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The cooperative adsorption properties of cetyl/amino-SBA-15 for 

4-nonylphenol 

Feng Quan, Yun Hu*, Xingchen Liu, Chaohai Wei 

In this study, cetyl and amino groups bifunctionalized mesoporous SBA-15 (cetyl/amino-SBA-15) was prepared successfully 

by a post-synthesis grafting method. Detailed characterization by XRD, FT-IR, N2 adsorption-desorption and elemental 

analysis confirmed that the cetyl/amino-SBA-15 still retained the long-range ordered hexagonal mesostructure. Cetyl and 

aminopropyl groups were simultaneously functionalized on the surface of SBA-15. The adsorption capacity of cetyl/amino-

SBA-15 was much higher than that of the arithmetic summation of cetyl-SBA-15 and amino-SBA-15, due to the cooperative 

effect of the hydrogen bond/electrostatic interaction between 4-nonylphenol (4-NP) and aminopropyl groups and 

hydrophobic interactions between 4-NP and cetyl groups. The effects of dosage and mole ratio of cetyl and amino groups 

on the adsorption properties of cetyl/amino-SBA-15 for 4-NP were also investigated. Cetyl/amino-SBA-15 exhibited 

excellent adsorption capacity over a wide range of pH values, and cetyl/amino-SBA-15(3.2/0.8) showed the highest 

adsorption capacity up to 120 mg/g. Furthermore, cetyl/amino-SBA-15 exhibited high adsorption selectivity for 4-NP 

against phenol as well as high reusability, showing a great potential for wastewater treatment applications. 

1. Introduction  

4-Nonylphenol (4-NP) is an important chemical raw material and 

intermediate, widely used in the production of nonylphenol 

ethoxylate surfactants, pesticide emulsifiers, antioxidants, and 

lubricatingoil additives.
1
 The global production of 4-NP increased to 

314,340 tonnes per year in 2011.
2
 An endocrine disruptor, 4-NP 

may cause disruption of the hormone system and the reproductive 

system by mimicking the structure of the natural hormone. The 

compound 4-NP has been detected in food,
3,4

 air,
5
 ground water,

6,7
 

soil
8.9

 and oceans.
10

 The main methods of removing 4-NP include 

biological treatment,
11-13

 advanced oxidation technology
14-16

 and 

adsorption methods.
17-19

 The adsorption method is considered a 

simple and efficient method,
20,21

 because it could effectively 

separate 4-NP from aqueous solutions at low concentrations and 

reduce the environmental risks of 4-NP. 

Ordered mesoporous materials were prepared by the self-

assembly of surfactants, have attracted wide attention in many 

fields including adsorbent, catalyst, drug delivery agent and sensor, 

due to the high specific surface area, highly uniform pore size 

distribution and large pore volume.
 22-26

 These materials exhibit 

various morphologies under various synthetic conditions, such as 

nanoparticle, monolith and film morphologies.
27-29

 Ordered 

mesoporous silica is widely used as adsorbent due to a large 

number of easy functionalized silanol groups on the surface. 

However, unmodified ordered mesoporous silica has low 

hydrothermal stability, low adsorption capacity and poor selectivity 

due to the strong hydrophilicity. Many researchers have focused on 

the organic surface modification of ordered mesoporous silica to 

enhance its adsorption capacity or selectivity for organic pollutants. 

Inumaru et al.
30 

reported that octyl-grafted MCM-41 showed a high 

selectivity for 4-NP from aqueous solutions. Kim et al.
31

 found that 

phenyl-functionalized MCM-41 showed a high adsorption capacity 

for p-t-butylaniline due to the interactions of the phenyl groups and 

Si-OH. The adsorption capacities of adsorbents are closely related 

to the adsorption interactions between adsorbents and target 

pollutants. Previous research has focused mainly on the preparation 

of single functional group grafted adsorbents. However, the 

selectivity of the monofunctionalized adsorbents for target 

pollutants is limited in low concentration aqueous solutions. To 

achieve more satisfactory adsorption performance including 

adsorption capacity and selectivity, the multifunctionalized 

adsorbents are introduced into the adsorption field.
32-35

 The organic 

functional groups on the surface of multifunctionalized adsorbents 

could selectively bind certain functional groups of target pollutants 

by different adsorption interactions, resulting in stronger 

adsorption interactions and higher adsorption capacity. Zhang et 

al.
36

 prepared diamine/phenyl-SBA-15, which could effectively 

remove eosin at low concentrations from wastewater and exhibited 

high selectivity for eosin. 

According to the molecular characteristics of 4-NP, namely, 4-NP 

contains both nonyl and phenolic hydroxyl groups, 

hexadecyltrimethoxysilane and aminopropyltrimethoxysilane were 

chosen for the modification of SBA-15. Cetyl/amino-SBA-15 was 

prepared successfully by a post-synthesis grafting method. 

