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Abstract

In this work, batch adsorption experiments were carried out for the removal of Triton X-100 as a pollute
surfactant from aqueous solutions on mesoporous silica as adsorbents. These silica functionalized with organic
groups (methyl and amine) were produced from two different silica precursor (sodium silicate and
tetraethoxysilane) using sol-gel method. The effects of major variables governing the efficiency of the process
such as dosage of mesoporous silica (25-125 mg), temperature (288-318 K), and initial surfactant concentration
(15-120 mg/l), were investigated. Equilibrium data were fitted to the Langmuir, Freundlich and Dubinin-
Radushkevich (D-R) isotherm models and isotherm constants were determined. The equilibrium data were best
represented by the Langmuir isotherm model. The adsorption kinetic data were analyzed using pseudo-first-
order, pseudo-second-order and intra particles diffusion models. It was found that the pseudo-second order
kinetic model was the most appropriate model, describing the adsorption kinetics and the intra-particle diffusion
is not the only rate limiting mechanism and that some other mechanisms also play an important role.
Thermodynamic parameters such as changes in the free energy of adsorption (AG®), enthalpy (AH®) and entropy

(AS°) were calculated.
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The negative values of (AG®) indicate that the surfactant adsorption process is spontaneous in nature and the

positive value of (AH®) shows the endothermic nature of the process.

Keywords: Triton X-100; Methylfunctionalized mesoporous silica; Aminofunctionalized mesoporous silica;
Adsorption.

1. Introduction

Surfactants are widely used in many industrial and commercial products and processes, such as soaps and
detergents, industrial processes requiring colloid stability, metal treatments, mineral flotation, pesticides, oil

production, pharmaceutical formulation, emulsion polymerization, and particle growth [1].

Some processes have been employed in order to solve the environmental problems caused by surfactants,
including adsorption, anaerobic and aerobic degradation, and biodegradation. One of the common methods to
remove surfactants from water is to use adsorption technology. Surfactant adsorption has been studied
extensively through using several materials as surfactant adsorbents. These include activated carbons [2],
zeolites [3], silica[4], mineral oxides (alumina) [5], polymers [6].

The adsorption of nonionic surfactants at solid surfaces is of interest because of its importance to a great number
of industrial and technological processes associated with colloidal stability and detergency. Most nonionic

surfactants contain polar groups that form hydrogen bonds with the hydroxyl groups on the solid surface [7].

Triton X-100 (Cy14H»,0(C,H,0),) (Figure 1) is a nonionic surfactant which has a hydrophilic polyethylene oxide
chain (on average it has 9.5 ethylene oxide units) and an aromatic hydrocarbon lipophilic or hydrophobic group.

The hydrocarbon group is a 4-(1,1,3,3-tetramethylbutyl)-phenyl group.

CH; CH;
| |
HyC—=C—CH,-C (OCH,CH,)xOH
| |
CH; CHs

Figure 1. Chemical Structure of Triton X-100

The adsorption of TX-100 on a carbon paste electrode was investigated by voltammetry [8]. The results showed
that TX-100 exhibited two types of adsorptive behavior at a carbon paste electrode at different concentration
ranges. Yusuf et al. [9] studied of aqueous CO, foam prepared by a mixtures hydrophilic silica nanoparticles and
non-ionic Triton X-100. They found that the adsorption behavior of TX-100 on silica surface exhibit a particular
characteristics depend on the concentration of silica, high total surface area available leads to high adsorption of
surfactant molecules. MCM-41(Mobile Crystalline Material) was used to adsorb nonionic surfactant Triton X-

114 [10]. FTIR and NMR methods were used to study the interaction between the surfactant and the adsorbent.
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Mesoporous materials, such as mesoporous silica with diameters of 2 to 50 nm, show high promise to be used as
adsorbents for such organic materials because of their high porosity and their large surface areas.
Functionalization of the surface of these mesoporous materials with organic or inorganic functional groups leads
to new physical and chemical properties. The specific porous structure and the excellent textual properties of

mesoporous silica allow easier diffusion of large molecules into the active sites [11].

