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In this research, the main goal was to study the adsorption of acid red 1 to 

various adsorbents. The adsorbents were amino-functionalized mesoporous silica, 

molecularly imprinted silica-based particles, and nylon/silica composite. The prepared 

adsorbents were characterized by transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), X-ray diffraction (XRD), nitrogen adsorption-desorption 

analysis, and Fourier transform infrared (FTIR) spectroscopy. Adsorption experiments 

were performed with 0.035 g adsorbent. The dye concentration, pH of dye solutions, 

adsorption time and temperature were varied. 

Amino-functionalized mesoporous silica was synthesized by a sol-gel process. 

Tetraethylorthosilicate (TEOS) was used as a silica source and 

cetyltrimethylammonium bromide was used as a mesoporous template. The particles 

were functionalized with 3-aminopropyltriethoxysilane (APTES). The size of the 

particles was ~1 µm in diameter. The adsorption of acid red 1 reached equilibrium in 1 

h. The optimum pH for the adsorption was 2.0 and the maximum adsorption capacity 

was 139.6 mg/g. Adsorption isotherms followed the Freundlich model in the low dye 

concentration range and followed a Langmuir model in the high concentration range. 

The adsorption processes were spontaneous and endothermic.  
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CHAPTER Ι 

INTRODUCTION 

  

1.1 Significance of the study 

Dyeing is an important process in making fabric products. This process could 

eventually lead to a wastewater containing dyes with intense color. If the wastewater 

is released into the environment water, it could cause problems to aquatic lives and 

human health. Dyes are important pollutant and difficult to treat because of their high 

water solubility and complex molecular structures (González-Vargas et al., 2014). 

Nowadays, various existing treatment processes for removing dye from 

wastewater have been investigated. Several techniques, such as adsorption (Shan et 

al., 2015), degradation by bacteria (Sheng et al., 2017), electrocoagulation (El-Hosiny 

et al., 2018), and catalytic degradation by using H2O2 (Kayan et al., 2017) have been 

used. However, the efficiency of these methods is relatively moderate. Among these 

methods, adsorption has been found to be superior to other techniques in terms of low 

cost of operation and simplicity of adsorbents preparation.  

In this work, acid red 1 was used as a model dye. A molecular structure of the 

dye is shown in Figure 1.1. This dye was listed by the U.S. Environmental Protection 

Agency (EPA) as one of the non-biodegradable azo dyes (Thomas et al., 2014). In 

2007, acid red 1 was used as a baby food coloring and in foodstuffs such as breakfast 

sausages and burger meats (European Food Safety Authority (EFSA), 2007). 
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Figure 1.1 A structure of acid red 1. 

 

In a latter-day, the Scientific Panel of the European Food Safety Authority 

(EFSA) raised the concern that this dye could be the cause of cancer (Villa and 

Conso, 2004). Moreover, this dye can be metabolized to aniline, which interferes with 

blood hemoglobin (González-Vargas et al., 2014). Nowadays, acid red 1 is one of 

many dyes used in the dyeing industry. The dye-containing wastewater released 

without treating can affect the environment in term of reducing oxygen on the surface 

water as the intense color of the dye could block the sunlight used for photosynthesis 

of aquatic plants.  

Adsorbents are important components in adsorption processes. Their structures 

have strong influence on the adsorption of target compounds. Porous and 

functionalized-porous materials are commonly used for the adsorption. Various 

adsorbents have been used for acid red 1 removal, for example, coal fly ash (Hsu et 

al., 2008), cellulose grafted polymer with acrylic acid and acrylamide as monomers 

(Su et al., 2017), chitosan crosslinked with 7-ethyloctadecane diacid diglycidyl 

(Shimizu et al., 2003), saccharide-derived spherical biochar (Tran et al., 2017), 

activated carbon (Gómez et al., 2007), and organic-inorganic hybrid clay (Thue et al., 

2017). Adsorption capacity and selectivity towards target compounds should be 

considered in the development of adsorbents for certain applications; however, it 
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would be a challenge to achieve both high adsorption capacity and selectivity for an 

adsorbent.    

In this research, adsorption of acid red 1 was studied using various adsorbents. 

Adsorbents based on silica and nylon/silica composite were prepared with simple 

methods in order to obtain adsorbents with high adsorption capacity and/or high 

selectivity toward acid red 1. In Chapter III, mesoporous silica with and without the 

modification with aminopropyltriethoxysilane were synthesized, characterized, and 

used in the adsorption of acid red 1. Mesoporous silica was synthesized using a sol-

gel process with tetraethylorthosilicate as a silica source and 

cetyltrimethylammoniumbromide as a template. Mesoporosity incorporated with 

amino functional groups were responsible for the high adsorption capacity. For 

conventional adsorbents, however, poor-selectivity, low reusability, and low 

adsorption capacity are the disadvantages.  

Molecularly imprinted adsorbents (MIA) are alternative adsorbents for the 

removal of dyes. MIAs have gained some attentions because of several advantages 

such as high selectivity to target compounds and reusability (Zhang et al., 2014). In 

the synthesis of MIA, a target molecule is used as a template. After finishing the 

synthesis, it is extracted from the adsorbent, leaving sites that provide selectivity in 

size, shape and functionality to the target molecule (Vasapollo et al., 2011). However, 

molecular imprinting alone is insufficient to produce adsorbents with satisfactory 

adsorption selectivity and capacity. Functionalization is also required to produce 

adsorbents with better adsorption performance. 

 In Chapter IV, silica-based molecularly imprinted adsorbent and nonimprinted 

adsorbent (NIA) were synthesized, characterized, and used in the adsorption of acid 
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red 1. Preparation of nanosilica particles was based on the sol-gel process. Nanosilica 

particles were modified with aminopropyltriethoxysilane to yield adsorption sites for 

the dye. The amino-functionalized silica particles interacted with acid red 1 were 

coated with a mesoporous silica layer to form imprinted sites.  

In Chapter V, nylon/silica composites were synthesized, characterized, and tested 

in the adsorption of acid red 1. Adsorption studies were carried out in solutions 

containing acid red 1, acid red 1 mixed with tratarzine, and acid red 1 mixed with 

nitroso-R.  

 

1.2 Research objectives 

The research objectives were as follows: 

1.2.1 To synthesize mesoporous silica, molecularly imprinted silica, and 

nylon/silica composites, characterize the obtained adsorbents, and evaluate their 

performance in the adsorption of acid red 1. 

1.2.2 To study the parameters that affect the adsorption capacity of the 

synthesized adsorbents such as pH of solutions, contact time, and temperature. 

1.2.3 To explain adsorption behavior of some adsorbents based on 

thermodynamic and kinetic study. 

 

1.3 Scope and limitations of the study 

The scope and limitations of the study are listed: 

1.3.1 Tetraethylorthosilicate was used as the only source of silica in the synthesis 

of silica-based adsorbents.  
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1.3.2 Aminopropyltriethoxysilane was the only reagent used to functionalize the 

surface of silica particles to provide -NH2 groups. 

1.3.3 nylon 6 was used to prepare adsorbents based on nylon/silica composites. 

1.3.4 Acid red 1 was used as a dye model. 

1.3.5 Performance characteristics of the synthesized adsorbents such as 

selectivity, adsorption capacity, and reversibility were studied in a batch system. 

1.3.6 The adsorbents were characterized by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), Fourier 

transform infrared spectroscopy (FT-IR), and nitrogen adsorption-desorption analysis. 

1.3.7 The concentration of dyes in solutions with single dye component was 

determined by UV-Vis spectrophotometry. 

1.3.8 The concentration of dyes in mixed dye solutions was determined by high 

performance liquid chromatography. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Dyes 

There are many ways to classify dyes based on, for example, their origins, 

chemical structures, and industrial applications. According to their charge, dyes can 

be classified as anionic (direct, acid, reactive), cationic (basic) and nonionic (disperse) 

dyes. Acid dyes are anionic dye commonly used for dyeing wool, animal fibers, and 

manufactured fibers. They contain sulfonate group (-SO3
-) and usually are produced 

in the form of sodium sulfonate salts, which make them highly soluble in water. A 

dyeing process is usually carried out with a mixture of three dyes to produce various 

shades (Salaskar and Sahasrabudhe, 2003). As a result, wastewater originating from a 

dyeing reactor contains three dyes. In treating of the wastewater, all dyes might not be 

required to be removed from the water depending on their toxicity and concentration. 

Basic dyes are water-soluble and are mainly used to dye acrylic fibers. They 

are mostly used with a mordant. A mordant is a chemical agent which is used to set 

dyes on fabrics by forming an insoluble compound with the dye. Basic dyes are used 

for cotton, linen, acetate, nylon, polyesters, acrylics, and modacrylics. Other than 

acrylic, basic dyes are not very suitable for any other fibers as they are not fast to 

light, washing or perspiration.  
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Nonionic dyes are water-insoluble. These dyes are finely ground and are 

available as a paste or a powder that gets dispersed in water. These dyes are used to 

dye nylon, cellulose triacetate, and acrylic fibers. 

Dyes used in this work were acid red 1, tartrazine, sulfasalazine, and nitroso-

R. Their structures are shown in Figure 2.1. 

 

2.2 Acid dyes removal 

Acid dyes contamination in water can be removed by various methods, for 

example, degradation by bacteria, electro-coagulation-flotation process, and catalytic 

degradation by using H2O2. Hu et al. (2007) used Bacillus sp. to remove acid red 1 

and acid black 172. The results showed that both dyes could be decomposed by the 

biocatalyst in wastewater but the toxicity from the decomposition of the dye was not 

reduced. El-Hosiny et al. (2017) removed acid red 1 and other dyes using electro-

flotation with aluminum electrodes. This method required a huge batch reactor, high 

electricity, and investment cost. Kayan et al. (2017) decolorized acid red 1 and acid 

red 114 in H2O2-modified subcritical water. Their degradation products were aniline, 

hydroquinone, benzoquinone, etc. These products are toxic to human health and the 

environment. Catalytic decomposition of dyes could lead to degraded products that 

could be more toxic than the initial dyes. Adsorption is one of the methods used for 

the removal of acid dyes. It has some advantages in terms of the low cost of operation, 

simplicity of adsorbents preparation, and reusability of adsorbents. 
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        Acid red 1 

 

 Tartrazine 

 

    Zincon 

 

 

   Sulfasalazine 

 

           Nitroso-R 

       

Figure 2.1 Structures of acid red 1, tartrazine, zincon, sulfasalazine, and nitroso-R. 

(https://en.wikipedia.org/wiki). 
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2.3 Adsorption  

Adsorption is a process of accumulation of molecules on the surface of solids. 

The solid that accumulates other compounds on its surface is called adsorbent and the 

compound adsorbed on the adsorbent surface is called adsorbate. Adsorption can be 

classified into two types which are physical adsorption and chemical adsorption. 

Physical adsorption or physisorption occurs via weak intermolecular forces. Physical 

adsorption takes place with the formation of multilayer of the adsorbate on the 

adsorbent. The enthalpy change of the adsorption is lower than 40 kJ/mol (Masel, 

1996). This type of adsorption takes place at a low temperature below the boiling 

point of the adsorbate and the adsorption decreases with the increase of the 

temperature. In chemical adsorption or chemisorption on the other hand, the adsorbate 

chemically bonds with the adsorbent. Chemisorption takes place with the formation of 

a monolayer of the adsorbate on the adsorbent. The enthalpy change of the adsorption 

is in the range of 60-400 kJ/mol (Masel, 1996). This type of adsorption can take place 

at all temperature.  

2.3.1 Adsorption isotherms  

Adsorption isotherms can provide principle information for the 

understanding of the adsorption process. There are several theoretical models 

developed to explain the adsorption process. The Langmuir and Freundlich adsorption 

isotherm models are commonly used to represent the experimental data. 

2.3.1.1 Langmuir isotherm 

The Langmuir isotherm is used to describe equilibrium adsorption 

based on three major assumptions (Do, 1998), which are:  
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 1. The surface of the adsorbent is homogeneous; therefore, adsorption energy is 

constant for all sites, 

 2. Only one molecule or atom can be adsorbed on any one site and adsorption 

cannot occur beyond a monolayer and 

 3. There is no interaction between any of the adsorbed molecules or atoms. 

The Langmuir adsorption equation can be represented as equation 

[2.1]; 

e

e

m

e

CK1

CK

q

q

A

A

+
=                 [2.1] 

where, qe (mg/g) is the amount of the adsorbate adsorbed per gram of the adsorbent at 

equilibrium; qm (mg/g) is the amount of the adsorbate adsorbed to form a monolayer 

coverage per gram of the adsorbents; KA (L/mg) is the Langmuir adsorption 

equilibrium constant; Ce (mg/L) is the concentration of the adsorbate in a solution at 

equilibrium. qe is described by equation [2.2]; 

            
m

)CV(C
q e

e
0 −=                       [2.2] 

where C0 and Ce (mg/L) are the initial and equilibrium concentrations of the 

adsorbate in a solution, respectively, V is the volume of the solution (L) and m is the 

adsorbent mass (g). 

Adsorption data can be fitted to the Langmuir isotherm in a linear form 

following-equation-[2.3];     
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+=                 [2.3] 

Maximum adsorption capacity (qm) can be obtained from a linear plot of 

Ce/qe against Ce. KA can be calculated from the intercept value. 
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The suitability of the adsorbent to the adsorbate can be evaluated by using 

the Langmuir constant to calculate a value known as the constant separation factor, 

RL as expressed in equation [2.4]; 

     
0A

L
CK1

1
R

+
=                            [2.4] 

where, C0 (mg/L) is the initial concentration of adsorbate in a solution. The value of 

RL can be used to indicate the adsorption situations to be unfavorable (RL > 1.0), 

linear (RL = 1.0), irreversible (RL = 0) and favorable (0 < RL < 1.0) (Hall et al. 1966).  

2.3.1.2 Freundlich isotherm 

The Freundlich isotherm is another commonly used model. It has a 

general form as expressed by equation [2.5]; 

1/n
eFCKqe =                 [2.5] 

where qe and Ce are defined as in equation [2.1], KF is the Freundlich constant, the 

indicative of the relative adsorption capacity of the adsorbent and 1/n is an empirical 

constant. A linear form of Freundlich isotherm is shown in equation [2.6]. 

eF Cln 
n

1
Klnqln e +=                [2.6] 

When ln qe is plotted against ln Ce and the data are treated by linear 

regression analysis, KF and 1/n can be obtained from the intercept and the slope of the 

line, respectively. Freundlich model applies well to solid with heterogeneous surface 

properties. 

2.3.2 Thermodynamics study 

Thermodynamic parameters including Gibbs free energy change (ΔG), 

enthalpy change (ΔH) and entropy change (ΔS) are useful in providing information 
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about the adsorption process. The relationship among a distribution coefficient (KD), 

∆H and ∆S can be described by equation [2.7];  

RT

ΔH
R

ΔS
Kln D −=                  [2.7] 

where R is the universal gas constant (8.314 Jmol-1 K-1) and T is the absolute 

temperature (Kelvin). The values of ∆H and ∆S can be calculated from a slope and an 

intercept of a plot of ln KD against 1/T. KD can be calculated from equation [2.8]; 

     
e

D
C

q
K e=                   [2.8] 

where qe and Ce, defined as in equation [2.1]. ∆G provides information about the 

process spontaneity, which can be related to ∆H and ∆S as shown in equation [2.9]; 

 ∆G = ∆H-T∆S                 [2.9] 

The Gibbs free energy change can also be determined using equation 

[2.10]; 

    DKlnRTΔG −=                                [2.10] 

  The effects of the enthalpy change, entropy change, and temperature on 

spontaneity of a reaction relating to ΔH, ΔS, and ΔG are summarized in Table 2.1. 

2.3.3 Kinetic study 

To describe the adsorption behavior with time. The obtained adsorption 

data were fitted with pseudo-first-order and pseudo-second-order models. These 

models are the most commonly used to describe the adsorption of dyes on adsorbents.  

Pseudo-first order model is written as shown in equation [2.11]; 

log (qe - qt) = log qe – (k1t/2.303)                        [2.11] 
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Table 2.1 Relationship of enthalpy, entropy, and Gibbs free energy change to the 

occurrence of a reaction (Zumdahl and Zumdahl, 1989). 