Compared with monofunctionalized SBA-15, the cooperative effect 

between cetyl and aminopropyl groups significantly improved the 

adsorption capacity of SBA-15 for 4-NP. To investigate the 

cooperative effect mechanism and the roles of aminopropyl and 

cetyl groups on adsorption of 4-NP further, the exploration on the 

effect of different cetyl/amino mole ratios was carried out. 

Moreover, amino-, diamino- and triamino-silanes were chosen to 

investigate the effect of -NH/-NH2 sites on the adsorption of 4-NP. 

In addition, the selective adsorption and regeneration performance 

of cetyl/amino-SBA-15 were investigated. 
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2. Experimental Section 

2.1. Materials 

Pluronic P123 (Mw=5800, EO20PO70EO20, Sigma-Aldrich), 

tetraethoxysilane (TEOS, Tianjin Fuchen Chemical Reagents Factory) 

and hydrochloric acid (HCl, Guangzhou Chemical Reagent Factory) 

were used for the synthesis of SBA-15. Hexadecyltrimethoxysilane 

(cetylsilane), 3-aminopropyltrimethoxy-silane (aminosilane), N-[3-

trimethoxysilylpropyl]ethylenediamine (diaminosilane) and N-[3-

trimethoxysiylpropyl]diethylenetriamine (triaminosilane) were 

purchased from Sigma-Aldrich for the modification of SBA-15. 4-

Nonylphenol (4-NP) and phenol (Ph) were supplied by Aladdin. All 

chemicals were used as received without further purification. 

2.2. Synthesis of SBA-15 

The SBA-15 sample was prepared as described previously.
37

 In a 

typical preparation procedure, 2.0 g of P123 was dissolved in 15 mL 

of distilled water and 60 mL of HCl (2 M) and stirred 2 h to obtain a 

transparent solution under 40 °C. 4.6 mL of TEOS was added 

dropwise to the above solution with vigorous stirring, and the 

stirring was maintained for 20 h. The resulting gel was then aged for 

24 h at 100 °C. The product was obtained by filtration, washed with 

distilled water and dried at 100 °C. After calcining at 550 °C for 6 h, 

the SBA-15 sample was obtained. 

2.3. Synthesis of functionalized SBA-15 

The bifunctionalized SBA-15 was obtained by a post-synthesis 

grafting method. Typically, 0.5 g of dried SBA-15 was suspended in 

50 mL of dry toluene containing a certain amount of cetylsilane and 

aminosilane (diamino- or triaminosilane), which was refluxed at 110 

°C for 12 h. The sample was obtained by filtration, washed with 

isopropyl alcohol and dried at 100 °C. The bifunctionalized SBA-15 

was denoted as cetyl/amino-SBA-15(x/y) (cetyl/diamino-SBA-15 or 

cetyl/triamino-SBA-15), where x and y were the mole number of 

cetylsilane and aminosilane (diamino- or triaminosilane), 

respectively. The monofunctionalized adsorbents, amino-SBA-15 

and cetyl-SBA-15, were prepared with the same method by using 

only aminosilane or cetylsilane as the silane modifier. The physical 

mixture sample was prepared by grinding method using same mass 

of cetyl-SBA-15 and amino-SBA-15. 

2.4. Characterization 

Powder X-ray diffraction (XRD) patterns of prepared samples 

were obtained using a Bruker D8 Advance diffractometer (Cu Kα, 

λ=0.15418 nm), operated at 40 kV and 40 mA between 0.6° and 5° 

(2θ) with a step length of 0.02° and a scanning rate of 0.4 s per step. 

CHN elemental analysis was performed using an Elementar Vario EL 

Cube elemental analyzer. Nitrogen adsorption-desorption 

isotherms were conducted at 77 K with a Micromeritics ASAP2020 

specific surface area analyzer. Fourier transform infrared (FT-IR) 

spectra were measured on a Thermo Nicolet-6700 in the range of 

4000-400 cm
-1

 with KBr disks containing the prepared samples. 

2.5. Isothermal adsorption experiment and analysis methods 

The prepared samples (10 mg) were mixed with 3.0 mg/L of 4-NP 

aqueous solutions, the volume of NP aqueous solutions ranging 

from 100 to 800 mL. Next, the mixed solutions were placed in a 

temperature-controlled water bath shaker with a shaking speed of 

170 rpm for 4 h at 25 °C. The particles were filtered by a 0.45 μm  

membrane filter with a disposable syringe. The residual 

concentration of 4-NP was measured by a high performance liquid 

chromatography (HPLC). HPLC was performed on a Shimadzu LC-

20A with an AMP C18 chromatographic column and detected at 275 

nm. Methanol/water (90/10, v/v) was used as the mobile phase at 

1.000 mL/min. 