This study aim to remove the surfactant Triton X-100 from aqueous solution on mesoporous silica produced
from two types of silica precursor and they are functionalized with methyl and amino organic groups. These are:
MMPS-SS (methyl functionalized mesoporous silica produced from sodium silicate), MMPS-TEQOS (methyl
functionalized mesoporous silica produced from tetraethoxy silicate), AMPS-SS (amino functionalized
mesoporous silica produced from sodium silicate), and AMPS-TEQOS (amino functionalized mesoporous silica

produced from tetraethoxy silicate.

2. Materials and Methods

2.1. Materials

Adsorbents: Methyl and amino functionalized mesoporous silica were prepared using one-step synthesis
method which based on hydrolysis and condensation of silica precursor [sodium silicate or tetraethyl
orthosilicate (TEOS)]  with  different  organosilane [methyltriethoxysilane (MTES) and
aminopropyltriethoxysilane (APTES)] using the silicone surfactant polydimethylsiloxane- polyethylene oxide
(PDMS-PEO) as template[12,13]. Table (1) Show textural properties of these prepared adsorbents determined

by nitrogen adsorption at 77 K using volumetric surface analyzer (Micrometerics).

Table 1: Textural Properties of Adsorbents

Adsorbents Surface area (m?/g) Pore volume (cm’/g) Pore size (nm)
MMPS-SS 43.4 0.1782 16.39
MMPS-TEOS 646.9 0.0118 14.49
AMPS-SS 3.27 0.4202 2.762
AMPS- TEOS 19.96 0.0749 13.68

Adsorbate: Triton X-100 has an average of 9.5 ethylene oxide units per molecule was purchased from BDH

chemicals Ltd.

2.2. Adsorption Experimental

Batch experiments were conducted by contacting different amounts (25, 50, 75, 100 and 125) mg of
functionalized MPS adsorbents (MMPS-SS, MMPS-TEOS, AMPS-SS and AMPS-TEOS) with 50 ml of
surfactant TX-100 solution having concentration range (15-120 mg/L). The temperature was fixed at 298K and

the agitation speed of thermostatic shaker bath was kept at 200 rpm for all experiments. These samples were
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shaken well for enough time to reach equilibrium. The particles of functionalized MPS were separated from the
mixture by centrifugation at 3000 rpm. The concentrations of the surfactant solutions before and after the
adsorption were determined by UV-Visible spectrophotometer at 4 o 223. The experiments were repeated at
least twice. The amount of surfactant adsorbed was determined by the equation:

_ (G GV
e

e (D)
Where C, is the initial concentration (mg/L), C. is the equilibrium concentration (mg/L), V is the volume of the

solution (L) and w is the amount of MPS (g).

The effect of temperature on the removal of TX-100 was studied using four temperatures in the range of 288-

318 K using the thermostatic shaker bath.

The kinetic study of TX-100 adsorption was performed by mixing the amount of adsorbents with 50 ml of TX-
100(60 mg/L) aqueous solution in 250 mL flasks immersed in the thermostatic shaker bath in the temperature
range (288-318) K. At various time intervals, the concentration of solution was determined by measuring

absorbance at maximum characteristic wavelength 223 nm.
3. Results and Discussion
3.1. The Effect of Adsorbent Dose of MPS on Adsorption of TX-100

The influence of adsorbent amount on TX-100 removal by functionalized MPS with methyl and amine groups
are shown in Figure (2). The results indicated that at constant concentration of TX-100 (120mg/l) and variation
the adsorbent dosage of functionalized MPS from 25mg/50ml to 125mg/50ml at 298K, the removal percentage
of TX-100 was reached maximum value about 91% using 50 mg of MMPS-TEOQOS, 85% using 75mg of MMPS-
SS, 78% using 100mg of AMPS-TEOS and 75% using 100mg of AMPS-SS. This behavior may be due to as the
dosage of adsorbent increased, the adsorption sites remain unsaturated during the adsorption reaction leading to
drop in adsorption capacity or due to aggregation/agglomeration of sorbent particles at higher concentrations,
which would lead to a decrease in the surface area and an increase in the diffusional path length [14]. These

doses were fixed through other experiments.
3. 2. The Effect of Contact Time and initial concentration on Adsorption of TX-100.