ΔH ΔS ΔG Spontaneity of a process 

− + − Spontaneous at all temperature 

+ − + Non-spontaneous 

+ + − Spontaneous only at high temperature 

− − − Spontaneous only at low temperature 

 

where qe is the equilibrium adsorption capacity (mg/g), qt is the adsorption capacity at 

time t (mg/g), k1 is the pseudo first-order rate constant (min-1), and t  is the contact 

time (min).  

Pseudo-second order model is written as shown in equation [2.12]; 

t/qt = 1/k2qe
2 + (1/qe)t              [2.12] 

where k2 is the pseudo second-order rate constant (g/mg.min), and t is the contact 

time (min). 

 

2.4 Adsorbents for acid dyes removal 

Adsorbents are important component in adsorption processes. Their structures 

have strong influence on the adsorption of target compounds. Various adsorbents have 

been used in adsorption of acid dyes. 

2.4.1 Conventional adsorbents 

Adsorbents with low surface area, but with suitable functional groups 

generated on their surface could be used for the adsorption of acid red 1. Hsu et al. 

(2008) used coal fly ash (CFA) to adsorb acid red 1. The CFA was treated in furnace 
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at a very high temperature at 600 oC. Su et al. (2017) synthesized cellulose grafted 

polymer using acrylic acid (AA) and acrylamide (AM) as monomers. The 

polymerization reaction was carried out at -18 oC for 24 h. The product had to be 

milled before use for the adsorption. Shimizu et al. (2003) synthesized crosslinked 

chitosan with 7-ethyloctadecane diacid diglycidyl (EODD) for acid red 1 and other 

dyes adsorption. The preparation process took about 68 h. In addition, the time for the 

adsorption to reach the equilibrium was relatively long that is 96 h at 30 oC and 72 h 

at 40 oC. Tran et al. (2017) prepared saccharide-derived spherical biochar for the 

removal of acid red 1 and other pollutants. Carbohydrate precursors were carbonized 

under hydrothermal condition at 190 oC and dried in an oven at 105 oC for 24 h. After 

that, the spherical biochars were calcined from 200 to 325 oC for 5 h and dried. The 

obtained adsorbents had negligible adsorption capacity for acid red 1 due to 

electrostatic repulsion. Thue et al. (2017) synthesized organic-inorganic hybrid clay 

adsorbent for the removal of acid red 1 and acid green 25. The adsorbent was grafted 

with 3-aminopropyltriethoxysilane (APTES) by refluxing at 75 oC for 24 h. 

 Porous solids are usually used in adsorption processes because high surface 

area and large pore volume are required to achieve high adsorption capacity. Ordered 

mesoporous structures such as MCM-41 (Lee et al., 2007) and SBA-3 (Anbia et al., 

2010), have been used to remove acid dyes from wastewater. Calcined and uncalcined 

materials were investigated. High surface area and nanometer-sized pore sizes (from 

20 to 100 Å) of the adsorbents offer a special environment for chemical separations of 

large molecules. Besides siliceous materials, hollow mesoporous carbon nanospheres 

(Konicki et al., 2013) has also been used for the adsorption of acid orange 8 and acid 

red 88 from aqueous solutions.  
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To enhance the adsorption performance, the mesoporous particles are 

functionalized with organosilanes. Wu et al. (2014) used MCM-41 functionalized 

with 3-aminopropyltriethoxysilane (APTES) in the mesoporous silica framework as 

the adsorbent for acid fuchsine and acid orange II. The surface area of the prepared 

adsorbent was 658 m2/g. Other organosilanes also have been used to functionalize 

onto mesoporous materials. Lee et al. (2015) used various organosilanes including 

methyltriethoxysilane (MTES), phenyltriethoxysilane (PTES), and APTES to 

funcrionalize onto SBA-15 and the obtained adsorbents were used for the adsorption 

of acid orange 12 and acid red 73. The adsorption capacities of the dye increased with 

the increase amount of functionalized organosilanes.  

For conventional adsorbents, low-selectivity to the target molecule, and 

high cost for reusability are the disadvantages. To improve adsorption selectivity, 

molecularly imprinted adsorbents have been investigated.  

2.4.2 Molecularly imprinted adsorbents 

Molecularly imprinted adsorbents (MIAs) are alternative adsorbents for the 

removal of dyes from wastewater. They have one prominent property that is high 

selectivity to target molecules. Typically, an imprinted adsorbent is formed by 

polymerization of monomers in the presence of a template molecule. This monomer-

template complex is polymerized in the presence of a cross-linker to lock the 

orientation of the functional monomer and form a rigid polymer around the template. 

The template molecule after finishing the polymerization is extracted from the 

polymer, leaving sites that provide selectivity in size, shape, and functionality to the 

target molecule. (Vasapollo et al., 2011).  
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An imprinting process is schematically represented in Figure 2.2 (Algieri et 

al., 2014). Nonimprinted adsorbents were prepared using similar procedures as those 

for MIAs except that the template was not added. 

 

 

 

 

Figure 2.2 Representation of the molecular imprinting process. (a) Functional 

monomers interact with a template, (b) a template-monomers complex formed is 

polymerized in the presence of cross-linkers, (c) removal of the template from the 

formed polymer liberates binding sites, and (d) the polymer selectively rebinds with 

the target molecule (Algieri et al., 2014). 
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2.4.2.1 Separation factor and imprinting factor 

2.4.2.1.1 Separation factor 

Separation factor (α) is a measure of the strength of 

interaction of MIA towards the template molecule compared to another molecule. It is 

calculated using equation [2.13]; 

α = KD1/ KD2                  [2.13] 

KD value is calculated according to equation [2.14]; 

e

D
C

q
K e=                 [2.14] 

KD1 and KD2 are partition coefficients for molecule 1 and molecule 2 over the same 

adsorbent. Higher value of α corresponds to greater selectivity to dye 1.  MIAs have 

no selectivity over any two dyes when the value of α is close to 1.0. 

2.4.2.1.2 Imprinting factor 

Imprinting factor (β) is a measure of the strength of 

interaction of MIA towards the template molecule compared with that of the NIA. 

The imprinting factor (β) can be represented as equation [2.15]; 

β = KD (MIA)/KD (NIA)         [2.15] 

KD(MIA) and KD(NIA) are the distribution coefficients of a target molecule for MIA and 

non-imprinted polymer, respectively. Higher value of β corresponds to greater 

difference in the interaction upon the target molecule between the two adsorbents. 

When β is equal to 1.0, it means that there is no difference in the adsorption character 

between MIA and NIA. 
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2.4.2.2 Molecularly imprinted adsorbents prepared by polymerization 

In general, MIAs were produced by bulk polymerization methods. 

A bunch of monomers has been applied to interact with target templates. Commercial 

monomer such as methacrylic acid (MAA), 4-vinylpyridine (4-VP), acrylamide (AM), 

and 1-vinylimidazole (VI) are widely used as functional monomers to synthesize 

molecularly imprinted adsorbents for acid dyes (Karim et al., 2005). Foguel et al. 

(2017) synthesized molecularly imprinted polymer for acid green 16 adsorption using 

1-vinylimidazole as a monomer. The selectivity of acid green 16 on the prepared 

adsorbent performance was compared to methyl green, basic red 9, acid red 1, and 

direct yellow 50. In addition, the synthesized monomers have been applied in order to 

obtain specific recognition sites with the template. Kyzas et al. (2009) used 

methacrylic acid and acrylamide as monomers to prepare molecularly imprinted 

polymers for the selective adsorption of reactive and basic dyes. Luo et al. (2011) 

used 1-(α-methyl acrylate)-3-methylimidazolium bromide (1-MA-3MI-Br) as a 

functional monomer to synthesize novel magnetic and hydrophilic molecularly 

imprinted polymers (mag-MIAs) for the adsorption of acid dyes such as amaranth, 

brilliant ponceau 5R, orange G, sunset yellow FCF, and tratarzine from contaminated 

water. 

2.4.2.3 Drawbacks of molecularly imprinted adsorbents prepared by 

polymerization 

MIAs prepared by bulk and solution polymerization have been 

shown to be applicable for the adsorption of the target dyes (Yan and Raw, 2006). 

However, the synthesized methods were time-consuming and yielded a moderate 

amount of imprinted sites. A big chunk of a polymer product was obtained. Grinding 
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of the product was required to obtain smaller particles. The grinding process could 

result in the heterogeneity of the adsorption sites, irregularity of the particle shapes, 

and the non-uniformity of the particle sizes. The number of recognition sites 

accessible to the target molecule could be low. In addition, the nonpolymerized 

monomer and solvent were difficult to remove from the polymer. These chemicals 

could degrade the bulk properties of the polymer. Moreover, MIAs face some serious 

problems such as poor rebinding in aqueous environments, heterogeneity of binding 

sites, slow mass transfer, and incomplete removal of the template.  

To circumvent the drawbacks, other methods were considered. 

Molecular imprinting on nanopartilces is an effective approach to overcome this 

barrier and to remove the limitations of the traditional molecularly imprinted 

adsorbents. 

2.4.2.4 Molecularly imprinted adsorbents prepared by sol-gel method 

The sol-gel method was also utilized for the preparation of MIAs, 

by introducing an organosilane precursor into the sol-gel-based MIA synthesis 

mixture. Silica gel could be grafted with certain functional groups which could then 

interact with the imprinted molecules.  The sol-gel process produces polymer 

materials that have a wide variety of applications in analytical chemistry (Wayne et 

al., 2005). MIAs prepared from the sol-gel process was proposed in order to form a 

confined and rigid structure so that superior binding specificity toward the target 

molecule could be achieved from such materials. An inorganic precursor, 

tetraethoxysilane (TEOS), was mixed with organic functional monomers, cross-

linkers, and template molecules to produce imprinting sites. The chemical 

functionality was achieved and confined in the matrix via hydrolysis-condensation of 
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the sol-gel (Chang et al., 2009). Up to now, very few studies on the adsorption and 

separation of acid dyes using MIAs have been reported. Therefore, this work studied 

the preparation of silica-based molecularly imprinted adsorbents for acid red 1. 

2.4.2.5 Composite adsorbents 

From the advantages of conventional adsorbents and imprinted 

adsorbents prepared by the polymerization and sol-gel method as mentioned above. 

Combination of the conventional adsorbents and polymers to create composite 

materials can result in some interesting properties of the materials. Composites 

adsorbents have been studied to promote the adsorption capacity and selectivity of the 

adsorbents. Zhao et al. (2014) synthesized imprinted composite membranes using 

TiO2/calcium alginate hydrogel as a matrix for the adsorption and photocatalytic 

degradation of sulfonic dye. Yang et al. (2017) prepared magnetic imprinted N-doped 

P25/Fe3O4-graphene oxide for catalytic degradation of sulfonic dye (congo red). 

However, those adsorbents were difficult to prepare and posed a problem due to low 

selectivity.  

In recent years, nylon/silica composites have been reported. Tayebi 

et al. (2015) studied the adsorption of acid blue 62 on nylon 6 yarns composited with 

titania. However, the materials still have a low surface area. Chen et al. (2015) studied 

the mechanical properties of nylon 6-silica flake and clay sub-micro composites. 

Silica nanoparticle were incorporated in different polymers including nylon as 

reinforcement material and could be improved the properties of nylon, for example, 

enhance the surface area.  Nakada et al. (2016) synthesized nylon-6,6 in 

cetyltrimethylammonium chloride reverse micelles adsorbed on silica surfaces and 

used as a stationary phase for the separation analysis. Reyes-Gallardo et al. (2017) 
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prepared silica nanoparticles-nylon 6 composites adsorbent by dispersing the silica 

particles into nylon in formic acid. The adsorbents were used for extracting some 

hormones in bioanalytical samples. Only a few pieces of research have been reported 

so far for acid dyes adsorption using nylon/silica composite adsorbents. Therefore, in 

this work nylon/nanosilica composites prepared using a simple method were studied 

for the adsorption of acid red 1. Nanosilica particles incorporated into nylon were 

expected to increase the surface area of the material and consequently, increase the 

adsorption capacity of the adsorbents.  
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 CHAPTER III 

AMINO-FUNCTIONALIZED MESOPOROUS SILICA 

ADSORBENT FOR THE REMOVAL OF ACID RED 1 

 

3.1  Abstract 

Mesoporous silica is well-known to provide high surface area and size selectivity 

for large molecules for application in adsorption. The surface of the mesoporous silica 

contains some hydroxyl groups. These groups could be potential adsorption sites for 

species that could form a hydrogen bond. To improve its adsorption capacity and 

selectivity for target compounds, the surface of the mesoporous silica could be 

modified. In this work, adsorbents based on mesoporous silica were synthesized using 

a sol-gel process and used for the adsorption of acid red 1. Tetraethylorthosilicate 

(TEOS) was used as a silica source and cetyltrimethylammonium bromide was used 

to direct the formation of mesoporous structure. 3-aminopropyltriethoxysilane 

(APTES) was used to functionalize the mesoporous silica. Adsorbents were 

characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), 

nitrogen adsorption-desorption analysis, and Fourier transform infrared (FTIR) 

spectroscopy. 

TEM images show relatively homogeneous size distribution of spherical particles 

with about 1 m diameter. Mesoporous structure was confirmed by XRD and N2 

adsorption-desorption analysis. Adsorption experiments were performed using 0.035
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g adsorbent. The dye concentration, pH of dye solutions, adsorption time and 

temperature were varied within the range of 10-260 mg/L, 1.0-10.0, 30-120 min and 

25.0-45.0 oC, respectively. The optimum pH for the adsorption was 2.0. The 

adsorption capacity of the APTES-functionalized adsorbent at 25.0 oC was 139.6 

mg/g, which was higher than that of the unmodified adsorbent. Adsorption isotherm 

followed Freundlich model at the lower range of dye concentration and followed 

Langmuir model at the higher range of dye concentration. The adsorption processes 

were spontaneous and endothermic. After the equilibrium adsorption, the systems 

were in a higher state of randomness. Adsorption kinetics followed pseudo-second 

order model. 

 

3.2  Introduction 

Acid red 1 was added into baby food, breakfast sausages and burger meat as a 

food coloring. Aniline is a product of metabolized acid red 1, which could cause 

carcinogen (Villa and Conso, 2004) and interfere with blood hemoglobin (González-

Vargas et al., 2014). Therefore, the European Food Safety Authority (EFSA) (2007) 

noted that the maximum level of 20 mg/kg acid red 1 is allowed to add in foodstuffs. 

Acid red 1 is one class of dyes that contains sulfonate groups (-SO3
-). In industry, 

acid red 1 is also used as a dyeing source. The U.S. Environmental Protection Agency 

(EPA) listed acid red 1 as one of non-biodegradable azo dye (Thomas et al., 2014). 

The intense color of the dye contaminated in water could cause some environment 

problems. Therefore, it is important to remove acid red 1 from wastewater before 

releasing from industrial factories. 
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Various methods have been used to remove acid dyes contamination in water, for 

example, degradation by enzyme (Gioia et al., 2018), electro-coagulation-flotation 

process (El-Hosiny et al., 2017), and catalytic degradation by using H2O2 (Kayan et 

al., 2017). Among these methods, adsorption has some advantages such as high 

efficiency, simple process, and relatively low cost. 

Adsorbents, for example, coal fly ash (Hsu et al., 2008), cellulose grafted 

polymer based on acrylic acid and acrylamide monomers (Su et al., 2017), chitosan 

crosslinked with 7-ethyloctadecane diacid diglycidyl (Shimizu et al., 2003), biochars 

(Tran et al., 2017), and APTES modified clay (Thue et al., 2017) were used for the 

adsorption of acid red 1. These adsorbents have relatively low surface area which is 

one of the factors that contributes to the adsorption capacity.   

Porous solids with high surface area and large pore volume were reported for the 

adsorption of acid dyes. MCM-41 (Lee et al., 2007) and SBA-3 (Anbia et al., 2010), 

were used to remove acid dyes from wastewater. Hollow mesoporous carbon 

nanospheres (Konicki et al., 2013) was used for the adsorption of acid orange 8 and 

acid red 88 from aqueous solutions.   

To enhance the adsorption performance, mesoporous silica materials were 

functionalized with organosilanes. MCM-41 functionalized with 3-

aminopropyltriethoxysilane (APTES) was used for the adsorption of acid fuchsine and 

acid orange II. Other organosilanes also have been used to functionalize onto 

mesoporous materials. Organosilanes including methyltriethoxysilane (MTES), 

phenyltriethoxysilane (PTES), and APTES were functionalized onto SBA-15 for the 

adsorption of acid orange 12 and acid red 73 (Lee et al., 2015). The adsorption 
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capacities of the dye increased with the increase amount of functionalized 

organosilanes.  