The equilibrium adsorption amount (Qe mg/g) of 4-NP was 

calculated as eq. 1: 

Qe=
m

CCV
e
)( 0 −                                      (1) 

where C0 and Ce are the initial and equilibrium concentration 

(mg/L
 
), V is the volume of the solution (L), and m is the mass of 

the prepared samples (g). 

2.6. Selective adsorption experiment 

Selective adsorption experiments were carried out in mixed 4-NP 

and Ph solutions using cetyl/amino-SBA-15(3.2/0.8) as an 

adsorbent. 10 mg of the prepared samples were placed in 200 mL 

of mixed solutions with different concentrations (mmol/L), C4-NP:CPh 

ranging from 1:1 to 1:60. 

The selective adsorption coefficient (K4-NP,Ph) was calculated by 

eq. 2 and eq. 3:
38,39 

NP−4K =
s

NP

a

NP

M

M

−

−

4

4                                           (2) 

=
− PhNP ,4K

Ph

NP

K

K
−4                                        (3) 

where K4-NP and KPh represent for the adsorption distribution 

coefficients of 4-NP and Ph, and 
s

NP
M

−4  
and 

a

NP
M

−4  
stand for 

the mole fractions of 4-NP in solution and adsorbed in the 

adsorbent. 

3. Results and discussion 

3.1. Structural analyses of SBA-15 and functionalized SBA-15 

Fig. 1 shows the small-angle XRD patterns of SBA-15 and 

functionalized SBA-15 samples. In accordance with previous 

reports, a high intensity diffraction peak at approximately 1° was 

assigned to (100) reflection planes, and two clear broad peaks in 

the range of 1.5-2° were assigned to (110) and (200) reflection 

planes,
40

 indicating that the prepared samples have a typical long-

range ordered hexagonal mesostructure. As seen in Fig. 1 (b), with 

the increase in addition dose of organic modifier, the (100), (110) 
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Fig. 1. XRD patterns of SBA-15 and functionalized SBA-15: (a) SBA-

15, cetyl-SBA-15(2), amino-SBA-15(2) and cetyl/amino-SBA-15(2/2); 

(b) cetyl/amino-SBA-15 with different dosage. 

(200) reflection planes did not change obviously, indicating that the 

2D hexagonal ordered mesostructure of the prepared samples were 

still retained. These results suggest that the typical long-range 

hexagonal mesostructure still remained after introduction of 

organic functional groups. 

The N2 adsorption-desorption isotherms of SBA-15 and 

functionalized SBA-15 are shown in Fig. 2. All samples showed 

typical type-IV isotherms with an H1 hysteresis loop, which is 

characteristic of an ordered mesostructure. The porous properties 

of SBA-15 and functionalized SBA-15 obtained from N2 adsorption- 

desorption isotherms are displayed in Table 1. The BET surface area, 

pore size and total pore volume of SBA-15 decreased after grafting, 

because partial organic functional groups loaded on the inner pore 

caused a pore-blocking effect. The BET surface area and pore 

volume decreased with the increase in the dosage of the organic 

modifier. The pore size of SBA-15 after grafting of functional groups 

decreased a little. The amount of grafted cetyl groups was relatively 

small, and the amino groups have a short chain and a small 

molecular size, thus the organic modification had little effect on the 

pore size. The open pore channels and high surface areas were 

beneficial for the rapid adsorption of the target pollutant. The BET 

surface area, pore size and total pore volume of cetyl-SBA-15 were 

much larger than that of amino-SBA-15. Though the dosage of cetyl 

and amino groups was the same, the steric hindrance effect of cetyl 

 

Fig. 2. N2 adsorption/desorption isotherms of SBA-15 and 

functionalized SBA-15: (a) SBA-15, cetyl-SBA-15(2), amino-SBA-15(2) 

and cetyl/amino-SBA-15(2/2); (b) cetyl/amino-SBA-15 with different 

dosage. 

Table 1. Porous properties of SBA-15 and functionalized SBA-15. 

Adsorbent 
N2 adsorption/desorption 

SBET(m
2
/g) VP(cm

3
/g) DP(nm) 

SBA-15 716 0.80 5.98 

cetyl-SBA-15(2) 417 0.71 5.85 

amino-SBA-15(2） 236 0.39 5.73 

cetyl/amino-SBA-15(0.5/0.5) 318 0.55 5.79 

cetyl/amino-SBA-15(1/1) 298 0.51 5.77 

cetyl/amino-SBA-15(2/2) 172 0.31 5.72 

cetyl/amino-SBA-15(4/4) 133 0.23 5.56 

cetyl/amino-SBA-15(1.3/2.7) 193 0.34 5.61 

cetyl/amino-SBA-15(2.7/1.3) 215 0.38 5.76 

cetyl/amino-SBA-15(3.2/0.8) 276 0.51 5.83 

cetyl/amino-SBA-15(3.55/0.45) 323 0.61 5.87 

SBET: BET surface area; Vp: pore volume, P/P0=0.97; Dp: pore 

diameter calculated by BJH model. 