The effect of contact time on the adsorption of TX-100 on functionalized MPS s illustrated in Figures (3) and
(4). High pore diffusion of surfactant molecules into the bulk of adsorbents were observed in the case of using
functionalized of MPS with methyl group which show speed uptake and reached contact time after 30 min.
While it needed 60 min when using MPS functionalized with amino groups. The rapid uptake at the initial
contact time can be attributed to the availability of the positively charged surface of aminofunctionalized MPS.
The slow rate of TX-100 adsorption is probably due to the slow pore diffusion of the solute molecules into the
bulk of the adsorbent [15].
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Figure 2: The effect of Adsorbent dosage of MPS on removal of TX-100 at initial concentration 120mg/l and at
298 K temperature.

Figuress (3) and (4) show that surfactant removal was highly dependent on initial surfactant concentration. The
larger removal amount of TX-100 caused by a higher initial TX-100 concentration was presumably attributed to
the active interaction between adsorbents and surfactant molecules. The findings probably were also due to an
increase in surfactant concentration could accelerate the diffusion of TX-100 molecules to the adsorbents as a
result of an increase in the driving force of concentration gradient. With the progress of adsorption, the
availability of adsorption sites of the adsorbents got diminished, leading the adsorption capacity to be constant
[16].
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Figure 3: The effect of initial concentration and contact time on removal of TX-100 using 50, 75 mg of (a):
AMPS-TEOS, (b): MMPS-TEOQS.

3.3. The Effect of temperature on adsorption of TX-100

Figure (5) shows the effect of temperature (288-318) K on the removal of TX-100 (120mg/l) on the
methylfunctionalized MPS and aminofunctionalized MPS. It showed that an increase in temperature, adsorption
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of TX-100 will increase which indicates the process is endothermic and the sorption is mainly absorption. When
the temperature increased from 288 to 318 K the maximum amount adsorbed increased from 84.8 to 103.4
mg/g, 87.4 to 105.3 mg/g, 95.9 to 110.3 mg/g and 100.23 to 115.5 mg/g using AMPS-SS, AMPS-TEQS,
MMPS-SS and MMPS-TEOS as adsorbent respectively. This may be interpreted as, increase in temperature

increases collision frequency and also high temperature may be raise either dimensions of porous or activation

energy [17].
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Figure 4: The effect of initial concentration and contact time on removal of TX-100 using 100 mg of (a):
MMPS-SS, (b): AMPS-SS.
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Figure 5: The effect of temperature on adsorption of TX-100 on functionalized MPS.
3.4. Adsorption Isotherm of TX-100 on functionalized MPS

Adsorption isotherm of TX-100 on functionalized MPS at 298 K was illustrated in Figure (6). The study showed
that the adsorption isotherm of TX-100 on functionalized MPS was nonlinear and typical S-shape curves, except

the isotherm on MMPS-TEQS which shows L-shape curve.

Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models were chosen to describe the relationship
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between the amounts of TX-100 adsorbed on functionalized MPS and its equilibrium concentration at four

different temperatures.

120
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Figure 6: Adsorption isotherm of TX-100 on functionalized MPS at 298 K.

For solid-liquid interaction the linear form of Langmuir isotherm [18]:

et @

= — 4 —

q. K..Q° Q°
Where C, is the concentration of dye at equilibrium, g. is the amount of dye adsorbed at equilibrium , Q° (mg/g)
and K. (L/mg) are the Langmuir constants. Q° is the monolayer adsorption capacity and K, is the constant
related to the free energy of adsorption. The Langmuir constants Q° and K_ were determined from the slope and

intercept respectively when C./g, was plotted against C..

The Freundlich model is given in its linear form as Equation (3) [19]:

1
Ing, =InKy + -~ InC, ... .. ... ....(3)

where, K¢ is the Freundlich constant related to overall adsorption capacity (mg/g); and 1/n is a dimensionless
constant related to the intensity of adsorption, or the heterogeneity factor describes reversible adsorption and is
not restricted to the formation of the monolayer. Values of K¢ and n respectively are obtained from intercept and

slope of the linear plot of Ing, versus In C..