In this research, mesoporous silica particles were prepared using 

tetraethylorthosilicate (TEOS) as a silica source and cetyltrimethylammonium 

bromide as a template to form a mesoporous structure. Mesoporous silica particles 

were functionalized by 3-aminopropyltriethoxysilane (APTES). Amino group (-NH2) 

of an adsorbent can interact with sulfonate group (-SO3
-) of acid red 1. 

 

3.3 Experimental 

3.3.1 Chemicals 

Chemicals used in this research are listed in Table 3.1. 

Table 3.1 Chemicals used in this research. 

Chemicals Formula Content (%) Suppliers 

3-aminopropyltriethoxy-

silane (APTES) 

H2NC3H6Si(OC2H5)3 99.0 Sigma-Aldrich 

acid red 1 dye  C18H13N3O2(SO3Na)2 60.0 Sigma-Aldrich 

ammonia NH3 99.0 Acros Organics™  

cetyltrimethylammonium-

bromide (CTAB) 

C19H42BrN 98.0 Carlo ERBA 

ethanol C2H5OH 
 

99.9 Carlo ERBA 

hydrochloric acid HCl 37.0 Carlo ERBA 

tetraethyl orthosilicate 

(TEOS) 

Si(OC2H5)4 99.0 Acros Organics™ 

 



32 

 

 

3.3.2 Synthesis of amino-functionalized mesoporous silica adsorbent 

3.3.2.1 Preparation of mesoporous silica adsorbent 

Mesoporous silica adsorbent was prepared by using a method 

adapted from Yuan et al. (2014). 80 mL H2O, 1.2 mL of 28% NH3 and 0.3 g CTAB 

were added into 140 mL ethanol under constant stirring. After  6 h, 0.43 mL TEOS 

was added dropwise into the mixture solution. The mixture solution was stirred for 

another 6 h. Particles were isolated from the liquid mixture by centrifugation at 3,000 

rpm for 10 min and redispersed in 150 mL ethanol under sonication for 1 h to remove 

CTAB (Jabariyan and Zanjanchi, 2012). After that, the particles were separated by 

centrifugation at 3,000 rpm for 10 min and dried at 60 oC overnight. The obtained 

powder, mesoporous silica adsorbent, was denoted as meso-SiO2. 

3.3.2.2 Preparation of amino-functionalized mesoporous silica adsorbent 

To prepare amino-functionalized silica particles, meso-SiO2 was 

modified by using a method from Liang et al. (2013). 2 mL H2O, 4 mL of 28% NH3 

and 80 μL APTES were added to 1 g of meso-SiO2 dispersed in 100 mL ethanol. The 

mixture solution was stirred for 12 h. The particles were separated by centrifugation at 

3,000 rpm for 10 min. The amino modified mesoporous silica particles were washed 

with H2O until the pH of the washed solution was close to 7 and after that with 

ethanol to remove the unreacted APTES. The resulting particles were dried at 60 oC 

overnight. The amino-functionalized mesoporous silica particles were denoted as 

NH2-meso-SiO2. 
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3.3.3 Characterizations 

3.3.3.1 Transmission electron microscopy (TEM) 

TEM was used to obtain very high spatial resolution images of the 

structures of the adsorbents. TEM analysis was performed on a Tecnai G2 with an 

accelerating voltage of 200 kV. For TEM analysis, the adsorbents were suspended in 

95% ethanol solution with sonication. The suspension was deposited on a micro grid 

with a holey carbon copper as a support membrane and dried at 70 °C with a UV 

lamp. 

3.3.3.2 Nitrogen adsorption-desorption analysis 

Nitrogen adsorption-desorption analysis was used to determine 

surface area, average pore size and total pore volume of the adsorbents. Nitrogen 

adsorption-desorption isotherm was obtained from a BELSORP-mini II. Before 

analysis, about 0.10 g of each sample was degassed at 200 °C under vacuum for 2 h 

and left until the pressure was reached to 10-2 mPa in order to remove physisorbed 

gases. The analysis was carried out at -196 oC at relative pressure (P/P0) from 0.01 to 

0.99. Surface area was calculated by Brunauer-Emmett-Teller (BET) method. The 

total pore volume was obtained from the nitrogen amount adsorbed in correspondence 

of P/P0 equal to 0.99 and the pore size distributions was calculated by Barrett-Joyner-

Halenda (BJH) method.  

3.3.3.3 X-ray diffraction (XRD) 

An X-ray diffractometer (Bruker AXS D8) was used to investigate 

phases of the adsorbents. An X-ray source with Cu target was operated at a voltage of 

40 kV and a current of 40 mA to provide Cu Kα radiation. An X-ray filtered was made 

of Ni. Diffraction patterns were obtained in 2θ range of 1 to 10º with a step increment 
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of 0.02º and a step time of 0.5 s. Samples were placed into sample holders. The 

powder was spread evenly before the measurement. 

3.3.3.4 Fourier-transform infrared spectroscopy (FTIR) 

Functional groups of adsorbents were studied by Fourier-transform 

infrared spectroscopy (Bruker, Tensor 27) using attenuated total reflection (ATR) 

mode. A sample for the measurement was prepared by sprinkling particles on a 

sample holder. IR spectra were obtained in the wavenumber range of 400-4000 cm-1 

with the resolution of 4 cm-1. 

3.3.4 Adsorption study 

3.3.4.1 Effect of pH 

Effect of pH on the adsorption of acid red 1 was investigated over 

the pH range of 1.0-10.0. An adsorbent with the weight of 0.035 g was added into 35 

mL of 200 mg/L dye solution contained in a 40-mL vial. The mixture solution was 

stirred for 60 min at 25.0 oC. After that, the adsorbent was separated from the solution 

by centrifugation. A concentration of the dye left in the solution was determined using 

a UV–Vis spectrometer (CHEM4-Vis-fiber spectrometer: USB 4000, Ocean optics). 

Absorbance measurement was made at 532 nm. 

3.3.4.2 Effect of contact time 

Adsorption study was conducted in a 40-mL vial contained with 35 

mL of 200 mg/L acid red 1 and 0.035 g of an adsorbent. The pH of the dye solutions 

was controlled at 2.0. The temperature of solutions was controlled at 25.0 oC. 

Adsorption time was varied in the range of 30 to 120 min. After a given time, the 

adsorbent was separated from the solution by centrifugation and the dye solution was 

used for the absorbance measurement to determine the dye concentration.  
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3.3.4.3 Adsorption isotherm and thermodynamics experiments 

Adsorption of acid red 1 at different concentration was carried out 

with 0.035 g adsorbent in 35 mL solution contained in a 40-mL vial. The dye 

concentration was varied in the range of 10-260 mg/L and the pH of the solutions was 

controlled at 2.0. The adsorption temperature was varied in the range of 25.0-45.0 oC. 

After 60 min of adsorption, the adsorbent was separated by centrifugation and the dye 

solutions were used of absorbance measurement at 532 nm for the determination of 

dye concentration. 

3.3.4.4 Kinetic experiment 

Kinetic study of the dye onto adsorbent was carried out with 0.035 

g adsorbent in 35 mL dye solution with the initial concentration at 80 mg/L. The 

mixture was contained in a 40-mL vial. The pH of the solutions was fixed at 2.0. 

Adsorption was carried out at different temperature, 25.0, 35.0, and 45.0 oC. At each 

temperature, the dye concentration at different adsorption time,10, 20, 30, 40, 50, and 

60 min, was determined by measuring the absorbance of the solutions at 532 nm. 

 

3.4  Results and discussion 

3.4.1 Characterization 

3.4.1.1 Morphologies of the synthesized adsorbent 

Figure 3.1 presents TEM images of NH2-meso-SiO2. The particles 

have spherical shape with a relatively uniform size distribution. The diameter of the 

particles is approximately 700 nm. The mesoporous structure was not observed due to 

low resolution of the TEM. 
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Figure 3.1 TEM images of NH2-meso-SiO2 (a) and (b) in different magnification. 

 

To confirm the existence of mesoporous structure, the meso-SiO2 

and NH2-meso-SiO2 were investigated using XRD at low angles. XRD patterns are 

shown in Figure 3.2. A peak was observed at 2.5o in the XRD pattern of the meso-

SiO2, indicating the presence of mesoporous structure. Diffraction peak of NH2-

meso-SiO2 was shifted to higher angle after functionalization of amino groups. A 

similar shift of a diffraction peak was also reported for APTES-functionalized 

mesoporous silica, which was coated onto magnetic silica particles (Yuan et al., 

2014).   

3.4.1.2 Nitrogen adsorption-desorption analysis  

Nitrogen adsorption-desorption isotherm of NH2-meso-SiO2 is 

shown in Figure 3.3. This isotherm is type IV with H2-type hysteresis loop according 

to IUPAC classification for mesoporous material with pore size and shape that are not 
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well defined. The surface area, total pore volume and average pore diameter of the 

NH2-meso-SiO2 were 192 m2/g, 0.21 cm3/g, and 4.5 nm, respectively. 

 

 

 

Figure 3.2 XRD patterns of meso-SiO2 and NH2-meso-SiO2.  
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Figure 3.3 Nitrogen adsorption-desorption isotherm of NH2-meso-SiO2. 

 

3.4.1.3 Adsorbents characterization by FTIR spectroscopy 

The meso-SiO2 and NH2-meso-SiO2 particles were characterized by 

FTIR to identify functional groups on their structures. FTIR spectra of NH2-meso-

SiO2 and meso-SiO2 are shown in Figure 3.4.  

For NH2-meso-SiO2, the bands at 1,054 cm-1 and 790 cm-1 were 

assigned to symmetric Si-O-Si groups (Yuan et al., 2014). The band at 1,612 and 960 

cm-1 was attributed to Si-OH groups (Yuan et al., 2014). Peaks at around 2,852 and 

2,921 cm-1 belonged to the vibrations of -CH2 of animosilane indicating that APTES 

was functionalized onto meso-SiO2 (Zhang et al., 2014). The incorporation of the 
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amino group was verified by symmetric -NH2 bending at new peaks appeared at 1473 

cm-1 (Yuan et al., 2014). 

3.4.2 Adsorption study 

3.4.2.1 Effect of pH 

The effect of pH on adsorption capacity of acid red 1 onto the 

adsorbent was investigated in the pH range of 1.0 to 10.0 at a fixed dye concentration 

of 200 mg/L at 25.0 ºC for 60 min. The adsorption capacity was calculated according 

to equation [3.1]; 

m

)CV(C
q e

e
0 −=                 [3.1]  

 

 

Figure 3.4 FTIR spectra of NH2-meso-SiO2 and meso-SiO2 adsorbent. 



40 

 

 

where qe is the equilibrium adsorption capacity (mg/g), V is the volume of the 

solution (L), C0 and Ce (mg/L) are the initial and equilibrium concentrations of the 

acid red 1 in a solution, respectively, and m is the adsorbent mass (g). 

Acid red 1 is an anionic azo dye that contains two sulfonic acid 

groups [R-(SO3Na)2]. In aqueous solutions, acid red 1 can be dissociated to sulfonate 

anion [R-(SO3
-)2] which can interact with the protonated amino groups of -NH3

+ on 

the adsorbent. Therefore, the pH of the solutions could affect both the anionic form of 

the dye and the surface charge of the adsorbent. 

In Figure 3.5, the optimum adsorption capacity was observed at pH 

2.0. The adsorption tended to increase when the pH of the solutions was decreased 

from 10.0 to 2.0. This can be explained by pH at point of zero charge (pHpzc) which 

represents the surface charge behavior of the adsorbents. Adsorption of anionic dyes 

is favored at pH<pHpzc of the adsorbent, where the surface charge of the adsorbent is 

positive (Konicki et al., 2017). The adsorbent in this work consists of -NH2 group and 

mesoporous silica. The pHpzc of mesoporous silica was found to be about 3.1 (Velez et 

al., 2013) and that of the pHpzc of the primary amine groups (-NH2) was about 7.34 

(Yang et al., 2013). Therefore, the extent of the positive surface charge of the 

adsorbent should be increase with the decrease of the pH of the solution. Araghi and 

Entezari (2005) reported that at pH = 2, the amino groups were fully protonated, and 

the adsorption could not be further improved by adjusting the initial pH to 1. When 

the pH of the solution was adjusted to 1.0, the adsorption capacity decreased. This 

could be resulted from the protonation of -SO3
- groups on the dye that reduced the 

amount of the dye in the anionic form. 
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Figure 3.5 Influence of pH on the adsorption capacity of NH2-meso-SiO2 for acid red 

1. 

 

Sulfonic groups exhibit negative charge even at higher acidic 

solutions due to their pKa values lower than zero (Cardoso et al., 2011). The pKa of 

the sulfonate groups of the azo dye are in the range 0.7–1.5 (Owusu-Apenten, 2002). 

Therefore, at the pH < pKa the fraction of anionic form should be decrease. 

3.4.2.2 Effect of contact time 

Effect of contact time on the adsorption capacity of the adsorbent 

was investigated. Figure 3.6 shows time profile adsorption of acid red 1 onto meso-

SiO2 and NH2-meso-SiO2. The extent of dye removal by meso-SiO2 and NH2-meso-

SiO2 was found to increase with the increase of contact time. The adsorption reached 
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equilibrium in about 60 min. Therefore, adsorption time at 60 min was selected for 

further study with NH2-meso-SiO2.  

The adsorption capacity of NH2-meso-SiO2 toward acid red 1 was 

higher than that of meso-SiO2. This could be due to functionalization of -NH2 onto the 

meso-SiO2 resulting in high adsorption site for the adsorbent. 

3.4.2.3 Adsorption isotherm 

Adsorption isotherms are important for explaining the interaction 

between adsorbate and adsorbent in an equilibrium state. Langmuir and Freundlich 

isotherms are commonly used to explain adsorption behaviors.  

The Langmuir adsorption equation can be represented as equation 

[3.2]; 

eA

eA

m

e

CK1

CK

q

q

+
=                [3.2] 

where, qe (mg/g) is the amount of an adsorbate adsorbed per gram of an adsorbent at 

equilibrium; qm (mg/g) is the maximum amount of the adsorbate adsorbed to form a 

monolayer coverage per gram of the adsorbent; KA (L/mg) is the Langmuir adsorption 

equilibrium constant; Ce (mg/L) is the concentration of the adsorbate at equilibrium. 

Adsorption data can be fitted to the Langmuir isotherm in a linear form as the 

following equation [3.3];    

    
mAm

ee

qK

1

q

C

q

C

e

+=                [3.3] 

Maximum adsorption capacity (qm) can be obtained from a linear plot of Ce/qe against 

Ce. KA can be calculated from the intercept value. 
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Figure 3.6 Time profile adsorption of acid red 1 on meso-SiO2 vs NH2-meso-SiO2 at 

pH 2.0. 

 

The Freundlich isotherm is another commonly used model. It has a 

general form as expressed by equation [3.4]; 

1/n
eFCKqe =                 [3.4] 

where qe and Ce are defined as in equation [3.2], KF is the Freundlich constant, the 

indicative of the relative adsorption capacity of the adsorbent and 1/n is an empirical 

constant. A linear form of Freundlich isotherm is shown in equation [3.5]; 

         eF Cln
n

1
Klnqln e +=                     [3.5] 
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when ln qe is plotted against ln Ce and the data are treated by linear regression 

analysis, KF and 1/n can be obtained from the intercept and the slope of the line, 

respectively. Freundlich model applies well to solid with heterogeneous surface 

properties. 

A graph plotted between qe and Ce is shown Figure 3.7. The 

adsorption data from the study with NH2-meso-SiO2 were fitted with Langmuir and 

Freundlich model and the results are shown in Table 3.2 and 3.3, respectively. 

 

 

 

Figure 3.7 Adsorption isotherms of acid red 1 on NH2-meso-SiO2 at 25.0, 35.0, and 

45.0 oC at pH 2. 
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Table 3.2 Isotherm equations for Langmuir model and other derived parameters for 

the adsorption of acid red 1 in the concentration range 10-260 mg/L onto NH2-meso-

SiO2 adsorbent. 