groups was much larger than that of the amino groups, although 

the number of grafted cetyl groups was much smaller than that of 

the amino groups. In comparing the cetyl/amino-SBA-15 with 

different mole ratios, the BET surface area, total pore volume and 

pore size decreased with a decrease in the mole ratio of  
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Fig. 3. FT-IR spectra of SBA-15 and functionalized SBA-15. 

cetyl/amino, due to the larger steric hindrance effect of the cetyl 

groups. 

Fig. 3 shows the FT-IR spectra of SBA-15 and functionalized SBA-

15 samples. The SBA-15 exhibited three highly intense peaks. The 

peak at 3446 cm
−1

 could be ascribed to stretching vibration of–OH, 

the peak at 1635 cm
-1

 was assigned to bending vibration of H-OH, 

and the peak at 1085 cm
-1

 was the characteristic peak of Si-O-Si.
41,42

 

Compared to SBA-15, the intensity of -OH for functionalized SBA-15 

was decreased, indicating that the functionalized SBA-15 was more 

hydrophobic than SBA-15. Cetyl-SBA-15 showed two additional 

highly intense peaks at 2930 and 2858 cm
−1

, corresponding to the 

antisymmetric stretching vibration and symmetric stretching 

vibration of -CH2 and -CH3 on the cetyl groups.
43

 Only one weak 

antisymmetric stretching vibration of -CH2 and -CH3 was observed in 

the FT-IR spectra of amino-SBA-15, due to the low -CH2 content of 

the amino groups. Amino-SBA-15 showed an additional weak peak 

at 1542 cm
-1

, which was ascribed to the bending vibration of –NH.
44

 

The characteristic peaks of the cetyl and amino groups were all 

observed in the FT-IR spectra of cetyl/amino-SBA-15, indicating that 

the cetyl and amino groups were simultaneously incorporated into 

SBA-15. 

The CHN elemental analysis was conducted to quantitatively 

determine the number of the amino and cetyl groups incorporated 

into the surface of SBA-15. Table 2 lists the chemical properties of 

the functionalized SBA-15 samples. The CHN elemental analysis 

indicated that the amino or/and cetyl groups were successfully 

functionalized on the surface of the SBA-15. Comparing cetyl-SBA-

15 with cetyl/amino-SBA-15, the grafted cetyl groups of cetyl-SBA-

15 and cetyl/amino-SBA-15 was 0.41 mmol/g and 0.54 mmol/g, 

respectively. It could be inferred that appropriate amount amino 

groups facilitated the immobilization of the cetyl groups. The 

surface became more hydrophobic after loading a certain number 

of 3-aminopropyl groups, which was convenient for the 

introduction of hydrophobic cetyl groups. Table 2 shows that the 

grafted amount of the organic modification groups decreased in the 

order of cetyl/amino-SBA-15(2/2)> cetyl/diamino-SBA-15(2/2)> 

cetyl/triamino-SBA-15(2/2). The larger steric hindrance effects of 

the diamino and triamino groups resulted in lower loading amounts 

compared to the amino groups. With the adding amount of the 

cetyl and amino groups both increased from 0.5 to 2 mmol/g, the 

grafted cetyl groups onto SBA-15 increased from 0.35 to 0.54 

mmol/g, and the grafted amino goups onto SBA-15 increased from 

0.49 to 1.45 mmol/g. When the added content was increased 

further, the loading amount of the cetyl groups decreased, because 

the steric hindrance effect of amino groups were much smaller than 

cetyl groups, the amino groups were easier to be immobilized on 

the surface of SBA-15 than the cetyl goups when they coexisted in 

the reaction solution, so the overload of amino groups would 

hinder the immobilization of the cetyl groups. With the increase in 

the cetyl/amino mole ratio, the loading amount of the amino 

groups decreased from 1.79 to 0.29 mmol/g. However, the grafted 

amount of the cetyl groups increased from 0.29 to 0.64 mmol/g 

with the increase in adding amount of cetylsilane from 1.3 to 3.2 

mmol/g, and then decreased to 0.52 mmol/g when the 

concentration of cetylsilane further increased to 3.5 mmol/g. This 

might be due to the following two reasons. Firstly, the strong steric 

hindrance effect of the cetyl groups hindered the further loading of 

the cetyl groups. Secondly, when the adding mole ratio of 

cetyl/amino increased from 3.2/0.8 to 3.55/0.45, the content of 

aminosilane was too low to facilitate the loading of the cetyl group, 

in accordance with the result from the comparison of cetyl/amino- 

SBA-15(2/2) and cetyl-SBA-15(2) that appropriate amount of the 

amino groups were beneficial for the immobilization of the cetyl 

groups. 

