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ABSTRACT 

The adsorption behavior of the polyamine functionalized mesoporous silica (MSPEI) is assessed 

against anionic dyes. The adsorbent characteristics of MS-PEI are compared with a monolayer 

platform comprising of 3-aminopropyltriethoxy silane (APTES) functionalized mesoporous silica (MS-

APTES). A novel branched polyamine (polyethyleneimine, PEI) functionalized mesoporous silica (MS) 

adsorbent is developed via a facile “grafting-to” approach. X-ray spectroscopy and infrared spectroscopy 

verified the effective surface fictionalization of MS with monolayer and polymer. The adsorption 

behavior of the MS-PEI and MS-APTES toward anionic dyes is further evaluated by studying the 

effect of adsorbent dosage and pH. Langmuir and Freundlich isotherm models are employed to 

understand the adsorption mechanism. The obtained kinetic data support a pseudo-second order 

adsorption behavior for both monolayer and polymer functionalized MS. 
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INTRODUCTION 

Mesoporous silica based materials are being investigated for a variety of different applications such 

as catalysis (1) ,drug delivery(2),adsorption (3) and separation(4). These materials are typically synthesized 

with tunable pore size and geometry in the presence of different cationic/anionic surfactants, which act as 

templates (5,6). A large variety of mesoporous silica including hexagonal, cubic, dodecagonal, or platelet 

geometries has been investigated for various applications. The hexagonal MCM-41 mesoporous silica has 

been prepared by using cationic surfactants as cetyltrimethylammonium bromide (CTAB)(7). Mesoporous 

materials have emerged as promising adsorbents for the water remediation and offer advantages such as 

high surface area, surface reactivity, structural stability, and regular channel- type structures (8−10). It is 

well-known that silica based materials have a negative charge surface due to the presence of Si−OH groups, 

which prevents the adsorption of negatively charged adsorbents (11,12). Therefore, the effectiveness of 

mesoporous silica in the adsorption processes is highly dependent on the surface functionalization of the 

silica network with functional groups that are suitable for adsorption of Specific substances, A variety of 

surface functionalized mesoporous silica has been explored for adsorption of heavy metal ions and cationic 

and anionic organic materials.(13). Among the organic pollutant, dye contaminants have caused serious 

pollution to water resources and the removal of dyes from wastewater has become a major focus of 

research. Even the presence of a small concentration of dyes is highly visible and considered to be 

intolerable (14). Many of these dyes are carcinogenic and toxic. In addition, such dyes are resistant to 

degradation by light, chemical, biological, and other exposures (15). There are various techniques that are 

used for the remediation of dye wastewater such as oxidation, ozonation. Among these techniques, 

adsorption is considered to be the most frequent and proficient method for dye removal from wastewater. 
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EXPERIMENTAL SECTION 

Materials and Methods 

Ceyltrimethylammonium bromide (CTAB), aqueous ammonia, tetraethyl orthosilicate, toluene, 

branched polyethyleneimine , sodium dihydrogen phosphate, sodium hydrogen phosphate , ethanol and 

methanol were purchased from Sigma Aldrich. The synthesis of Mesoporous Silica( MS) was prepared 

according to the method previously reported(16). Synthesis of Monoamine Modified Silica (MS-APTES). 

APTES coated mesoporous silica (MS- APTES) was prepared according to the reported procedure (17) 

Modification of Silica with Glutaraldehyde (MS-GA). Surface modification of MS-APTES with 

glutaraldehyde was accomplished according to the previously reported method (18). The dye adsorption 

capacities of MS-APTES and MS-PEI were studied by using various amounts of adsorbents. Functionalized 

mesoporous silica particles (5−20 mg) were shaken at room temperature   with 10 mL aqueous dye 

solutions of known initial concentration (15 ppm) at optimized contact time and pH (pH = 6, t = 15 min for 

ARS while pH = 4, t = 2 min for XO). At the end of the adsorption period, the supernatant solutions were 

filtered and the concentration of each dye in the supernatant solutions before and after the adsorption was 

determined using a calibrationcurve obtained by employing a UV spectrophotometer at λmax of 470 nm for 

ARS and 436 nm for XO.The amount of dye adsorbed at equilibrium qe (mg/g) was calculated from the 

following equation. 