Temperature 

(oC) 

 

 

Fitting equation  

 

 

R2 

qm 

(mg/g) 

KA 

(L/mg) 

25.0  Ce/qe = 0.0061 Ce  + 0.114 0.9565 163.93 0.053 

35.0 Ce/qe = 0.0049 Ce  + 0.1261 0.8601 204.08 0.039 

45.0 Ce/qe = 0.0053 Ce  + 0.0363 0.9651 188.68 0.146 

 

 

Table 3.3 Isotherm equations for Freundlich model and other derived parameters for 

the adsorption of acid red 1 in the concentration range 10-260 mg/L onto NH2-meso-

SiO2 adsorbent. 

Temperature 

(oC) 

 

Fitting Linear equation  

 

R2 1/n 

KF 

[(mg/g)/(mg/L)1/n] 

25.0 ln qe = 0.6257 ln Ce + 2.3560 0.8434 1.59 10.55 

35.0 ln qe = 0.7699 ln Ce + 2.0594 0.8655 1.30 7.84 

45.0 ln qe = 0.5307 ln Ce + 3.2915 0.6835 1.88 26.88 
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The values of the correlation coefficients for Langmuir model are 

(not all) higher than those for Freundlich model. However, the obtained qm values 

from Langmuir model are significantly different from those of the experimental 

values. This suggests that the adsorption did not conform well to Langmuir model. 

Experimental data were divided into two groups of dye concentration that is group 

one in the concentration range of 10-160 mg/L and group two in the concentration 

range of 180-260 mg/L. Both groups of data were fitted again with Langmuir and 

Freundlich model and the results are in Table 3.4 and 3.5, respectively.  

At the concentration range of 10-160 mg/L, the values of the 

correlation coefficient for Freundlich model are ~0.9. This suggests that the 

adsorption data at low concentration could be better explained by Freundlich model. 

Freundlich model applies well to solid with heterogeneous surface properties.  

Heterogeneous adsorption sites of NH2-meso-SiO2 could result from different 

orientations of aminopropyl groups on the silica surface. These are aminopropyl 

groups protruding above the silica surface and aminopropyl groups interacting with 

silanol groups on the silica surface as explained by Yokoi et al. (2012). In addition, 

the results from nitrogen adsorption-desorption analysis suggest that the adsorbent has 

non-uniform pore distribution. This could also contribute to heterogeneous adsorption 

sites after APTES functionalization.   

For the concentration range of 180-260 mg/L, the data fitted well 

with Langmuir model as the correlation coefficients (R2) for every studied 

temperature were greater than 0.99. This suggests homogeneous adsorption sites. It is 

assumed that the adsorbed dyes on the adsorbent surface could later act as the 

adsorption sites, which could interact with other dye molecules in the solution. 
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Table 3.4 Isotherm equations for Freundlich model and other derived parameters for 

the adsorption of acid red 1 in the concentration range 10-160 mg/L onto NH2-meso-

SiO2 adsorbent. 

Temperature 

(oC) 

 

Fitting equation  

 

R2 1/n 

KF 

[(mg/g)/(mg/L)1/n] 

25.0 ln qe = 1.021 ln Ce + 1.7161 0.9511 0.98 5.56 

35.0 ln qe = 1.1536 ln Ce + 1.3748 0.9937 0.87 3.95 

45.0 ln qe = 1.4037 ln Ce + 2.6917 0.8956 0.71 14.76 

 

 

Table 3.5 Isotherm equations for Langmuir model and other derived parameters for 

the adsorption of acid red 1 in the concentration range 180-260 mg/L onto NH2-meso-

SiO2 adsorbent. 

Temperature 

(oC) 

 

 

Fittting equation  

 

 

R2 

qm 

(mg/g) 

KA 

(L/mg) 

25.0  Ce/qe = 0.0072 Ce  + 0.0218 0.9971 138.89 0.33 

35.0 Ce/qe = 0.0068 Ce  -  0.0069 0.9989 147.06 0.99 

45.0 Ce/qe = 0.0057 Ce  + 0.0096 0.9992 175.44 0.59 
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3.4.2.4 Thermodynamic study 

Thermodynamic parameters including Gibbs free energy change 

(ΔG), enthalpy change (ΔH) and entropy change (ΔS) were used in providing the 

information about the adsorption process. Relationship among a distribution 

coefficient (KD), H and S can be described by equation [3.6];  

RT

ΔH

R

ΔS
Kln D −=                [3.6] 

where, R is the universal gas constant (8.314 Jmol-1 K-1) and T is the absolute 

temperature (Kelvin). The values of ∆H and ∆S can be calculated from the slope and 

the intercept of the plot of ln KD against 1/T. KD can be calculated from equation 

[3.7]; 

       
e

D
C

q
K e=                  [3.7] 

From the adsorption data conducted at different temperatures: a 

plot of ln KD against 1/T was constructed. The values of H and S can be calculated 

from the slope and intercept of the plot. 

The ∆G provides information about the process spontaneity, which 

can be related to ∆H and ∆S as shown in equation [3.8]; 

G = H-TS                [3.8] 

The results are given in Table 3.6. The values of R2 are relatively 

low for the dye concentrations 10-160 mg/L, but > 0.9 for those from 180-260 mg/L. 

The derived parameters, ΔG, ΔH, and ΔS, obtained from the data with higher values 

of correlation coefficient suggest that the adsorption process is spontaneous and 

endothermic with the increased randomness at the solid/liquid interface.   
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Table 3.6 Thermodynamic parameters for the adsorption of acid red 1 onto NH2-

meso-SiO2.
a 

C0 

(mg/L) 

Equation R2 

H 

(kJ/mol) 

S 

(J/mol) 

G (kJ/mol) 

25 oC 35 oC 45 oC 

10 y = -3381.9x + 12.635 0.6457 28.1 105 -3.20 -4.25 -5.30 

20 y = -5044.4x + 18.457 0.6540 41.9 153 -3.82 -5.35 -6.88 

40 y = -5565.7x + 20.495 0.4847 46.2 170 -4.41 -6.11 -7.81 

80 y = -6645.1x + 23.806 0.7707 55.3 198 -3.76 -5.74 -7.72 

120 y = -6768.4x + 24.218 0.7769 56.3 201 -3.76 -5.77 -7.78 

160 y = -7984.5x + 28.23 0.7579 66.4 235 -3.59 -5.94 -8.29 

180 y = -5515.1x + 19.46 0.9736 45.9 162 -2.39 -4.00 -5.62 

200 y = -5458.3x + 18.914 0.9934 45.4 157 -1.50 -3.08 -4.65 

220 y = -2376.3x + 8.4946 0.9838 19.8 70.6 -1.30 -2.01 -2.71 

260 y = -2776.7x + 9.4122 0.9837 23.1 78.3 -0.25 -1.03 -1.81 

a Data for KD calculation are shown in Appendix A. 

 

3.4.2.5 Kinetic study 

To describe the adsorption behavior with time, several kinetic 

models were tested. In this work, pseudo-first-order and pseudo-second-order models 
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were used. These models are commonly used to describe the adsorption of dye on 

adsorbents.  

Pseudo-first order model is written as shown in equation [3.9]; 

log (qe - qt) = log qe – (k1t/2.303)               [3.9]  

where qt is the adsorption capacity at time t (mg/g), k1 is the pseudo first-order rate 

constant (min-1), and t  is the contact time (min).  

Pseudo-second order model is written as shown in equation [3.10]; 

t/qt = 1/k2qe
2 + (1/qe)t                  [3.10] 

where k2 is the pseudo second-order rate constant (g/mg.min), and t is the contact time 

(min).  

Figure 3.8 and 3.9 show a plot of log (qe-qt) versus t and t/qt versus 

t, respectively. Table 3.7 shows derived equations and parameters for both kinetic 

models. It appears that the data seem to fit well both models because the values of R2 

are greater than 0.9. Besides the high value of R2, the agreement between 

experimental and calculated values of qe was evaluated according to the literature 

(Montazerolghaem et al., 2017) using equation [3.11]; 

   

Δqe (%) = 100
1

q

)q(q

expe,

cale,expe,

2


−

−









N
           [3.11] 

   

 

where qe,exp and qe,cal are the experimental and calculated adsorption capacity, 

respectively, and N is the total number of experimental points. 

From the calculation, qe was < 1.0% indicating that qe,exp and qe,cal 

are not significantly different. This suggests that pseudo-second order kinetic model 
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could be used to describe the adsorption behavior of acid red 1 onto the adsorbents. 

The model suggests that the rate of the adsorption rate is controlled by the diffusion  

of the dye molecules through the pores of the adsorbent. 

 

 

Figure 3.8 Pseudo-first-order kinetic model for the adsorption of 200 mg/L acid red 1 

onto 0.035 g NH2-meso-SiO2. 
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Figure 3.9 Pseudo-second-order kinetic model for the adsorption of 200 mg/L acid 

red 1 onto 0.035 g NH2-meso-SiO2. 

 

Table-3.7 Pseudo-first-order model and Pseudo-second-order model for the 

adsorption of acid red 1 onto NH2-meso-SiO2 at 25.0 oC.a 

kinetic model 

qe,cal
b 

(mg/g) 

 

Fitting equation 
R2 rate constant 

Pseudo-first-order 

model 
57.3 log (qe - qt) = -0.0135t + 1.7581 0.9336 

0.031  min-1 

Pseudo-second-

order model 
149.3 t/qt = 0.0067t + 0.06 0.9995 

7.0 × 10-4  

g/mg.min 

a Experimental values of adsorption capacity; qe,exp = 139.6 mg/g 
b Calculated value of adsorption capacity 
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3.5 Conclusion 

The amino-functionalized mesoporous silica adsorbent was successfully 

prepared and characterized. The adsorbent was applied in aqueous media for 

adsorption of acid red 1. The adsorption of acid red 1 reached equilibrium state in 60 

min at 25.0 oC. The equilibrium adsorption data fitted to the Freundlich isotherm 

model at the lower dye concentration range of 10-160 mg/L and to the Langmuir 

isotherm model at the higher dye concentration range of 180-260 mg/L. The 

maximum adsorption capacity under the studied experimental conditions found to be 

139.6 mg/g at 25.0 oC. The adsorption processes were spontaneous and endothermic. 

After the equilibrium adsorption, the systems were in a higher state of randomness. 

Adsorption kinetics followed pseudo-second order model. Moreover, the APTES 

functionalized on mesoporous silica particles provided higher adsorption sites 

leading to higher adsorption capacity for acid red 1. 
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      CHAPTER IV 

SYNTHESIS AND CHARACTERIZATION OF AMINO-

FUNCTIONALIZED MESOPOROUS SILICA-BASED 

MOLECULARLY IMPRINTED ADSORBENT 

TOWARDS SELECTIVE ADSORPTION OF ACID RED 1 

 

4.1 Abstract 

Acid dyes are one class of pollutants and difficult to treat due to their high 

solubility in water and complex molecular structures. Adsorption is one of the 

effective methods for dye removal. Among many adsorbents, molecularly imprinted 

adsorbents have attracted considerable attention because of their predetermined 

recognition ability, high selectivity and reusability. In this work, a sol-gel process 

using tetraethyl orthosilicate as a silica source was used for the synthesis of 

molecularly imprinted adsorbent. The adsorbent surface was functionalized with 3-

aminopropyltriethoxysilane before using in the imprinting process. Acid red 1 was 

used as a template. A non-imprinted adsorbent was synthesized using the same 

procedure except the template. The obtained adsorbents were characterized by X-ray 

diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared 

(FTIR) spectroscopy, and nitrogen adsorption-desorption technique.  
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Adsorption experiments were performed using 0.035 g adsorbent. The dye 

concentration, a pH of dye solutions, adsorption time and temperature were varied 

within the range of 10-260 mg/L, 1.0-10.0, 30-150 min and 25.0-45.0 oC, 

respectively. The adsorption of the imprinted adsorbent followed the Langmuir 

isotherm model. The adsorption capacities at 25.0 oC of the imprinted adsorbent and 

non-imprinted adsorbent were 36.93 and 28.32 mg/g, respectively. The adsorption 

processes were spontaneous and exothermic. After the equilibrium adsorption, the 

systems were in a lower state of randomness. Adsorption kinetics followed pseudo-

second order model. Values of a separation factor of the imprinted adsorbent for acid 

red 1 compared to tartrazine, zincon and sulfasalazine were 30.46, 2.22, and 1.78, 

respectively. The results demonstrate that the imprinted adsorbent can selectively bind 

the target dye. 

 

4.2 Introduction 

Nowadays, various existing treatment processes of removing dyes from 

wastewater have been investigated. Several techniques such as adsorption (Shan et al., 

2015), degradation by enzyme (Gioia et al., 2018), electrocoagulation (El-Hosiny et 

al., 2017), and catalytic degradation by using H2O2 (Kayan et al., 2017) have been 

used. However, the efficiency of these methods is relatively moderate. Among these 

methods, adsorption has been found to be superior to other techniques in terms of low 

cost of operation and simplicity of adsorbents preparation.  

Adsorbents are important components in adsorption processes. Their structures 

have a strong influence on the adsorption of target compounds. Some adsorbents 

investigated for the adsorption of  acid red 1 were coal fly ash (Hsu et al., 2008), 
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cellulose grafted polymer based on acrylic acid (AA) and acrylamide (AM) as 

monomers (Su et al., 2017), chitosan crosslinked with 7-ethyloctadecane diacid 

diglycidyl (Shimizu et al., 2003), biochars (Tran et al., 2017), and APTES modified 

clay (Thue et al., 2017). These adsorbents, except the biochar, were able to remove 

acid red 1 from aqueous solutions. However, their adsorption efficiency might be 

reduced in the presence of other species in the solutions that could also interact with 

the adsorption sites. Generation of adsorption sites that are selective to target 

molecules could solve the problem.  

 Molecularly imprinted adsorbents (MIAs) are alternative adsorbents for the 

removal of dyes. MIAs have gained some attentions because of several advantages 

such as high selectivity to target compounds and reusability (Zhang et al., 2014). In a 

synthesis of an MIA, a target molecule is used as a template. After finishing the 

synthesis, it is extracted from the adsorbent, leaving sites that provide selectivity in 

size, shape, and functionality to the target molecule (Vasapollo et al., 2011). In 

general, MIA prepared by bulk and solution polymerization have been shown to be 

applicable for the adsorption of the target dyes (Yan and Raw, 2006).  

Many MIAs are synthesized by polymerization of organic functional monomers 

and an organic crosslinking monomer. The synthesized methods could be time-

consuming and a moderate amount of imprinted sites could be obtained. Organic 

MIAs could be unsuitable for their applications in aqueous solutions because 

interactions between the target species and the polymer could become weaker. To 

avoid these problems, silica-based MIAs synthesized by a sol-gel method could be 

used. 



60 

 

 

 The objectives of this work are to synthesize, characterize, and use the silica-

based MIA and nonimprinted adsorbent (NIA) in the adsorption study of acid red 1 in 

aqueous solutions. Acid red 1 as a representative of acid dyes with two sulfonate 

groups was used as a model template for the synthesis of the molecularly imprinted 

adsorbent under mild conditions. Figure 4.1 shows acid red 1 and other dyes used in 

the adsorption study. Preparation of nanosilica particles was based on the sol-gel 

process. The obtained nanosilica particles were modified with 3-

aminopropyltriethoxysilane (APTES) to yield adsorption sites for the dye. The amino-

functionalized silica particles were coated with a mesoporous silica layer to form 

imprinted sites.     
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        Acid red 1 

 

 Tartrazine 

 

    Zincon 

 

 

   Sulfasalazine 

 

 

Figure 4.1 Structures of acid red 1, tartrazine, zincon, and sulfasalazine. 
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4.3 Experimental 

4.3.1 Chemicals  

Chemicals used in this research are listed in Table 4.1. 

Table 4.1 Chemicals used in this research. 