 

Table 2. Chemical properties of functionalized SBA-15. 

sample C(wt%) N(wt%) cetyl(mmol/g) amino(mmol/g) grafted(cetyl/amino) 

amino-SBA-15(2) 9.08 3.01 / 2.15 / 

cetyl-SBA-15(2) 8.67 0 0.41 / / 

cetyl/amino-SBA-15(2/2) 15.52 2.03 0.54 1.45 0.37 

cetyl/diamino-SBA-15(2/2) 14.92 3.65 0.37 1.30 0.28 

cetyl/triamino-SBA-15(2/2) 16.62 5.19 0.33 1.23 0.26 

cetyl/amino-SBA-15 (0.5/0.5) 8.64 0.69 0.35 0.49 0.71 

cetyl/amino-SBA-15(1/1) 11.49 0.94 0.47 0.67 0.70 

cetyl/amino-SBA-15(4/4) 14.86 3.1 0.36 2.2 0.17 

cetyl/amino-SBA-15 (1.3/2.7) 11.98 2.51 0.29 1.79 0.16 

cetyl/amino-SBA-15 (2.7/1.3) 14.07 1.39 0.55 0.99 0.56 
cetyl/amino-SBA-15 (3.2/0.8) 14.90 0.99 0.64 0.71 0.94 

cetyl/amino-SBA-15 (3.55/0.45) 10.95 0.41 0.52 0.29 1.79 
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3.2. The cooperative effect on the adsorption of 4-NP 

Fig. 4 shows the adsorption isotherms of SBA-15, 

monofunctionalized SBA-15, physical mixture of 

monofunctionalized SBA-15 and bifunctionalized SBA-15 for 4-NP. 

SBA-15 exhibited a very low adsorption affinity for 4-NP due to the 

weak hydrogen bond interactions between Si-OH and 4-NP.
38

 The 

adsorption capacity of functionalized SBA-15 was much higher than 

that of SBA-15. And the adsorption capacity was highest for 
cetyl/amino-SBA-15(2/2), up to 103 mg/g, much higher than the 

arithmetic summation of that of cetyl-SBA-15(2) (59 mg/g) and 
amino-SBA-15(2) (31 mg/g). The experimental result could be 

reasonably explained from the following two aspects. Firstly, as the 
result of CHN elemental analysis, the appropriate amount amino 

groups facilitated the immobilization of the cetyl groups, thus the 

bifunctionalized SBA-15 had more cetyl groups and showed higher 

adsorption capacity. Secondly, this could be explained by the 
adsorption interactions between the adsorbent and 4-NP. The 

interactions between the prepared samples and 4-NP are shown in 

Fig. 5. NP is a weak electrolyte. Hydrogen bond/electrostatic 

interactions existed between the amino groups on amino-SBA-15 

and the phenolic hydroxyl groups of 4-NP, and presented stronger 

adsorption interactions than the weak hydrogen bond interactions 

between Si-OH on SAB-15 and 4-NP, thus the adsorption capacity of 

amino-SBA-15 was higher than that of SBA-15. The hydrophobic 

interactions between cetyl groups on cetyl-SBA-15 and nonyl group 

of 4-NP were much stronger than hydrogen bond/electrostatic 

interactions, and the adsorption capacity of cetyl-SBA-15 was far 

higher than that of amino-SBA-15 and SBA-15. When cetyl/amino-
SBA-15 was mixed with 4-NP aqueous solution, the cetyl/amino-

SBA-15 could simultaneously interact with 4-NP by the hydrophobic 

interactions between the cetyl groups on cetyl-SBA-15 and the 

nonyl groups of 4-NP, and the hydrogen bond/electrostatic 
interactions of the amino groups on amino-SBA-15 and the phenolic 

hydroxyl groups of 4-NP. Because the cooperative adsorption 

interactions between bifunctionalized SBA-15 and 4-NP were much 

 

Fig. 4. Adsorption isotherms of SBA-15, monofunctionalized SBA-15, 

physical mixture of monofunctionalized SBA-15 and bifunctionalized 

SBA-15 for 4-NP. 

stronger than the adsorption interactions between 

monofunctionalized SBA-15 and 4-NP, so the adsorption capacity of 

bifunctionalized SBA-15 was higher than the arithmetic summation 

of that of monofunctionalized SBA-15. Furthermore, as seen in Fig. 