 

Where qe is the adsorption capacity (mg/g) of the adsorbent at equilibrium, Co and Ce (mg/g) are the 

initial and equilibrium concentrations of solute, V is the volume of the aqueous solution inliters, and W is 

the mass in grams of the adsorbent used(19). 

 
RESULT AND DISCUSSION 

A surfactant based template assisted method was used for the fabrication of MS. The surface 

functionalization of MS with APTES followed by the reaction with glutaraldehyde led to the MS with 

surface aldehyde groups. The surface aldehyde groups were subsequently used for covalently tethering the 

branched PEI at the surface of MS via imine linkage. 

 
Effect of Contact Time: 

For an ideal adsorbent for water treatment, it needs to show rapid uptake of pollutants and reach the 

equilibrium in short time .To investigate the effect of contact time on the adsorption of dyes, the 

functionalized adsorbents (10 mg for ARS and 5 mg for XO) were added to 10 mL of 15 ppm dye 

solution for time periods ranging from 5 to 30 min for ARS (at pH = 6) and 1 to 5 min for XO (at pH = 4). 

It was noticed that, for both dyes, uptake increases with the increase in contact time. However, at any given 

time point, the MS-PEI exhibited higher removal capacity than APTES. MS MSPEI exhibited almost 

complete adsorption of ARS from 15 ppm solution after 30 min, whereas adsorption was 90% in the case 

of MS-APTES under similar conditions. Adsorption of XO was up to 88% for MS-PEI and 68% for MS-

APTES after 5 min (Fig-1). 
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This was the maximum adsorption that could be achieved for both adsorbents in the case of XO, and 

further increase in contact time did not increase the adsorption indicating the advent of adsorption 

equilibrium. MS-PEI showed higher adsorption capacity with respect to MSAPTES due to the higher 

surface functional group density at adsorption sites. 

 
Effect of Temperature: 

Temperature has a significant effect on the adsorption process. To study the effect of temperature on the 

uptake of dyes, adsorption experiments were carried out at different temperatures (ranging from 25 to 65 

°C). Both adsorbents (10 mg, pH = 6, t = 15 min for ARS, and 5 mg, pH = 4, t = 2 min for XO) were added 

to the 10 mL of 15 ppm dye solutions. For both the adsorbents (MS-PEI and MS-APTES), an increase in 

temperature only slightly decreased the adsorption capacity and maximum adsorption was achieved at 

room temperature (98% and 88% for ARS and 83% and 65% for XO respectively (Fig- 2). 

 

This behavior revealed an exothermic nature of the adsorption process. The weakening of physical 

interactions between dyes and active adsorbent sites could be the significant contributor toward a decrease 

in adsorption capacity with an increase in the temperature. The aqueous solubility of solutes generally 

increases with the increase in temperature, therefore impeding the adsorption process. 

 
Effect of pH: 

 
The pH of the solution is a key parameter in regulating the adsorption of charged moieties, by altering the 

surface charge of the adsorbent and the degree of ionization of the dyes. The effect of pH on the adsorption 

of anionic dyes ARS and XO was studied systematically. For this purpose, solutions were prepared in the 

pH range of 2−12. The pH of solutions was adjusted by using 0.1 M HCl and 0.1 M NaOH. The adsorption 

capacity of MS-PEI and MS-APTES toward ARS (15 ppm, 10 mL, t = 15 min, 10 mg adsorbent) initially 
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increased as the pH of the solution was increased from 2 and reached a maximum at 6. At pH 6, the surface 

positive charge on the adsorbents, due to the protonation of the amino groups, and the negative charge 

on the ARS seem to be in the right combination to give maximum adsorption (98% for MS-PEI and 88% 

for MS-APTES). A further increase in the pH resulted in the decrease of adsorption capacity, presumably 

because of the deprotonation of the surface amino groups and protonation of the acidic functional groups of 

ARS, leading to an electrostatic repulsion between adsorbent and the adsorbate. A similar trend was 

observed for the XO (15 ppm, 10 mL, t = 2 min, 5 mg adsorbent) where both adsorbents (MS-PEI and MS-

PEI) showed maximum adsorption capacity (83% and 65% respectively) at pH 4 (Fig-3). 