Chemicals Formula Content (%) Suppliers 

3-aminopropyltriethoxy- 

silane (APTES) 

H2NC3H6Si(OC2H5)3 99.0 Sigma-Aldrich 

acid red 1 C18H13N3O2(SO3Na)2 60.0 Sigma-Aldrich 

ammonia NH3 99.0 Acros Organics™  

cetyltrimethylammoniu

m-bromide (CTAB) 

C19H42BrN 98.0 Carlo ERBA 

ethanol C2H5OH 

 

99.9 Carlo ERBA 

hydrochloric acid HCl 37.0 Carlo ERBA 

sodium hydroxide NaOH 95.0 Carlo ERBA 

sulfasalazine  C18H14N4O5S 95.5 Sigma-Aldrich 

tartrazine C16H9N4O3Na(SO3Na)2 85.0 Sigma-Aldrich 

tetraethyl orthosilicate 

(TEOS) 

Si(OC2H5)4 99.0 Acros Organics™ 

zincon C20H15N4O3(SO3Na) 75.0 Sigma-Aldrich 
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4.3.2 Preparation of mesoporous silica coated dye-imprinted amino silica 

adsorbent  

4.3.2.1 Preparation of silica nanoparticles 

Silica particles were prepared by the Stöber method (Liang et al., 

2013). 10 mL H2O, 24 mL of 28% NH3 and 17 mL TEOS were added into 500 mL 

ethanol. The reaction mixture was stirred for 12 h under magnetic stirring. At the 

reaction time of 3 and 6 h, 12 mL TEOS was added dropwise into the solution. The 

resulting silica particles were separated by centrifugation at 3,000 rpm for 10 min. 

The silica particles were washed with H2O until the pH of the washed solution was 

close to 7 and after that with ethanol to remove the unreacted TEOS. Finally, the 

silica particles were kept by dispersing in 100 mL ethanol. 

4.3.2.2 Preparation of amino-functionalized silica particles 

To prepare amino-functionalized silica particles, silica particles 

were modified by using a method from Liang et al. (2013). 2 mL H2O, 4 mL of 28% 

NH3 and 80 μL APTES were added to the silica particles dispersed in 100 mL 

ethanol. The mixture solution was stirred for 12 h. The particles were separated by 

centrifugation at 3,000 rpm for 10 min. The amino modified silica particles were 

washed with H2O until the pH of the washed solution was close to 7 and after that 

with ethanol to remove the unreacted APTES. The resulting amino-functionalized 

silica particles were dried at 60 oC overnight. The particles were denoted as NH2-

SiO2. 

4.3.2.3 Preparation of dye-amino silica particles 

NH2-silica particles with the weight of 1.0 g were dispersed in 100 

mL of 100 ppm acid red 1 solution. Acid red 1 was used as a template. The mixture 
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solution was stirred for 12 h. After that, the particles were isolated by centrifugation at 

3,000 rpm for 10 min. The particles were washed with H2O until the washed solution 

became colorless. The particles were wash with ethanol to remove the unreacted dye. 

The particles were dried at 60 oC overnight and denoted as dye-NH2-silica particles. 

The dye stock solution was prepared by dissolving 1 g of dye in 

H2O, which adjusted pH to 2.0 by using 1.0 M HCl. The volume of the solution was 

brought up to 1,000 mL in a volumetric flask. 

4.3.2.4 Preparation of mesoporous silica coated dye-amino silica 

particles 

Mesoporous silica coated amino-silica particles were prepared by 

using a method, adapted from Yuan et al. (2014). Dye-NH2-silica particles with the 

weight of 1.0 g were dispersed in 140 mL ethanol with sonication. 80 mL H2O, 1.2 

mL of 28% NH3 and 0.3 g CTAB were added into the mixture of the dispersed dye-

NH2-silica particles under constant stirring. After 6 h, 0.43 mL TEOS was added 

dropwise into the mixture solution. The mixture solution was stirred for another 6 h. 

The particles were isolated by centrifugation at 3,000 rpm for 10 min and redispersed 

in 150 mL ethanol under sonication for 1 h to remove CTAB (Jabariyan and 

Zanjanchi, 2012). After that, the particles were separated by centrifugation at 3,000 

rpm for 10 min and dried overnight. The dye template was removed from the particles 

by stirring in 25 mL 1.0 M NaOH for 30 min. Then the resulting powders were 

washed with H2O until the pH of the washed solution was close to 7. Finally, the 

particles were washed with ethanol. The particles were dried at 60 oC overnight. The 

obtained powder, mesoporous silica coated dye-imprinted amino silica adsorbent, was 

denoted as MIA. 
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4.3.2.5 Preparation of non-imprinted adsorbent 

Synthesis of a non-dye-imprinted mesoporous silica coated amino 

silica adsorbent (NIA) was done using the similar procedures as those for MIA. 

However, acid red 1 was not used as the template. 

4.3.3 Characterization of synthesized adsorbents 

4.3.3.1 Transmission electron microscopy (TEM) 

TEM was used to obtain very high spatial resolution images of the 

structures of the adsorbents. TEM was performed on a Tecnai G2 with an accelerating 

voltage of 200 kV. For TEM measurement, the adsorbents were suspended in 95% 

ethanol solution with sonication. The suspension was deposited on a micro grid with a 

holey carbon copper as a support membrane and dried at 70 °C with a UV lamp.  

4.3.3.2 X-ray diffraction (XRD) 

An X-ray diffractometer (Bruker AXS D8) was used to investigate 

phases of the adsorbents. An X-ray source with Cu target was operated at a voltage of 

40 kV and a current of 40 mA to provide Cu Kα radiation. An X-ray filtered was made 

of Ni. Diffraction patterns were obtained in 2θ range of 1 to 10º with a step increment 

of 0.02º and a step time of 0.5 s. Samples were placed into sample holders. The 

powder was spread evenly before the measurement. 

4.3.3.3 Nitrogen adsorption-desorption analysis 

Nitrogen adsorption-desorption analysis was used to investigate 

surface area, average pore size and total pore volume of the adsorbents. Nitrogen 

adsorption-desorption isotherms were obtained from a BELSORP-mini II. Before 

analysis, about 0.10 g of each sample was degassed at 200 °C under vacuum for 2 h 

and left until the pressure was reached to 10-2 mPa in order to remove physisorbed 
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gas. The analysis was carried out at -196 oC at relative pressure (P/P0) from 0.01 to 

0.99. Surface area was calculated by Brunauer-Emmett-Teller (BET) method. The 

total pore volume was obtained from the nitrogen amount adsorbed in correspondence 

of P/P0 equal to 0.99 and the pore size distribution was calculated by Barrett-Joyner-

Halenda (BJH) method. 

4.3.3.4 Fourier transform infrared spectroscopy (FTIR) 

Functional groups of adsorbents were studied by Fourier transform 

infrared spectroscopy (Bruker, Tensor 27) using attenuated total reflection (ATR) 

mode. A sample for the measurement was prepared by sprinkling particles on a   

sample holder. IR spectra were obtained in the wavenumber range of 400 to 4000 cm-1 

with the resolution of 4 cm-1. 

4.3.4 Adsorption study of acid red 1 

4.3.4.1 Effect of pH 

Effect of pH on the adsorption of acid red 1 was investigated over 

the pH range of 1.0-10.0. An adsorbent with the weight of 0.035 g was added into 35 

mL of 20 mg/L dye solution contained in a 40-mL vial. The mixture solution was 

stirred for 60 min at 25.0 oC. After that, the adsorbent was separated from the solution 

by centrifugation. A concentration of the dye left in the solution was determined using 

a UV–Vis spectrometer (CHEM4-Vis-fiber spectrometer: USB 4000, Ocean Optics). 

Absorbance measurement was made at 532 nm. 

4.3.4.2 Effect of contact time 

Adsorption study was conducted in a 40-mL vial contained with 35 

mL of 20 mg/L acid red 1 and 0.035 g of an adsorbent. The pH of the dye solutions 

was controlled at 2.0. The temperature of solutions was controlled at 25.0 oC. 
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Adsorption time was varied in the range of 30 to 150 min. After a given time, the 

adsorbent was separated from the solution by centrifugation and the dye solution was 

used for the absorbance measurement to determine the dye concentration.  

4.3.4.3 Adsorption isotherm and thermodynamics experiments 

Adsorption of acid red 1 at different concentrations was carried out 

with 0.035 g adsorbent in 35 mL solution contained in a 40-mL vial. The dye 

concentration was varied in the range of 10-260 mg/L and the pH of the solutions was 

controlled at 2.0. The adsorption temperature was varied in the range of 25.0-45.0 oC. 

After 60 min of adsorption, the adsorbent was separated by centrifugation and the dye 

solutions were used for absorbance measurement at 532 nm for the determination of 

dye concentration. 

4.3.4.4 Kinetic experiment 

The kinetic of adsorption of dye onto adsorbent was carried out 

with 0.035 g adsorbent in 35 mL dye solution with the initial concentration at 80 

mg/L. The mixture was contained in a 40-mL vial. The pH of the solutions was fixed 

at 2.0. Adsorption was carried out at different temperature, 25.0, 35.0, and 45.0 oC. At 

each temperature, the dye concentration at different adsorption time,10, 20, 30, 40, 

50, and 60 min, was determined by measuring the absorbance of the solutions at 532 

nm. 

4.3.4.5 Determination of separation factor and imprinting factor 

In order to investigate the selectivity of the adsorbents toward the 

target dye and to compare the adsorption efficiency between MIA and NIA, 

separation factor and imprinting factor were determined. The optimized adsorption 

condition for the target dye was used in this study.  
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To determine a separation factor, adsorption experiments were 

carried out with MIA. Solutions of acid red 1 and dyes with analogous structures such 

as tartrazine, zincon, and sulfasalazine at the concentration of 1.57 × 10-4 mol/L with 

the pH of 2.0 were used in the study. Adsorption of each dye solution was done 

separately on MIA. Similar adsorption procedures as previously described were used. 

The absorbance of tartrazine, zincon, and sulfasalazine was measured at 442, 520, and 

359 nm, respectively.  

To determine an imprinting factor, adsorption of acid red 1 on MIA 

and NIA was conducted at the dye concentration of 80 mg/L and the pH of solutions 

was fixed at 2.0. The adsorption was done at 25.0 oC for 60 min. The concentration of 

the dye left in the solution was determined spectrometrically. 

4.3.4.6 Desorption and reusability 

Regeneration of MIA after the adsorption of acid red 1 was 

investigated. The adsorption of acid red 1 in the concentration range of 10-80 mg/L 

was done for 60 min at 25.0 oC. Adsorbents obtained after the adsorption of the dye 

were used repeatedly in the adsorption-desorption study. Desorption of the adsorbed 

dye from the adsorbents was performed by stirring the adsorbents in  25 mL of 1.0 M 

NaOH for 30 min. The weight of the adsorbent was 0.035 g. The desorption was done 

at 25.0 oC. After 30 min, the adsorbent was separated by centrifugation and was 

washed several times with H2O until the pH of the washed solution was close to 7. 

The adsorbent was dried at 60 oC overnight before used for the next cycle of 

adsorption.  
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4.4 Results and discussion 

4.4.1 Characterization of the synthesized adsorbents 

4.4.1.1 Morphologies of the synthesized adsorbents 

Morphologies of the synthesized adsorbents are shown in Figure 

4.2. The synthesized adsorbents have spherical nanostructure with diameter of about 

100 nm and relatively narrow particle size distributions. Chemical modification of 

NH2-SiO2 seems not to drastically affect the size of the particles. A thin layer of 

mesoporous silica coating was observed on both MIA and NIA as shown in Figure 

4.1(c) and 4.1(e), although the mesoporous structures are not clearly seen.  

 

 

 

Figure 4.2 TEM images of NH2-SiO2 (a), MIA (b)-(c), and NIA (d)-(e). 
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To confirm the existence of mesoporous structures on MIA and 

NIA, XRD analysis at low diffraction angles was conducted. XRD patterns of MIA 

and NIA in Figure 4.3 show a single diffraction peak around 2.5°. This peak indicates 

the presence of mesoporous structure on both adsorbents (Yuan et al., 2014). 

4.4.1.2 Nitrogen adsorption-desorption analysis  

Nitrogen adsorption-desorption isotherms of the adsorbents were 

obtained using a BELSORP-mini II and are shown in Figure 4.4. A type isotherm, 

according to the IUPAC classification, was observed for both adsorbents. Hysteresis 

loops indicate the presence of mesopores on both adsorbents. 

 

 

Figure 4.3 XRD patterns of MIA and NIA. 
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Figure 4.4 Nitrogen adsorption-desorption isotherms of MIA and NIA adsorbents. 

 

Specific surface area, total pore volumes, average pore diameters, 

and pore size distributions of MIA and NIA adsorbents are shown in Table 4.2. The 

specific surface area of MIA is smaller than that of NIA. This could be from that in 

the MIA synthesis method, the dye molecules on the dye-NH2-SiO2 particles could 

hinder some sites to be used in formation the mesoporous structure.   
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Table 4.2 Textural properties of MIA and NIA from N2-analysis. 

Adsorbents 
BET surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

Average pore diameter 

(nm) 

MIA 22 0.19 40 

NIA 42 0.21 34 

 

4.4.1.3 Adsorbents characterization by FTIR spectroscopy 

The adsorbents were characterized by FTIR to identify functional 

groups on their structures. The measurements in the wavenumber range of 400-4,000 

cm-1 with the resolution of 4 cm-1 were carried out. FTIR spectra of MIA and NIA are 

shown in Figure 4.5. The spectra provide evidence for the presence of functional 

moieties in the MIA adsorbent. The bands in the range 1,056 cm-1 and 790 cm-1 were 

assigned  to Si-O-Si groups. The band at 958 cm-1 was attributed to Si-OH groups. In 

addition, peaks at around 2,883 and 2,987 cm-1 represent the vibrations of -CH2 

indicating that APTES was functionalized onto MIA (Zhang et al., 2014). Peak at 

3,373 cm-1 could be from stretching vibrations of -OH and -NH. The incorporation of 

the amino group was verified by symmetric -NH2 bending at 1,602-1,631 cm−1. These 

peak assignments are similar to those reported in literature (Yuan et al., 2014) which 

the researchers studied amino-functionalized magnetic mesoporous silica 

microspheres. Similar FTIR peaks were also observed in the NIA adsorbent. The 

peaks of NIA were shifted slightly compared to those of MIA. This could be 

attributed to the dye template used in the synthesis of MIA, but not in the synthesis of 

NIA (Zhang et al., 2014).  
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Figure 4.5 FTIR spectra of MIA and NIA. 

 

4.4.2 Adsorption of MIA for acid red 1 

4.4.2.1 Effect of pH on adsorption capacity of acid red 1 onto MIA 

The effect of pH on adsorption capacity of acid red 1 onto MIA 

was investigated in the pH range of 1.0 to 10.0 at a fixed dye concentration of 20 

mg/L at 25.0 ºC. The adsorption time was 60 min. The adsorption capacity was 

calculated according to equation [4.1]; 

m

)CV(C
q e

e
0 −=                 [4.1] 
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where qe is the equilibrium adsorption capacity (mg/g), V is the volume of the 

solution (L), C0 and Ce (mg/L) are the initial and equilibrium concentrations of the 

acid red 1 in a solution, respectively, and m is the adsorbent mass (g). 

Acid red 1 is an anionic azo dye that contains two sulfonic acid 

groups [R-(SO3Na)2]. In aqueous solutions, acid red 1 can be dissociated to sulfonate 

anion [R-(SO3
-)2] which can interact with the protonated amino groups, -NH3

+, on the 

adsorbent. The pH of the solutions has strong influence on the surface charge of the 

adsorbent and the anionic form of the dye. 

In Figure 4.6, the optimum adsorption capacity was observed at pH 

2.0. The adsorption tended to increase when the pH of the solutions was decreased 

from 10.0 to 2.0. This can be explained by pH at point of zero charge (pHpzc) which 

represents the surface charge behavior of the adsorbents. MIA consists of NH2-SiO2 

and mesoporous silica. The pHpzc of mesoporous silica was reported to be about 3.1 

(Velez et al., 2013) and for that of the primary amine groups (-NH2) on silica was 

about 7.34 (Yang et al., 2013). The amino groups were fully protonated at pH 2.0 

(Araghi and Entezari, 2005). Therefore, adsorption of anionic dyes are favored at 

pH<pHpzc of the adsorbent, where the surface charge of the adsorbent is positive 

(Konicki et al., 2017).  

The adsorption capacity decreased when the pH of the solution was 

adjusted to 1.0. This could be resulted from the protonation of -SO3
- groups on the 

dye that reduced the amount of the dye in the anionic form.  The pKa values of azo 

dyes are in the range 0.7–1.5 (Owusu-Apenten, 2002) which means that there is a 

lower percentage of the dye molecule in the anionic form (deprotonated form) at pH < 

pKa. 
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Figure 4.6 Influence of pH on the adsorption capacity of MIA for acid red 1. 