4, the bifunctionalized SBA-15 showed much higher adsorption 

capacity than the physical mixture of monofunctionalized SBA-15  

(42 mg/g). The result indicated that the adsorption interactions 

between the physically mixed monofunctionalized SBA-15 and 4-NP 

were much weaker than that between the bifunctionalized SBA-15 

and 4-NP. Because the cetyl and amino groups were functionalized 

on the surfaces of different SBA-15, the cetyl and amino groups 

were not close enough to cause cooperative effect. 

 

 

Fig. 5. Schematic illustration for the interactions between the adsorbent and 4-NP. 
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3.3. The effect of different amino-organoalkoxysilanes 

 

Fig. 6. Adsorption isotherms of cetyl/amino-SBA-15(2/2), 

cetyl/diamino-SBA-15(2/2) and cetyl/triamino-SBA-15(2/2) for 4-NP. 

Amino-, diamino- and triaminosilanes were chosen to investigate 

the effect of -NH/-NH2 sites on the adsorption of 4-NP. The 

adsorption capacities of cetyl/amino-SBA-15(2/2), cetyl/diamino-

SBA-15(2/2) and cetyl/triamino-SBA-15(2/2) are shown in Fig. 6, 

where the adsorption capacity decreased in this order: cetyl/amino-

SBA-15(2/2)> cetyl/diamino-SBA-15(2/2)> cetyl/triamino-SBA-

15(2/2). The grafted mole ratio of cetyl/amino, cetyl/diamino and 

cety/triamino was about 0.37, 0.28 and 0.26, respectively (Table 2), 

the loading amount of cetyl groups were far less than amino, 

diamino and triamino groups. Though the -NH/-NH2 sites in diamino 

and triamino groups that could form hydrogen bond/electrostatic 

interactions with 4-NP were more than amino groups, only one 

effective -NH/-NH2 site worked with cetyl groups to cooperatively 

remove 4-NP, thus the effect of -NH/-NH2 sites in amino-, diamino- 

and triaminosilanes on removal of NP was not obvious. In addition, 

the molecule size of diamino and triamino groups was bigger than 

that of amino groups, the larger steric hindrance effect of diamino 

and triamino groups resulted in a less grafted amount. As a result, 

cetyl/amino-SBA-15 showed the highest adsorption capacity. 

3.4. The effect of dosage 

    The effect of cetyl- and aminosilane dosage on removal of 4-NP 

were investigated, as shown in Fig. 7. The adsorption capacities first 

increased and then decreased when the addition dose increased 

from 0.5 to 4 mmol/g. Cetyl/amino-SBA-15(2/2) exhibited the 

highest adsorption capacity, up to 103 mg/g. The experimental 

results were consistent with the results of the elemental analysis 

(Table 2). The surface densities of the amino and cetyl groups 

increased with the additional doses increasing from 0.5 to 2 

mmol/g, and the higher loading amount of the amino and cetyl 

groups resulted in a higher adsorption capacity. However, the 

surface density of the cetyl and amino groups on cetyl/amino-SBA-

15(4/4) was 0.36 mmo/g and 2.2 mmol/g with the addition 

concentration of the cetylsilane further increase to 4 mmol/g. The 

overloading of the amino groups might hinder the immobilization of  

the cetyl groups and resulted in a lower adsorption capacity. The 

BET surface area decreased with the increase of the cetyl- and 

aminosilane dosage from  0.5 to 2 mmol/g (Table 1). However, the 

adsorption capacity increased with the dosage of organic modifier, 

indicating that the adsorption capacity of cetyl/amino-SBA-15 for 4-

NP depended on the adsorption interactions between cetyl/amino-

SBA-15 and 4-NP rather than the BET surface area. 

 

Fig. 7. Effect of dosage on the adsorption of cetyl/amino-SBA-15 for 

4-NP. 

3.5. The effect of different cetyl/amino mole ratios 

 

Fig. 8. Effect of different mole ratios of cetyl/amino on adsorption 

of cetyl/amino-SBA-15 for 4-NP. 

To further reveal the cooperative effect of cetyl and aminopropyl 
groups, we investigated the effect of different cetyl/amino mole 

ratios on the adsorption isotherms of cetyl/amino-SBA-15 for 4-NP 

by keeping the dosage of the organic functional groups as a 

constant (4 mmol/g) but changing the cetyl/amino mole ratio. Fig. 8 

shows that the adsorption capacity increased when the cetyl/amino 

mole ratio increased from 1.3/2.7 to 3.2/0.8 and then decreased 

with the further increase in the cetyl/amino mole ratio to 

3.55/0.45. Combined Table 2 further illustrates the cooperative 

adsorption mechanism. The grafted mole ratio of cetyl/amino 

groups increased when the addition mole ratio of cetyl/amino 

increased from 1.3/2.7 to 3.55/0.45 (Table 2). For cetyl/amino-SBA-

15(3.2/0.8), the grafted amount of cetyl and amino groups was 0.64 
and 0.71 mmol/g, respectively, and the grafted mole ratio of 

