통하여 MCM-41 입자가 구 

혹은 막대기와 같은 형상을 띠는 것을 확인하였다. 또한 Energy 

dispersive X-ray spectrometer (EDS)를 통해 MCM-41의 

주요원소가 규소임을 확인하였다. 그리고 MCM-41의 

Transmission electron microscope (TEM) 이미지를 통하여 

MCM-41이 규칙적으로 배열된 기공하에 육각형의 구조를 지님을 

확인하였다. MCM-41 입자의 크기는 527.9 ± 100.1 nm로 

측정되었다. 질소기체 흡·탈착 분석을 통하여, MCM-41의 BET 

비표면적은 1239.5 m2/g, 총 기공부피는 0.92 cm3/g, 평균 

기공직경은 2.97 nm, 메조기공의 부피는 0.85 cm3/g으로 나타났다. 

MCM-41의 low-angle X-ray diffraction (XRD) 패턴분석결과, 2θ 

= 2.44°, 4.18°인 두 개의 극점은 (100), (110) 상이며, 이는 

육각형의 기공구조에 의한 특성으로 보인다. MCM-41의 Fourier 

transform infrared (FTIR) 스펙트럼분석결과, 3449 (1/cm) 부근의 

넓은 band와 1634, 965 (1/cm)에서의 극점은 실라놀그룹(Si-

OH)의 vibration band에 의한 값으로 보인다. 또한 1095, 

800(1/cm)에서의 극점은 Si-O-Si 그룹에 의한 결과로 보인다. 



 

      

77 

A-MCM-41 또한 MCM-41과 같은 형태와 색을 띤다. EDS 

분석결과 A-MCM-41 또한 규소가 주요원소임을 알 수 있었다. 

TEM 이미지 분석을 통하여 A-MCM-41은 개질후에도 MCM-

41과 같이 규칙적으로 배열된 기공하에 육각형의 구조를 지님을 

확인하였다. A-MCM-41 입자의 크기는 585.7 ± 105.6 nm으로 

측정되었다. 질소기체 흡·탈착 분석을 통하여, A-MCM-41의 BET 

비표면적은 509.9 m2/g, 총 기공부피는 0.34 cm3/g, 평균 

기공직경은 2.69 nm, 메조기공의 부피는 0.22 cm3/g으로 나타났다. 

A-MCM-41의 low-angle X-ray diffraction (XRD) 패턴은 

MCM-41의 주요 패턴과 유사하나 오른쪽으로 이동된 결과를 

보이며 이는 APTMS를 통한 개질의 영향으로 보인다. A-MCM-

41의 FTIR 스펙트럼분석결과, 1515, 1471 (1/cm)에서의 극점은 

아민그룹(NH2)의 vibration band에 의한 결과로 보인다. 

MCM-41을 통한 염료제거를 평가하기 위하여 회분실험을 

수행하였다. 실험결과 MCM-41은 methylene blue를 빠르게 

흡착하여 15분에 평형에 도달하였다. Methylene blue에 대한 

흡착능은 acid blue 25에 대한 흡착능보다 훨씬 큰 것으로 

나타났다. Langmuir 등온 모델을 통하여 methylene blue의 최대 

흡착량은 126.1 mg/g으로 계산되었으며, 이는 acid blue 25의 

최대흡착량(= 7.9 mg/g)의 약 16배에 달하였다. 회분실험 결과 

MCM-41를 통한 methylene blue의 제거에 pH영향이 매우 큰 

것으로 나타났다. 흡착량은 pH가 4.1에서 10.3으로 증가함에 따라 

33.5 mg/g에서 99.4 mg/g으로 증가하였다. 이에 비하여 acid blue 

25에 대한 흡착량은 pH 4.1 에서 9.4 사이에서 4.7 mg/g 이하로 
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나타났다. A-MCM-41을 이용한 염료제거 회분실험 또한 

수행하였다. 실험결과 A-MCM-41은 acid blue 25를 빠르게 

흡착하여 10분에 평형에 도달하였다. Langmuir 등온 모델을 

통하여 acid blue 25의 최대 흡착량은 45.9 mg/g으로 계산되었으며, 

이는 methylene blue의 최대흡착량(= 13.7 mg/g)의 약 3.4배에 

달한다. 회분실험 결과 A-MCM-41를 통한 acid blue 25의 제거에 

pH영향이 매우 큰 것으로 나타났다. 흡착량은 pH가 4.1에서 9.4로 

증가함에 따라 28.7 mg/g에서 1.1 mg/g으로 감소하였다. 또한 

methylene blue에 대한 흡착량은 pH 4.1 에서 7.6 사이에서 2.4 

mg/g 이하로 나타났으나 pH = 9.0에서 13.3 mg/g, pH = 10.3에서 

15.5 mg/g으로 증가하는 결과를 보였다. 이러한 결과들을 바탕으로 

살펴볼 때, MCM-41은 methylene blue(양이온성 염료)의 제거에 

효과적인데 비하여, A-MCM-41은 acid blue 25(음이온성 염료)의 

제거에 효과적이었다. 이러한 결과는 A-MCM-41의 표면에 

존재하는 아민그룹(NH2)에 의한 것으로 보인다. 본 연구를 통해 

메조다공성 실리카는 표면 기능화를 통해 흡착제로서 다양한 

오염물질의 제거에 사용할 수 있을 것으로 기대된다. 
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