 

4.4.2.2 Effect of contact time 

Effect of contact time on the adsorption capacity of the adsorbent 

was investigated. The adsorption was carried out at 25.0 oC with the initial dye 

concentration of 20 mg/L, the pH of the solution of 2.0, and the adsorbent weight of 

0.035 g. Figure 4.7 shows time profile adsorption of acid red 1 onto MIA and NIA. 

The extent of dye removal by MIA and NIA was found to increase with the increase 

of contact time. The adsorption reached equilibrium in about 60 min for MIA and 

about 120 min for NIA. Adsorption time at 60 min was selected for further study with 

MIA.  



76 

 

 

      

Figure 4.7 Time profile adsorption of acid red 1 onto MIA and NIA. 

 

The adsorption capacity of MIA toward acid red 1 was higher than 

that of NIA. This could be due to that during the molecular imprinting process 

adsorption sites were retained by the dye template while the mesoporous layer coating 

was forming around the dye-NH2-silica particles. After the removal of the dye 

template, specific recognition cavities were formed. For NIA, however, adsorption 

sites for acid red 1 could be hindered to some extent during the mesoporous layer 

coating on NH2-silica particles. It is noted that the rate of adsorption is higher for 

MIA. This could be from the molecular imprinting process that resulted in cavities 

appropriate for acid red 1 diffusion into the particles. 

 



77 

 

 

4.4.2.3 Adsorption isotherm study  

Adsorption isotherms are important for explaining the interaction 

between adsorbate and adsorbent in an equilibrium state. Langmuir and Freundlich 

isotherms are commonly used to explain adsorption behaviors.  

The Langmuir adsorption equation can be represented as equation 

[4.2]; 

e

e

m

e

CK1

CK

q

q

A

A

+
=                            [4.2] 

where, qe (mg/g) is the amount of an adsorbate adsorbed per gram of an adsorbent at 

equilibrium; qm (mg/g) is the maximum amount of the adsorbate adsorbed to form a 

monolayer coverage per gram of the adsorbent; KA (L/mg) is the Langmuir adsorption 

equilibrium constant; Ce (mg/L) is the concentration of the adsorbate at equilibrium. 

Adsorption data can be fitted to the Langmuir isotherm in a linear form as the 

following equation [4.3];     
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Maximum adsorption capacity (qm) can be obtained from a linear plot of Ce/qe against 

Ce. KA can be calculated from the intercept value. 

The Freundlich isotherm is another commonly used model. It has a 

general form as expressed by equation [4.4]; 

1/n
eFCKqe =                 [4.4] 

where qe and Ce are defined as in equation [4.2], KF is the Freundlich constant, the 

indicative of the relative adsorption capacity of the adsorbent and 1/n is an empirical 

constant. A linear form of Freundlich isotherm is shown in equation [4.5]; 
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When ln qe is plotted against ln Ce and the data are treated by linear regression 

analysis, KF and 1/n can be obtained from the intercept and the slope of the line, 

respectively. Freundlich model applies well to solid with heterogeneous surface 

properties. 

Figure 4.8 shows adsorption isotherms of acid red 1 on MIA at 

different temperature. The adsorption data from the study were fitted with Langmuir 

and Freundlich model. Isotherm equations and derived parameters for Langmuir and 

Freundlich model are shown in Table 4.3 and 4.4, respectively. The adsorption data 

were better fitted with the Langmuir model because the obtained fitted equations have 

correlation coefficients (R2) >0.99 at every adsorption temperature. From the 

assumption of Langmuir model, it can be concluded that the imprinted sites on MIA 

are uniform with monolayer adsorption of the dye molecules onto the adsorbent.  

In Table 4.3, it can be seen that the KA value decreases as the 

temperature is increased. This means that less amount of dye is absorbed when the 

temperature is increased. In addition, the maximum adsorption capacity decreases 

with increase temperature. This suggests that the adsorption of acid red 1 on MIA is 

an exothermic process. 

4.4.2.4 Thermodynamic study 

Thermodynamic parameters including Gibbs free energy change 

(ΔG), enthalpy change (ΔH) and entropy change (ΔS) were used in providing the 

information about the adsorption process.  
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Figure 4.8 Adsorption isotherms of acid red 1 on MIA at 25.0, 35.0, and 45.0 oC.  

 

Table 4.3 Isotherm equations for Langmuir model and other derived parameters for 

the adsorption of acid red 1 onto MIA. 

Temperature 

(oC) 
Fitting equation R2 qm (mg/g) KA (L/mg) 

25.0 Ce/qe = 0.0265Ce + 0.0343 0.9981 37.7 0.773 

35.0 Ce/qe = 0.0350Ce - 0.0986 0.9933 28.6 0.355 

45.0 Ce/qe = 0.0404Ce + 0.3097 0.9930 24.8 0.130 
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Table 4.4 Isotherm equations for Freundlich model and other derived parameters for 

the adsorption of acid red 1 onto MIA. 

Temperature     

(oC) 
Fitting equation R2 1/n 

KF 

[(mg/g)/(mg/L)1/n] 

25.0 ln qe = 0.1435 ln Ce + 2.9494 0.7133 0.1435 19.10 

35.0 ln qe = 0.0995 ln Ce + 2.9722 0.6394 0.0995 19.53 

45.0 ln qe = 0.1324 ln Ce + 2.4821 0.9017 0.1324 11.96 

 

From the data conducted at different temperature, relationship 

among a distribution coefficient (KD), H and S can be described by equation [4.6];  

RT

ΔH

R

ΔS
Kln D −=                 [4.6] 

where R is the universal gas constant (8.314 Jmol-1 K-1) and T is the absolute 

temperature (Kelvin). The values of ∆H and ∆S can be calculated from a slope and an 

intercept of a plot of ln KD against 1/T. KD can be calculated from equation [4.7]; 

       
e

D
C

q
K e=                  [4.7] 

where qe and Ce, defined as in equation [4.2], can be obtained from adsorption of acid 

red 1 in the range of 10-260 mg/L on MIA. The adsorption temperature was varied in 

the range of 25.0-45.0 oC. The adsorption time was 60 min. 

∆G provides information about the process spontaneity, which can 

be related to ∆H and ∆S as shown in equation [4.8]; 

G = H-TS                 [4.8] 
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The results are given in Table 4.5. Negative ΔG suggests that the 

process is spontaneous. In addition, for each initial dye concentration the negative 

values of the free energy decrease upon increasing the temperature, this suggests that 

the process is favored at low temperatures. Negative ΔH suggests the exothermic 

nature of the process, which was demonstrated by the decrease in the adsorption 

capacity and the equilibrium constant at a higher temperatures. Negative ΔS suggests 

the decrease randomness at the solid/liquid interface. This could be due to release of 

water molecules before acid red 1 adsorption on the surface of the adsorbent. The 

driving force for acid red 1 adsorption onto the adsorbent would be both of enthalpy 

effect and entropy effect, but the adsorption process would be controlled by an 

enthalpy effect rather than an entropy change (Leite et al., 2017). 

4.4.2.5 Kinetic study 

To describe the adsorption behavior with time, adsorption of acid 

red 1 on MIA was conducted with 80 mg/L dye solution at different time and 

temperature.  

The obtained adsorption data were fitted with pseudo-first-order 

and pseudo-second-order models. These models are the most commonly used to 

describe the adsorption of dyes on adsorbents.  

Pseudo-first order model is written as shown in equation [4.9]; 

log (qe - qt) = log qe – (k1t/2.303)              [4.9] 

where qe is the equilibrium adsorption capacity (mg/g), qt is the adsorption capacity at 

time t (mg/g), k1 is the pseudo first-order rate constant (min-1), and t is the contact 

time (min).  
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Table 4.5 Thermodynamic parameters for the adsorption of acid red 1 onto MIA.a 

C0 

(mg/L) 

Fitting equation R2 

H 

(kJ/mol) 

S 

(J/mol) 

G (kJ/mol) 

25 C 35 C 45 C 

10 y = 8070.5x - 22.243 0.9705 - 67.10 -184.92 -11.96 -10.12 -8.27 

20 y = 13110x - 39.065  0.9038 - 109.00 -324.79 -12.16 -8.91 -5.66 

40 y = 12756x - 40.034 0.8981 -106.05 -332.84 - 6.82 - 3.49 -0.16 

a Data for KD calculation are shown in Appendix B. 

 

Pseudo-second order model is written as shown in equation [4.10]; 

t/qt = 1/k2qe
2 + (1/qe)t              [4.10] 

where k2 is the pseudo second-order rate constant (g/mg.min), and t is the contact time 

(min). 

Graphs obtained from plotting log (qe-qt) versus t are shown in 

Figure 4.9 and model equations are shown in Table 4.6. The data seem to fit well with 

pseudo-first order model because the values of R2 are > 0.9. However, the model 

derived qe values are significantly different from those obtained from the experiment. 

This suggests that pseudo first-order model could not be used to describe the 

adsorption kinetic. Graphs obtained from plotting t/qt versus t are shown in Figure 

4.10 and model equations are shown in Table 4.7. The data fitted well with the model 

with R2 > 0.99. In addition, the values of adsorption capacity from the models and that 

from the experiments are about the same. This suggests that pseudo-second-order 

kinetics provide better correlation of the experimental data. The model suggests that 
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the rate of the adsorption rate is controlled by the diffusion of the dye molecules 

through the pores of the adsorbent.   

4.4.2.6 Separation factor and imprinting factor 

4.4.2.6.1 Separation factor 

Separation factor (α) is a measure of the strength of 

interaction of MIA towards the template molecule compared to another molecule. It is 

calculated using equation [4.11]; 

α = KD1/ KD2                  [4.11] 

 

Figure 4.9 Pseudo-first-order kinetics for the adsorption of 80 mg/L acid red 1 onto 

0.035 g MIA. 
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Table 4.6 Pseudo-first-order model for the adsorption of acid red 1 onto MIA. 

a Calculated values obtained from plots of t/qt against t. 
b Experimental values. 

 

 

 

 

 

 

Figure 4.10 Pseudo-second-order kinetics for the adsorption of 80 mg/L acid red 1 

onto 0.035 g MIA. 

T 

(oC) 

Fitting equation R2 k1 (min-1) 
qe, cal

a 

(mg/g) 

qe, exp
b

 

(mg/g) 

25.0 log (qe - qt) = -0.0205t + 0.9147 0.9734 0.0472 8.2 36.8 

35.0 log (qe - qt) = -0.0107t + 0.8075 0.9668 0.0246 6.4 27.3 

45.0 log (qe - qt) = -0.0137t + 1.0641 0.9729 0.0315 11.5 25.7 
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Table 4.7 Pseudo-second-order model for the adsorption of acid red 1 onto MIA. 

a Calculated values obtained from plots of t/qt against t. 
b Experimental values. 

 

 

where KD1 and KD2 are distribution coefficients for dyes 1 and 2 over the same 

adsorbent. KD value is calculated according to equation [4.12]; 

   
e

D
C

q
K e=                  [4.12] 

In the calculation of the value, KD1 is assigned to the dye 

with higher KD value. Therefore, the value is ≥ 1. When α is close to 1 it is suggested 

that the adsorbent has no selectivity over the investigated dye. However, when α is 

greater than 1 the adsorbent tends to selectively adsorb the target dye over the other.  

Table 4.8 shows values of separation factor of MIA on 

acid red 1 compared with tartarzine, zincon, and sulfasalazine.  The values are higher 

than 1 suggesting that MIA favored the selective separation of acid red 1 than the 

other investigated dyes. Selective adsorption of MIA toward acid red 1 could be 

attributed to the memory effect from the adsorption sites generated using the dyes as 

the template during the synthesis of the adsorbent. Tartarzine and zincon have -SO3
- 

T 

(oC) 

Fitting equation R2 
k2 

(g/mg.min) 

qe, cal
a 

(mg/g) 

qe, exp
b

 

(mg/g) 

25.0 t/qt  = 0.0255t + 0.1377 0.9942 0.0047 39.2 36.8 

35.0 t/qt  = 0.035t + 0.1513 0.9944 0.0081 28.6 27.3 

45.0 t/qt  = 0.0369t + 0.1442 0.9986 0.0094 27.1 25.7 
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groups and sulfasalazine has carboxylate group on the structure as shown in Figure 

4.1. These groups can interact with the -NH3
+ on the adsorbent. However, with 

different molecular structures compared to acid red 1 and the preformed adsorption 

sites, lower adsorption capacity of these dyes is expected. Moreover, pH of the 

solutions is also influence the adsorption of the dyes. The pKa of acid red 1, tartrazine, 

zincon and sulfasalazine were found to be 0.7-1.5 (Owusu-Apenten, 2002), 9.4 (El-

Sheikh and Al-Degs, 2013), 4 - 4.5 (Oehme et al., 1998), and 11 (Buoro et al., 2014), 

respectively. The fraction of the anionic form of the dyes would be increase when the 

pH of the solution is > pKa. This could contribute to the larger KD for acid red 1 

compared to the other dyes.   

 

Table 4.8 Values of separation factor of MIA on acid red 1 toward analogous dyes at 

pH 2.0 at 25.0 oC.a 

Dyes Ce (mol/L) qe (mol/g) KD α 

Acid red 1 7.3× 10-5 7.87 × 10-5 1.005 - 

Tartrazine 1.52 × 10-4 5.00 × 10-6 0.033 30.46 

Zincon 1.08 × 10-4 4.90 × 10-5 0.453 2.22 

Sulfasalazine 1.02 × 10-4 5.50 × 10-5 0.559 1.78 

a The initial concentration of the dyes was 1.57 × 10-4 mol/L 
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4.4.2.6.2 Imprinting factor 

Imprinting factor (β) is a measure of the strength of 

interaction of MIA towards the template molecule compared with that of the NIA. 

The imprinting factor (β) can be represented as equation [4.13]; 

β = KD (MIA)/KD (NIA)            [4.13] 

where KD (MIA) and KD (NIA) are the distribution coefficients of the template molecule 

for MIA and NIA, respectively. Higher value of β corresponds to greater difference in 

the interaction upon the template molecule between the two adsorbents. When β is 

equal to 1.0, it means that there is no difference in the adsorption character between 

MIA and NIA.  

 

Table 4.9 shows data used for the calculation of the 

imprinting factor and the obtained value of the imprinting factor. The value of the 

imprinting factor is greater than 1. The prepared MIA has higher adsorption capacity 

than the NIA in aqueous environment, which might result from the imprinting effect. 

During the preparation of the imprinted adsorbent, the -NH2 interacted with the -SO3
- 

of acid red 1 and the cavities were formed around the dye molecules. After removal of 

the acid red 1, the imprinted cavities and specific binding sites were formed in a 

predetermined orientation. However, the NIA had no such imprinted cavities and 

specific binding sites.   

4.4.2.7 Regeneration of MIA  

Reusability of MIA was evaluated by alternatively adsorbing the 

dye and then desorbing by soaking MIA in 1.0 M NaOH. The experiment was carried 

out for 3 cycles. The results are shown in Figure 4.11. The adsorption capacity of the 
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adsorbent is about the same suggesting that the adsorbent has good stability and could 

be reused.   

 

Table 4.9 Value of imprinting factor for acid red 1 for the adsorption using MIA and 

NIA at pH 2.0 at 25.0 oC.a 

Adsorbents Ce (mg/L) qe (mg/g) KD β 

MIA 42.64 36.93 0.87 - 

NIA 51.68 28.32 0.54 1.61 

a The initial concentration of the dye solution was 80 mg/L. 

 

Figure 4.11 Reusability of MIA after treated with 1.0 M NaOH. 
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4.5 Conclusion 

The mesoporous silica coated amino-silane imprinted adsorbent was successfully 

prepared and characterized. The adsorbent was applied in aqueous media for the 

adsorption of acid red 1. Equilibrium adsorption was reached in 60 min. The 

equilibrium adsorption data was successfully fitted to the Langmuir isotherm. The 

maximum adsorption capacity under the studied experimental conditions was about 

37.73 mg/g at 25.0 oC. The adsorption processes were spontaneous and exothermic. 

After the equilibrium adsorption, the systems were in a lower state of randomness. 