cetyl/amino was almost equal to 1 (0.94), showing the highest 
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adsorption capacity, up to 120 mg/g (Fig. 8). As seen in Fig. 5, it 

would cause cooperative effect when one cetyl group and one 
amino group simultaneously bind with 4-NP, the amount of cetyl 

and amino groups cooperatively participated in the removal of 4-NP 

achieved maximum when the grafted mole ratio of cetyl/amino was 

1:1, so the highest adsorption capacity was obtained. For 

cetyl/amino-SBA-15(3.55/0.45), the surface density of cetyl groups 

was 0.52 mmol/g close to cetyl/amino-SBA-15(2.7/1.3) (0.55 

mmol/g) and cetyl/amino-SBA-15(2/2) (0.54 mmol/g), the grafted 

amino groups was 0.29 mmol/g far less than that of cetyl/amino-

SBA-15(2.7/1.3) (0.99 mmol/g) and cetyl/amino-SBA-15(2/2) (1.45 

mmol/g), and the adsorption capacity was much less than that of 

cetyl/amino-SBA-15(2.7/1.3) and cetyl/amino-SBA-15(2/2), thus the 

loading amount of the amino groups was the major limiting factor 

for 4-NP adsorption. These results further indicated that the 

cooperative effect between cetyl and amino groups was the 
predominant factor in remarkably improving the adsorption 

capacity. Interestingly, the loading amount of cetyl groups on 
cetyl/amino-SBA-15(3.55/0.45) (0.29 mmol/g) was equal to the 

grafted amount of the amino groups on cetyl/amino-SBA-
15(1.3/2.7) (0.29 mmol/g), while the former showed higher 

adsorption capacity than the latter. This suggested that besides the 
cooperative interactions of the cetyl and amino groups, the 

interaction between the residual cetyl groups on cetyl/amino-SBA-

15(3.55/0.45) and 4-NP was stronger than that between the 

residual amino groups on cetyl/amino-SBA-15(1.3/2.7), in 

accordance with the result that the adsorption capacity of 

monofunctionalized cetyl-SBA-15 was much higher than that of 

amino-SBA-15 (Fig. 4). Therefore, further adsorption performance 

researches were performed using cetyl/amino-SBA-15(3.2/0.8) as a 

representative adsorbent. 

3.6. The effect of pH 

The solution pH is an important factor affecting the adsorption 

process, which not only can change the surface charge of the 

adsorbent but also can influence the degree of ionization of the 

target pollutant. To reveal the effect of pH on the adsorption of 4-

NP by cetyl/amino-SBA-15, the pH of the initial solutions was 

adjusted by NaOH (0.1 M) and HCl (0.1 M) from 4 to 12. The 

experimental results are illustrated in Fig. 9. When the pH increased 

from 4 to 9, the adsorption capacity of cetyl-amino-SBA-15 changed 

very slightly, indicating that the cetyl-amino-SBA-15 showed high 

adsorption capacity over a wide pH range. When the pH>9, the 
adsorption capacity decreased remarkably due to the electrostatic  

 

Fig. 9. Effect of pH on the adsorption of cetyl/amino-SBA-15 for 4-

NP. 

 

Fig. 10. Zeta potentials of cetyl/amino-SBA-15. 

repulsion between 4-NP and the adsorbents. To further investigate 

the surface charge of cetyl/amino-SBA-15, zeta potentials were 

determined. The zeta potentials of cetyl/amino-SBA-15 at different 

pH values are displayed in Fig. 10. When the pH was in the range of 

4~9, the zeta potentials of cetyl- amino-SBA-15 were all positively 

charged and decreased slightly with the increase in pH. Under these 

conditions, the grafted amino group could form protonated -NH3
+
. 

Hydrogen bond/electrostatic interactions between 4-NP and the 

amino groups and hydrophobic interactions between 4-NP and the 

cetyl groups were the predominant interactions. Fig. 10 shows that 

the isoelectric point of cetyl-amino-SBA-15 was approximately at 

pH=9. When the pH>9, the zeta potentials decreased remarkably. 

As the pH increased, the number of hydroxyl groups adsorbed on 

the bifunctionalized SBA-15 increased, and the surface negative 

charge of the cetyl/amino-SBA-15 increased. Moreover, the 

protonated -NH3
+
 reverted to the free amine form, leading to the 

rapid decline of the surface charge. The dissociation constant (pKa) 

of 4-NP is reported to be 10.7±1.0.
45,46

 When the pH>pKa, 4-NP 

would be deprotonated and form 4-NP
-
. The electrostatic repulsion 

between 4-NP and the adsorbents was the predominant interaction 

and resulted in a low adsorption capacity. 