 
 

 
Adsorption Thermodynamics 

In order to study the effect of temperature on the adsorption process, the values of the 

thermodynamic parameters such as the Gibbs’ free energy (ΔG°), the standard enthalpy change (ΔH°), and 

the standard entropy change (ΔS°) were investigated. The magnitude of ΔG° was obtained from the 

following equation: 
 

 

where K is the equilibrium constant, T is the absolute temperature (K), and R is the universal gas constant 

(8.314 J/mol K).41 The enthalpy change ΔH° and ΔS° can be obtained from the van’t Hoff equation: 

 
 

The negative values of ΔG° confirmed that adsorption of dyes on both adsorbents was spontaneous. 

The negative values of ΔH° indicate the exothermic nature of adsorption processes. The positive values of 

ΔS° shows the increasing randomness at the surface of adsorbent during adsorption processes, which 

eventually leads to an increase in the adsorption efficiency. The rate constant (K) for MS-PEI is 2 orders of 

magnitude higher than the MS-APTES for ARS dye, and it is 1 order of magnitude higher for XO dye. Much 

larger values of K mean anionic dye adsorption on polyamine functionalized mesoporous nano particles is 

stronger and almost complete. 

Desorption Studies. Sorbent regeneration is important in the estimation of the competitiveness of 

the adsorbent system. The studies were carried out by employing different organic solvents and also in 

acidic, neutral, and alkaline media. The desorption of dyes was carried out by separately washing the 

ARS (T = 25 °C, t = 15 min) and XO (T = 25 °C, t = 2 min) loaded adsorbents with 10 mL each of 1 M 

HCl, 1 M NaOH, methanol, acetic acid, and a mixture of methanol (0.5 mL) with concentrated acetic 

acid (9.5 mL)(26).The concentrations of dyes in the desorbed solutions were determined 
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spectrophotometrically. The best desorption was achieved with NaOH for both adsorbents. The desorption 

efficiency was up to 90% for ARS and 55% for XO in the case of MS-PEI adsorbent, while it was 40% for 

ARS and 20% for XO in the case of MS-APTES. An effect of pH on desorption of dyes in water was also 

investigated. The primary advantage of adsorption over other processes is subjected to the recycling ability 

of the adsorbent. The reusability of adsorbent during the adsorption process reduces the operational 

cost. Therefore, the reusability of MS-PEI and MS-APTES for adsorption of dyes was studied. Desorption 

of the dyes from the loaded adsorbents was carried out by washing the particles with ethanol before each 

reusability cycle(27). The results depict superior stability of MS-PEI during the adsorption−desorption 

cycle and show higher recycling capacity for ARS (7 cycles) and XO (5 cycles), as compared to MS-

APTES, which was effective for up to 6 and 3 cycles for ARS and XO, respectively. Thus, MS-PEI is not 

merely efficient in adsorption but also possesses better potential for reusability. 

 
CONCLUSIONS 

 
A branched polymer PEI was covalently tethered at the surface of mesoporous silica to develop a 

novel adsorbent system, MSPEI, for water remediation. The effectiveness of the 

employed strategy for the fabrication of mesoporous adsorbent material was supported by the ATR-

FTIR, XPS, and TEM analyses. The adsorption studies of anionic dyes (ARS and XO) on MS-PEI and its 

monolayer analogue MS-APTES modified silica revealed the superior adsorption characteristics for MS-

PEI, which can be attributed to the higher amine group density on the surface of adsorbent. The 

higher adsorption capacity toward both the dye molecules may be explained by the electrostatic nature 

of the interaction between the surface of the adsorbent and anionic dyes. The adsorption capacity was 

found to increase with the increase in adsorbent dosage and contact time. The solution pH has 

significant influence on the adsorption processes as an increase in the pH of the solutions led to a 

significant decrease in adsorption. Maximum adsorption against both adsorbents was achieved at room 

temperature that slightly decreased with an increase in temperature, reflecting on the exothermic 

adsorption behaviors. The pseudo- second-order equation gave the better correlation for the adsorption 

data. The presented results highlight the relevance of the developed branched polymer functionalized 

mesoporous adsorbent material for environmental remediation by demonstrating the high removal 

efficiency, controlled adsorption−desorption characteristics, and most importantly reusability performances. 
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