Adsorption kinetics followed pseudo-second order model. The adsorbent was 

selective for acid red 1 compared with the dyes of analogous structures. The adsorbent 

could be used for 3 cycles with no significant decrease in their binding affinity. 
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CHAPTER V 

PREPARATION OF NYLON/SILICA COMPOSITE 

ADSORBENTS FOR ADSORPTION OF ACID RED 1 

 

5.1 Abstract 

Composite materials consisting of polymer and nanoparticles are of interest due 

to serval advantages related to their properties. In this work, a simple procedure was 

used to prepare nylon/nanosilica composite to use as an adsorbent for acid red 1. 

Adsorbents were prepared by mixing nylon with nanosilica with or without acid red 1 

added into the synthesis mixtures. Influence of hydrolysis time of nylon and mixing 

time of silica with nylon on the adsorption were studied. The optimum hydrolysis 

time and mixing time was 2 and 16 h, respectively. The obtained adsorbents were 

characterized by scanning electron microscopy (SEM) and Fourier transform infrared 

(FTIR) spectroscopy. Micrographs revealed that nanosilica particles were coated with 

nylon but were not totally separated from each other.  

Adsorption performance of the adsorbents was evaluated in solutions containing 

single dye component and those containing two dyes which were acid red 1 mixed 

with tartrazine and acid red 1 mixed with nitroso-R. The adsorption capacity for acid 

red 1 of nylon/silica composite synthesized with the template was 23.4 mg/g and that 

of nylon/silica composite synthesized without template was 16.0 mg/g at 25.0 oC.  

The adsorption in mixed dye solutions showed that the adsorbent synthesized 
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with the template favored the adsorption of acid red 1 over the other dye. However, 

the values of imprinting factor suggested that imprinting sites were not achieved. 

 

5.2 Introduction 

Adsorption is widely used to remove dyes from wastewater. Polymer- and silica-

based adsorbents have been reported for acid dyes removal. nylon (polyamide) is one 

of synthetic polymer materials that could potentially be used as an adsorbent. nylon is 

typified by amide groups (-CONH2) which can interact with sulfonate groups (SO3
-) 

of acid dyes. However, nylon membrane has low surface area; therefore, modification 

of the polymer would be required to improve adsorption capacity for a target 

compound. One of several options is polymer/nanoparticles composite adsorbents. 

Nanoparticles incorporated into the polymer could enhance the porosity of the 

polymer composite and the nanoparticles could act as adsorbents. nylon/silica flake 

sub-micro composite was produced and tested for its surface mechanical properties 

(Chen et al., 2015). It was found that the silica nanoparticle with a uniform shape and 

well distribution in size have been used in different polymers as reinforcement 

material and could improve the properties of nylon. nylon/nanosilica composites were 

studied for their ability to extract some hormones in bioanalytical samples (Reyes-

Gallardo et al., 2017). In this work, nylon/nanosilica composite adsorbents were 

synthesized, characterized, and used as adsorbents for acid red 1. Adsorption study 

was carried out in solutions of acid red 1, acid red 1 mixed with-tartrazine,-and-acid-

red-1-mixed-with-nitroso-R.  
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5.3 Experimental 

5.3.1 Chemicals 

Chemicals used in this research are listed in Table 5.1 

Table 5.1 Chemicals used in this research. 

Chemicals Formula Content (%) Suppliers 

    

acid red 1   C18H13N3O2(SO3Na)2 60.0 Sigma-Aldrich 

ammonia NH3 99.0 Acros Organics™  

ammonium acetate CH3COONH4 99.0 Sigma-Aldrich 

ethanol CH3CH2OH 

 

99.9 Carlo ERBA 

formic acid 

 

HCOOH   95-97 Sigma-Aldrich 

hydrochloric acid HCl 37.0 Carlo ERBA 

methanol  CH3OH 99.9 Carlo ERBA 

nitroso-R C10H5NO2(SO3Na)2 90.0 Fluka 

nylon 6 [-NH(CH2)5CO-]n 99.9 Sigma-Aldrich 

tartrazine C16H9N4O3Na(SO3Na)2 85.0 Sigma-Aldrich 

tetraethyl orthosilicate 

(TEOS) 

SiC8H20O4 99.0 Acros Organics™ 

 

5.3.2 Preparation of Nylon/silica composite adsorbents 

5.3.2.1 Preparation of silica nanoparticles 

Silica nanoparticles were prepared by the Stöber method (Liang et 

al., 2013). 10 mL H2O, 24 mL of 28% NH3 and 17 mL TEOS were added into 500 

mL ethanol. The reaction mixture was magnetically stirred for 12 h. At the reaction 
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time of 3 and 6 h, 12 mL TEOS was added dropwise into the solution. The resulting 

silica particles were separated by centrifugation at 3,000 rpm for 10 min. The silica 

particles were washed with H2O until the pH of the washed solution was close to 7 

and after that with ethanol to remove the unreacted TEOS. Finally, the silica particles 

were dried at 60 oC overnight. 

5.3.2.2 Preparation of Nylon/silica composite adsorbent using acid red 

1 as a template 

nylon/silica composite adsorbent were prepared by using a method 

adapted from Reyes-Gallardo et al. (2017). Nylon 6 with a weight of 0.1 g was 

dissolved in 10 mL of concentrated formic acid. The mixture was sonicated for 2, 16, 

and 24 h in order to hydrolyze nylon. After that, acid red 1 with a weight of 0.0500 g 

was added into the mixture solution. Silica particles with a weight of 0.4 g were 

added. The mixture was sonicated until silica particles were well dispersed. 10 mL 

H2O was added dropwise into the mixture. The reaction mixture was magnetically 

stirred for 4, 16, and 24 h in order to coat the Nylon onto silica particles. The resulting 

nylon/silica composite particles were filtered under vacuum by using a filter 

membrane No. 5 and Büchner flask kit. The particles were washed with acetone and 

methanol. The dye template was removed from the particles by washing with 1.0 M 

NaOH. Then the resulting powders were washed with H2O until the pH of the washed 

solution was close to 7. The particles were dried at 80 oC overnight. The obtained 

powder, nylon/silica composite synthesized with the dye template, was denoted as 

NST. 
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5.3.2.3 Preparation of Nylon/silica composite adsorbent without acid 

red 1 as a template 

Synthesis of nylon/silica composite adsorbent without acid red 1 as 

a template (NS) was done using similar procedures as that of NST. However, acid red 

1 was not used in the synthesis. 

5.3.3 Characterization of synthesized adsorbents 

5.3.3.1 Scanning electron microscopy (SEM) 

Morphology of synthesized adsorbents were analyzed by scanning 

electron microscopy (JEOL model JSM-6400) running with an electron beam 

accelerating voltage of 20 kV under vacuum pressure of 10-4
 Pa. Adsorbents specimens 

were prepared by dispersing particles on carbon tape and after that were coated with 

gold in an ion sputtering device for 10 min at 10 mA current output. The scanning 

electron microscope was operated at 15 kV and a working distance of 10 mm. Areas of 

interest were focused and micrographs were taken. 

5.3.3.2 Fourier-transform infrared spectroscopy (FTIR) 

Functional groups of adsorbents were studied by Fourier-transform 

infrared spectroscopy (Bruker, Tensor 27) using attenuated total reflection (ATR) 

mode. A sample for the measurement was prepared by sprinkling particles on a   

sample holder. IR spectra were obtained in the wavenumber range of 400 to 4000 cm-1 

with the resolution of 4 cm-1. 

5.3.4 Adsorption study 

5.3.4.1 Effect of pH 

Effect of pH on the adsorption of acid red 1 was investigated at pH 

2.0, 7.0, and 10.0. MA adsorbent with the weight of 0.035 g was added into 35 mL of 
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40 mg/L dye solution contained in a 40-mL vial. The mixture solution was stirred for 

60 min at 25.0 oC. After that, the adsorbent was separated from the solution by 

centrifugation. A concentration of the dye left in the solution was determined using a 

UV–Vis spectrometer (CHEM4-Vis-fiber spectrometer: USB 4000, Ocean Optics). 

Absorbance measurement was made at 532 nm. 

5.3.4.2 Adsorption of acid red 1 using SiO2, Nylon, Nylon/SiO2 

composite, and NST as adsorbents 

Adsorptions of acid red 1 was carried out with 0.035 g adsorbent in 

35 mL solution contained in a 40-mL vial. The dye concentrations were 40, 80, and 

120 mg/L and the pH of the solutions was controlled at 2.0. The adsorption 

temperature was 25 oC. After 60 min of adsorption, the adsorbent was separated by 

centrifugation. A concentration of the dye left in the solution was determined using a 

UV–Vis spectrometer by measuring the absorbance at 532 nm. 

5.3.4.3 Effect of hydrolysis time and mixing time 

Adsorption of acid red 1 with NST was carried out with 0.035 g 

adsorbent in 35 mL solution contained in a 40-mL vial. The dye concentration was 40 

mg/L and the pH of the solution was controlled at 2.0. The adsorption temperature 

was 25.0 oC. After 60 min of adsorption, the adsorbent was separated by 

centrifugation. A concentration of the dye left in the solution was determined using a 

UV-Vis spectrometer by measuring the absorbance at 532 nm. 

5.3.4.4 Effect of the amount of the adsorbent 

Effect of the amount of the adsorbent on the adsorption of acid red 

1 was investigated by varying the weight of adsorbent at 0.035, 0.1, and 0.2 g, 

respectively in 35 mL dye solution contained in a 40-mL vial. The dye concentration 
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was 40 mg/L and the pH of the solutions was controlled at 2.0. The adsorption 

temperature was 25 oC. Adsorption was carried out for 60 min of adsorption, the 

adsorbent was separated by centrifugation. A concentration of the dye left in the 

solution was determined using a UV–Vis spectrometer by measuring the absorbance 

at 532 nm. 

5.3.4.5 Effect of contact time 

Adsorption study was conducted in a 40-mL vial contained with 35 

mL of 40 mg/L acid red 1 and 0.035 g of an adsorbent. The pH of the dye solutions 

was controlled at 2.0. The temperature of solutions was controlled at 25.0 oC. 

Adsorption time was varied in the range of 30 to 120 min. After a given time, 

adsorbent was separated from the solution by centrifugation and the dye solution was 

used for the absorbance measurement to determine the dye concentration.  

5.3.4.6 Adsorption in mixed dyes solutions 

Adsorption performance of the synthesized adsorbents was 

investigated in mixed dyes solutions of acid red 1 mixed with nitroso-R and acid red 1 

mixed with tartrazine.  The adsorption was carried out with 0.035 g adsorbent in 35 

mL solution contained in a 40-mL vial. The dye concentrations were 3.93 × 10-5 and 

7.85 × 10-5 mol/L and the pH of the solutions was controlled at 2.0. The adsorption 

temperature was 25.0 oC. After 60 min of adsorption, the adsorbent was separated by 

centrifugation and the dye solutions were used for the determination of dye 

concentration by high performance liquid chromatography (HPLC). 

A HPLC equipped with standard autosampler (G1315D) with a 

diode array detector (1260, Agilent Technology) was used for the determination of 

acid dyes. A reversed phase Zorbax SB C-18 column (4.6×250 mm, 3.5 µm) was used 



101 

 

for separation of acid dyes. A mobile phase consisted of 70:30 volume ratio of 

methanol: 5 mM ammonium acetate (pH = 2). The flow rate of the mobile phase was 

0.5 mL/min. A liquid injection volume was 20 µL. A column temperature was 

controlled at 30 oC. The absorbance of the eluate was monitored at 254 nm.  

5.3.4.7 Determination of separation factor and imprinting factor 

In order to investigate the selectivity of the adsorbents toward the target 

dye and to compare the adsorption efficiency between the adsorbents synthesized with 

and without the template (NST and NS, respectively), separation factor and an 

imprinting factor were determined. The optimized adsorption condition for the target 

dye was used in this study.  

To determine a separation factor, adsorption experiments were carried out 

with NST. Solutions of the dye template and dyes with analogous structures at the 

concentration of 3.93 × 10-5 and 7.85 × 10-5 mol/L with the pH of 2.0 were used in the 

study. Adsorption of each dye solution was done separately on the adsorbent. Similar 

adsorption procedures as previously described were used. The concentration of the 

dyes were determined by HPLC.  

To determine an imprinting factor, adsorption of acid red 1 on NST and NS 

were conducted at the dyes concentration of 3.93 × 10-5 and 7.85 × 10-5 mol/L and the 

pH of solutions was fixed at 2.0. The adsorption was done at 25 oC for 60 min. The 

concentration of the dye left in the solution was determined by HPLC. 
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5.4 Results and discussion 

5.4.1 Characterization of synthesized adsorbents 

5.4.1.1 SEM 

Morphologies of the synthesized adsorbents are shown in Figure 

5.1. Silica particles were coated with Nylon. The material appeared like bulk particles 

with rough surface. The silica particles were dispersed in nylon through hydrogen 

bonding between silanol groups (-OH) of silica and amide groups of nylon (Ren et al., 

2009).  

 

 

Figure 5.1 SEM images of NST (a-b) and NS (c-d). 
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5.4.1.2 Adsorbents characterization by FTIR spectroscopy 

The adsorbents were characterized by FTIR to identify functional 

groups on their structures. The measurements in the wavenumber range of 400-4,000 

cm-1 with the resolution of 4 cm-1 were carried out. FTIR spectra of NST and NS are 

shown in Figure 5.2. In the SNT spectrum, a strong absorbing region at 983-1,271 cm-1 

were assigned to Si-O-H and Si-O-Si bonds. Peak at around 1,637 cm-1 represent the 

stretching C=O of the amide group. Furthermore, another band around 1,539 cm-1 is 

observed, which can be assigned to the N-H deformation band of the amide (Reyes-

Gallardo et al., 2017).  

Similar FTIR peaks were also observed in the NS adsorbent. The 

peaks of NS were shifted slightly compared to those of NST. This could be attributed 

to the dye template used in the synthesis of NST, but not in the synthesis of NS.  

5.4.2 Adsorption study 

5.4.2.1 Effect of pH 

The effect of pH on adsorption capacity of acid red 1 onto NST was 

investigated at pH 2.0, 7.0, and 10.0 at a fixed dye concentration of 20 mg/L at 25.0 

ºC. The adsorption time was 60 min. The adsorption capacity was calculated 

according to equation [5.1]; 

m

)CV(C
q e

e
0 −=                               [5.1] 

where qe is the equilibrium adsorption capacity (mg/g), V is the volume of the 

solution (L), C0 and Ce (mg/L) are the initial and equilibrium concentrations of the  

acid red 1 in a solution, respectively, and m is the adsorbent mass (g). 
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Figure 5.2 FTIR spectra of NST and NS. 

 

Acid red 1 is an anionic azo dye that contains two sulfonic acid 

groups [R-(SO3Na)2]. In aqueous solutions, acid red 1 can be dissociated to sulfonate 

anion [R-(SO3
-)2] which can interact with the protonated amide groups, -NH3

+, on the 

adsorbent. The pH of the solutions has strong influence on the surface charge of the 

adsorbent and the anionic form of the dye. In Figure 5.3, the optimum adsorption 

capacity was observed at pH 2.0. The adsorption tended to increase when the pH of 

the solutions was decreased from 10.0 to 2.0. This can be explained by pH at point of 

zero charge (pHpzc) which represents the surface charge behavior of the adsorbents. 

NST consists of Nylon and SiO2 and mesoporous silica. The pHpzc of on silica was 

about 7.34 (Yang et al., 2013). Therefore, adsorption of anionic dyes are favored at 
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pH<pHpzc of the adsorbent, where the surface charge of the adsorbent is positive 

(Konicki et al., 2017).  

 

Figure 5.3 Influence of pH on the adsorption capacity of NST for acid red 1. 

 

5.4.2.2 Adsorption of acid red 1 on SiO2, Nylon, Nylon/SiO2 composite, 

and NST as adsorbents 

Figure 5.4 shows the adsorption capacity of the studied adsorbents. 

It was found that the adsorption capacity of nylon/SiO2 composite and NST toward 

acid red 1 were higher than that of SiO2 and nylon alone. For nylon/SiO2 composite, 

this could be due to that SiO2 particles enhanced the surface area of nylon to increase 

the adsorption sites. For NST, this could be due to the preformed sites of the dye and 

the adsorbent was retained after the synthesis. 