3.7. The selectivity of cetyl/amino-SBA-15 

The high concentrations of organic pollutants with low toxicity 

existing in wastewater will primarily occupy the adsorption sites 
and hinder the adsorption of low concentration organic pollutants 

with high toxicity. Ph exists widely in wastewater at a high 
concentration, and the molecular structure is similar to 4-NP (Table 

3). Ph was chosen as a competitive pollutant to investigate the 
selectivity of cetyl/amino-SBA-15 for 4-NP. The adsorption capacity 

of cetyl/amino-SBA-15 with different C4-NP:CPh ratios is displayed in 

Fig. 11. The cetyl/amino-SBA-15 showed high selectivity for 4-NP 

against Ph. The adsorption capacity of Ph increased with the 

increase in Ph concentration, but the adsorption capacity of 4-NP 

almost keeping a constant, illustrated the Ph concentration have 

little influence on the adsorption of 4-NP. The selective adsorption 

coefficients were used to compare the selectivity of prepared 

samples at different C4-NP:CPh ratios, as seen in Table 4. The selective  
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Fig. 11. Adsorption capacity of cetyl/amino-SBA-15 with different 

CNP:CPh. 

Table 3. Property parameters of 4-NP and Ph. 

chemicals structure M 

Sw (25 

°C, 

mg/L) 

logKow 

4-nonylphenol 220.24 5.43 4.48 

phenol 
 

94.11 8000 1.50 

 

adsorption coefficients of 4-NP at different values of C4-NP:CPh were 

higher than 1400, reaching up to 2055 when C4-NP:CPh was 1:30, 
indicating that the cetyl/amino-SBA-15 showed a high selectivity for 

4-NP. The logKow of 4-NP (4.48) was much higher than the logKow of 
Ph (1.50)(Table 3), due to the hydrophobic nonyl groups in 4-NP. 

When cetyl/amino-SBA-15 mixed with the Ph and 4-NP mixture 
solutions, Ph could interact with the amino groups of cetyl/amino-

SBA-15 by hydrogen bond/electrostatic interactions and bind 

residual Si-OH by hydrogen bond interactions. In addition to the 

hydrogen bond/electrostatic interactions, the nonyl groups of 4-NP 

could strongly bind the cetyl groups on cetyl/amine-SBA-15 through 

hydrophobic interactions. The adsorption interactions between 4-

NP and cetyl/amine-SBA-15 were much stronger than that between 

Ph and cetyl/amine-SBA-15, thus 4-NP would be primarily adsorbed 

on the cetyl/amine-SBA-15. 

 

Table 4. Selective adsorption coefficients of NP in mixed solution 

with different CNP: CPh. 

CNP: CPh 1:1 1:15 1:30 1:60 

KNP 5.771 5.806 4.891 4.622 

KPh 0.00408 0.00296 0.00238 0.00309 

KNP，Ph 1414 1961 2055 1496 

3.8. Regeneration performance of the adsorbent 

The regeneration performance of the adsorbent is an important 

factor for the wide applications, making it beneficial to reduce the 

cost of the adsorbent. NaOH solution (0.1 M) was used to 

regenerate the saturated adsorbent. The regenerated adsorbent 

was reused in the next run under the same conditions. The 

regenerated and recycled results of cetyl/amino-SBA-15 are shown 

in Fig. 12. Cetyl/amino-SBA-15 had a stable and excellent 

adsorption capacity for 4-NP after five cycles. The adsorption 

capacity of cetyl/amino-SBA-15 decreased slightly after three 

cycles, probably attributed to a partial loss of the organic functional 

groups from cetyl/amino-SBA-15 during the regeneration process. 

As a result, cetyl/amino-SBA-15 could be recycled several times 

retaining a stable and excellent adsorption capacity. 

 

Fig. 12. Recovery and regeneration performance of cetyl/amino-

SBA-15 for removal of 4-NP. 

4. Conclusions 

In this work, cetyl/amino-SBA-15 was successfully synthesized by 

a post-synthesis grafting method. The adsorption capacity of 

bifunctionalized SBA-15 was remarkably higher than that of 

monofunctionalized and unmodified SBA-15, attributed to the 

cooperative effect of hydrogen bond/electrostatic interactions 

between 4-NP and the amino groups and hydrophobic interactions 

between 4-NP and the cetyl groups. The cetyl/amino-SBA-15 

showed a high adsorption capacity for 4-NP over a wide range of pH 

values. The distribution of cetyl and amino groups played a key role 

in the adsorption capacity of cetyl/amino-SBA-15. Cetyl/amino-SBA-

15(3.2/0.8) showed the highest adsorption capacity, up to 120 

mg/g. The high selectivity for 4-NP and the excellent adsorption 

capacity after recycling several times caused cetyl/amino-SBA-15 to 

have great potential for wastewater treatment.  
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