 



106 

 

 

Figure 5.4 Adsorption capacity for acid red 1 by using SiO2, nylon, nylon/SiO2 

composite, and NST. 

 

5.4.2.3 Effect of hydrolysis time and mixing time 

Nylon was hydrolyzed in formic acid at 2, 16, and 24 h and the 

derived adsorbents at different time were used in the adsorption of acid red 1. 

Hydrolysis of nylon in formic acid can break the amide bond to form NH3
+ groups 

which is responsible for the dye adsorption.  

The results are shown in Figure 5.5. It was found that the 

adsorption capacity was not changed significantly with different hydrolysis time. 

Therefore, the optimum hydrolysis time at 2 h was used in further synthesis of the 

adsorbents. Mixing time was varied at 4, 16, and 24 h in order to coat the nylon onto 

SiO2 particles.  
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Figure 5.5 Effect of hydrolysis time on adsorption capacity. 

 

Figure 5.6 shows mixing time on the adsorption of acid red 1 onto 

NST. It was found that the adsorption capacities are about the same at different 

mixing time. However, mixing time at 16 h was chosen for further synthesis in order 

to obtain well coated particles. 

5.4.2.4 Effect of the amount of the adsorbent 

Effect of the amount of the adsorbent on the adsorption of acid red 

1 was investigated by varying weight of adsorbent at 0.035, 0.1, and 0.2 g, 

respectively in 35 mL dye solution contained in a 40-mL vial. The dye concentration 

was 40 mg/L and the pH of the solutions was controlled at 2.0. The adsorption 

temperature was 25.0 oC. Adsorption was carried out for 60 min.  
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Figure 5.6 Effect of mixing time on adsorpotion capacity. 

 

In general, when the amount of the adsorbent increases, more 

adsorption would be expected. Increasing the adsorbent weight resulting in increased 

surface area and adsorption sites. In addition, larger amount of the adsorbent in 

solutions of fixed dyes concentration resulting in higher % removal as shown in 

Figure 5.7. However, larger amount of adsorbent in solutions of fixed dyes 

concentration, more dye was removed from the solution. This leads to the decrease in 

adsorption capacity. Therefore, weight of adsorbent at 0.035 g was chosen for further 

adsorption study. 
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Figure 5.7 Effect of amount of adsorbent on the adsorption of acid red 1. 

 

5.4.2.5 Effect of contact time 

Effect of contact time on the adsorption capacity of the adsorbent 

was investigated. The adsorption was carried out at 25.0 oC with the initial dye 

concentration of 40 mg/L, the pH of the solution of 2.0, and the adsorbent weight of 

0.035 g. Figure 5.8 shows the time profile adsorption of acid red 1 onto NST. The 

adsorption increased with time and reach the equilibrium in 60 min. Therefore, 

adsorption time at 60 min was selected for further study with NST. 

5.4.2.6 Study of adsorption in mixed dye solutions 

Adsorption in mixed dye solutions was studied using HPLC for the 

determination of dyes concentration. Figure 5.9 shows chromatograms of dyes used in  
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Figure 5.8 Time profile adsorption of acid red 1 onto NST. 

 

the study. The retention times of nitroso-R, tartrazine, and acid red 1 were 4.1, 4.2, 

and 7.4 min, respectively. Figure 5.10 (a) and (b) show chromatograms of a solution 

of tartrazine mixed with acid red 1 and a solution of nitroso-R mixed with acid red 1, 

respectively. Two peaks of two dyes in the solutions were well resolved and the 

retention time of each dye was about the same as that in the solutions with only one 

dye. This allows simultaneous determination of the dyes concentration in the 

adsorption of mixed dyes solutions. 
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Figure 5.9 Chromatograms of 5.89 ×10-5 M nitroso-R (a), tartrazine (b), and acid red 

1 (c). 
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Figure 5.10 Chromatograms of a solution of tartrazine mixed with acid red 1 (a) and a 

solution of nitroso-R mixed with acid red 1 (b). The concentration of the dyes in the 

solution was 5.89 ×10-5 M. 

 



113 

 

The concentration of dye after adsorption was calculated from a 

calibration graph obtained from peak area of the dye in the chromatograms. The 

adsorption capacity was calculated according to equation [5.1]. 

Separation factor (α) is a measure of the strength of interaction of 

NST towards the template molecule compared to another molecule. It is calculated 

using by equation [5.2]; 

α = KD1/ KD2                    [5.2] 

where KD1 and KD2 are distribution coefficients for dyes 1 and 2 over the same 

adsorbent. KD value is calculated according to equation [5.3]; 

   
e

D
C

q
K e=                    [5.3] 

In the calculation of the α value, KD1 is assigned to the dye with 

higher KD value. Therefore, the α value is ≥ 1. When α is close to 1 it is suggested that 

the adsorbent has no selectivity over investigated dyes. However, when α is greater 

than 1 the adsorbent tents to selectively adsorb the target dye over the other.  

Imprinting factor (β) is a measure of the strength of interaction of 

NST towards the template molecule compared with that of the NS. The imprinting 

factor (β) can be represented as equation [5.4]; 

β = KD (NST)/KD (NS)               [5.4] 

where KD (NST) and KD (NS) are the distribution coefficients of the template molecule 

for NST and NS, respectively. Higher value of β corresponds to greater difference in 

the interaction upon the template molecule between the two adsorbents. When β is 

equal to 1.0, it means that there is no difference in the adsorption character between 

NST and NS.  
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Table 5.2 and Table 5.3 show parameters derived from the study 

using NST and NS for the adsorption in solutions contained either single dye or two 

dyes with the same concentration. For NST, the trend in the adsorption capacity is in 

the following order; acid red 1 > tartrazine > nitroso-R for both studies in the 

solutions with one and two dyes. NST could adsorb both dyes in the mixed dye 

solutions, but it appears to favorably adsorb acid red 1 as suggested by α > 1. 

However, when considering β values which compared the adsorption of the same dye 

over NST and NS, β is < 1. This indicates that the imprinting process was not 

succeeded or randomly occurred.   
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Table 5.2 Adsorption study using NST and NS in solutions with single dye or two 

dyes at the same concentration of 3.93 × 10-5 mol/L. 

Adsorbents dyes Ce (mol/L) qe (mol/g) KD α β 

NST 

acid red 1 (S) 2.95×10-5 9.21×10-6 0.31 - - 

tartrazine (S) 3.48×10-5 4.49×10-6 0.13 2.38 - 

nitroso-R (S) 3.52×10-5 3.81×10-6 0.11 2.82 - 

acid red 1 (A+T) 3.10×10-5 8.92×10-6 0.29 - - 

tartrazine (A+T) 3.47×10-5 5.15×10-6 0.15 1.93 - 

acid red 1 (A+N) 2.56×10-5 1.34×10-5 0.52 - - 

nitroso-R (A+N) 2.90×10-5 1.02×10-5 0.35 1.49 - 

NS 

acid red 1 (S) 2.86×10-5 1.10×10-5 0.39 - 0.79 

tartrazine (S) 3.37×10-5 5.92×10-6 0.18 - 0.72 

nitroso-R (S) 3.58×10-5 3.83×10-6 0.11 - 1.00 

acid red 1 (A+T) 2.51×10-5 1.37×10-5 0.55 - 0.53 

tartrazine (A+T) 2.89×10-5 1.01×10-5 0.35 - 0.43 

acid red 1 (A+N) 2.30×10-5 1.65×10-5 0.72 - 0.72 

nitroso-R (A+N) 2.92×10-5 9.96×10-6 0.34 - 1.03 

S: The solutions contained one dye. 

A+T: The solution contained acid red 1 and tratrazine. 

A+N: The solution contained acid red 1 and nitroso-R. 
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Table 5.3 Adsorption study using NST and NS in solutions with single dye or two 

dyes at the same concentration of 7.85 × 10-5 mol/L. 

Adsorbents dyes Ce (mol/L) qe (mol/g) KD α β 

NST 

acid red 1 (S) 6.16×10-5 1.65×10-5 0.27 - - 

tartrazine (S) 7.02×10-5 8.16×10-6 0.12 2.25 - 

nitroso-R (S) 7.29×10-5 5.61×10-6 0.08 3.38 - 

acid red 1 (A+T) 6.78×10-5 1.36×10-5 0.20 - - 

tartrazine (A+T) 9.62×10-5 9.65×10-6 0.10 2.00 - 

acid red 1 (A+N) 6.84×10-5 1.01×10-5 0.19 - - 

nitroso-R (A+N) 6.54×10-5 1.33×10-5 0.20 0.95 - 

NS 

acid red 1 (S) 5.52×10-5 2.30×10-5 0.42 - 0.64 

tartrazine (S) 7.06×10-5 8.24×10-6 0.12 - 1.00 

nitroso-R (S) 7.28×10-5 5.68×10-6 0.08 - 1.00 

acid red 1 (A+T) 6.12×10-5 1.75×10-5 0.27 - 0.74 

tartrazine (A+T) 6.42×10-5 1.42×10-5 0.22 - 0.45 

acid red 1 (A+N) 6.04×10-5 1.83×10-5 0.30 - 0.67 

nitroso-R (A+N) 6.27×10-5 1.65×10-5 0.26 - 0.77 

S: The solutions contained one dye. 

A+T: The solution contained acid red 1 and tratrazine. 

A+N: The solution contained acid red 1 and nitroso-R. 
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5.5 Conclusion 

The nylon/SiO2 composite adsorbents were prepared and characterized. The 

composite of nylon and nanosilica enhanced high adsorption sites and increase in 

adsorption capacity for acid red 1. The adsorbent was used in aqueous media for 

adsorption of acid red 1. Equilibrium adsorption was reached in 60 min. Adsorbents 

was applied in the removal of dye solutions containing single dye component and 

those containing two dyes. The adsorption capacity for acid red 1 of nylon/silica 

composite synthesized with the template was 23.37 mg/g and that of nylon/silica 

composite synthesized without template was 15.97 mg/g at 25.0 oC. For nylon/silica 

composite synthesized with the template, the trend in the adsorption capacity is in the 

following order; acid red 1 > tartrazine > nitroso-R for both studies in the solutions 

with one and two dyes.  The adsorption in mixed dye solutions showed that the 

adsorbent synthesized with the template favored the adsorption of acid red 1 over the 

other dye as suggested by α > 1. However, the values of imprinting factor suggested 

that imprinting sites were not achieved as suggested by β is < 1. This indicates that the 

imprinting process was not succeeded or randomly occurred.   
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CHAPTER VΙ 

CONCLUSIONS  

  

In this thesis, various adsorbents based on silica and Nylon/silica composite 

were synthesized and investigated in the adsorption of acid red 1 in aqueous solutions. 

Amino-functionalized mesoporous silica adsorbent was synthesized and 

characterized. 3-aminopropyltriethoxysilane functionalized onto mesoporous silica 

provided adsorption sites and enhanced adsorption capacity for acid red 1 compared 

to the unmodified mesoporous silica. The equilibrium adsorption data was 

successfully fitted to the Langmuir and Freundlich isotherms. The adsorption 

processes were spontaneous and endothermic. After the equilibrium adsorption, the 

systems were in a higher state of randomness. Adsorption kinetics followed pseudo-

second order model. The maximum adsorption capacity was 163.93 mg/g. Although, 

the adsorbent provided high adsorption capacity, further investigation on selective 

adsorption of the target dye is recommended.  

One of the methods to achieve selective adsorption is to use molecularly 

imprinted adsorbents. In this research, amino-functionalized mesoporous silica-based 

molecularly imprinted adsorbent was synthesized and characterized. The maximum 

adsorption capacity of the adsorbent was 37.73 mg/g. The adsorbent selectively 

adsorbed acid red 1 over the dyes of analogous structures. The adsorbent could be 

reused for 3 cycles with no significant decrease in their binding affinity. The 

equilibrium adsorption data was successfully fitted to the Langmuir isotherm. The 
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adsorption processes were spontaneous and exothermic. After the equilibrium 

adsorption, the systems were in a lower state of randomness. Adsorption kinetics 

followed pseudo-second order model.  

The Nylon/Silica composite adsorbents were prepared and characterized. The 

composite of Nylon and nanosilica enhanced adsorption sites and adsorption capacity 

for acid red 1. The adsorbent was used in aqueous media for adsorption of acid red 1. 

The adsorption capacity for acid red 1 of Nylon/silica composite synthesized with the 

template was 23.37 mg/g and that of Nylon/silica composite synthesized without the 

template was 15.97 mg/g. For Nylon/silica composite synthesized with the template, 

the trend in the adsorption capacity is in the following order; acid red 1 > tartrazine > 

nitroso-R for both studies in the solutions with one and two dyes.  The adsorption in 

mixed dye solutions showed that the adsorbent synthesized with the template favored 

the adsorption of acid red 1 over the other dye as suggested by α > 1. However, the 

formation of imprinting sites on the adsorbent synthesized with the template was not 

successful. To improve adsorption capacity and selectivity toward the target dye, 

further study could be done on molecularly imprinted individually polymer-coated 

silica 
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APPENDIX A 

KD VALUES FOR THE ADSORPTION OF ACID RED 1 

USING AMINO-MESO -SILICA 

 

KD can be calculated from the following equation; 

         
e

D
C

q
K e=        

where qe is the equilibrium adsorption capacity (mg/g) and Ce (mg/L) is the 

equilibrium concentration of the acid red 1 in a solution. 
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Table A-1 Adsorption parameters for the adsorption of acid red 1 using NH2-meso-

SiO2 at 25.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 1.95 8.24 4.21 1.43 

20 2.97 17.17 5.77 1.75 

40 4.15 36.25 8.71 2.16 

80 11.54 65.19 5.64 1.73 

120 17.22 97.21 5.64 1.73 

160 22.66 125.9 5.55 1.71 

180 51.71 128.2 2.48 0.90 

200 70.63 132.9 1.88 0.63 

220 82.72 137.2 1.65 0.50 

260 118.9 134.1 1.12 0.12 
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Table A-2 Adsorption parameters for the adsorption of acid red 1 using NH2-meso-

SiO2 at 35.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 1.97 7.63 3.87 1.35 

20 3.29 16.97 5.15 1.64 

40 6.10 34.59 5.66 1.73 

80 11.65 70.46 6.04 1.79 

120 17.01 104.1 6.12 1.81 

160 23.47 137.7 5.86 1.76 

180 27.91 148.6 5.32 1.67 

200 48.45 152.4 3.14 1.14 

220 67.52 153.3 2.27 0.82 

260 103.8 148.3 1.42 0.35 
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Table A-3 Adsorption parameters for the adsorption of acid red 1 using NH2-meso-

SiO2 at 45.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 1.01 8.79 8.69 2.16 

20 1.13 19.25 16.98 2.83 

40 1.33 38.39 28.83 3.36 

80 3.30 76.91 23.25 3.14 

120 4.90 116.9 23.85 3.17 

160 4.94 150.7 30.46 3.41 

180 20.79 164.3 7.90 2.06 

200 27.78 165.5 5.96 1.78 

220 61.06 167.0 2.73 1.00 

260 85.30 172.9 2.02 0.70 
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APPENDIX B 

KD VALUES FOR THE ADSORPTION OF ACID RED 1 

USING AMINO-FUNCTIONALIZED MESOPOROUS 

SILICA-BASED MOLECULARLY IMPRINTED 

ADSORBENT   

  

Table B-1 Adsorption parameters for the adsorption of acid red 1 using amino-

functionalized mesoporous silica-based molecularly imprinted adsorbent at 25.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 0.22 9.76 43.64 3.77 

20 0.33 18.47 54.52 3.99 

40 3.13 38.00 12.12 2.49 
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Table B-2 Adsorption parameters for the adsorption of acid red 1 using amino-

functionalized mesoporous silica-based molecularly imprinted adsorbent at 35.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 0.075 10.24 135.4 4.90 

20 0.19 20.00 104.8 4.65 

40 17.16 23.20 1.35 0.30 

 

 

Table B-3 Adsorption parameters for the adsorption of acid red 1 using amino-

functionalized mesoporous silica-based molecularly imprinted adsorbent at 45.0 oC. 

C0 (mg/L) Ce (mg/L) qe (mg/g) KD ln KD 

10 0.37 9.23 24.83 3.21 

20 2.60 16.95 6.49 1.87 

40 21.21 17.17 0.80 

 

-0.21 
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