Dubinin-Radushkevich isotherm is another isotherm equation that applied in this study. For solid-liquid
interaction the linear form of Dubinin—-Radushkevich (D-R) isotherm (equation 4) can be written as follows
[20]:

Ing, =Ingq,, — B ....... 4)
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Where ¢ is the Polanyi potential which equal:

€ = RTIn(1 + C—lo) .......... (5)

Om is the adsorption capacity of the adsorbent (mgg™), /8 is a constant related to the adsorption energy (mol?
ki?), R is the gas constant (JK* mol™), and T is the temperature (K). The D-R model is important for

predicting the nature of adsorption process through the determination of the mean adsorption energy (E) using

equation [21]: E = J%_B

The linear plots of the three equations for the adsorption of TX-100 surfactant on the four MPS adsorbents at
298K are shown in Figs (7-9) .The correlation coefficient R® value of each plot was used to describe the
applicability of the isotherm models. The different isotherm parameters obtained from the slope and intercept of

the plots with their correlation coefficient values are presented in Table (2).
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Figure 7: Linear plot of Langmuir models for adsorption of TX-100 on functionalized MPS at (298)K.
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Figure 8: Freundlich models for adsorption of TX-100 on functionalized MPS at (298)K.
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Figure 9: Typical linear plots of Dubinin-Radushkevich of adsorption of TX-100 on (a) MMPS-SS, (b)
MMPS-TEOS at 298K.

Table 2: The values of parameters and correlation coefficient of Langmuir, Freundlich and Dubinin-

Radushkevich equations.

Models Langmuir Freundliech Dubinin-Radushkevich
Type of MPS Temp. Q° K. R? Ks n R? O E R?
(K) mg/g L/g molg kJ mol?
288 142 0.049 98.4 14.09 1.92 98.9 64.65 0.353 87.1
208 142 0.052 995 1035 147 983 78.73 0.353 91.3
AMPS-SS 308 166 0.076 90.3 13.30 1.38 92.8 79.12 0.707 93.4
318 142 0.266 99.4 28.18 181 94.5 79.12 1.581 89.4
288 200 0.0370 95.5 8.77 1.30 99.3 64.78 0.500 77.1
298 125 0.1904 97.0 22.2 1.84 96.0 79.59 1.000 91.5
MMPS-SS 308 142 0.250 96.5 28.1 1.75 89.6 85.71 1.290 91.9
318 125 0.888 99.2 47.31 2.26 87.1 88.05 3.779 88.3
288 142 0.050 97.2 9.35 1.50 97.4 64.07 0.500 86.3
298 125 0.117 99.3 16.0 1.73 96.4 68.92 0.845 86.8
AMPS-TEOS 308 142 0.179 99.2 22.4 176 950 73.62 1.290 85.6
318 125 0.421 99.5 33.8 1.95 92.8 78.02 2.236 86.1
288 166 0.085 97.0 12.3 1.34 98.6 71.09 0.707 82.6
298 111 1.60 98.9 55.2 3.27 77.2 87.00 4,082 80.4
MMPS-TEOS 308 125 1.80 98.7 60.4 2.94 775 88.49 5.000 80.0
318 125 4 99.6 83.9 2.71 83.6 104.5 5.000 93.0

It can be seen from the correlation coefficient values that the Langmuir isotherm (Fig 7) model fitted the data
best followed by the Freundlich model, while the values obtained for the Freundlich constant n (1 <n < 10) is an
indication that functionalized MPS has a high affinity for TX-100 molecules. The mean adsorption energy E
calculated from D-R model (Fig 9) reveals that the adsorption of TX-100 onto functionalized MPS was

dominated physical adsorption since all values of E are less than 8kJmol™[22].
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3.5. The kinetic study

Three of the most widely used kinetic models, Lagergren-first-order equation, pseudo-second-order equation
and intraparticle diffusion equation have been used to research the adsorption kinetic behavior of MB(10 mg/I)
onto MPS at (288-318) K. The best fit model was selected based on the linear regression correlation coefficient

values (R?).
The equations of these kinetic models are given in the following:
a) The linear form of the pseudo-first order kinetic model of [23] can be expressed as follows:

log(q. — q;) = logq. —(k4/2.303) ¢t ............ (6)

where k; is the rate constant of the pseudo-first order kinetics (min™). g. and g, are the amounts adsorbed on the
surface of the adsorbent at equilibrium and at any time (mg g™*) respectively. The g, and k; are calculated from

the intercept and the slope of plots of log (g - ;) vs t, respectively.

b) The linear form of the pseudo-second order kinetic model [24] is given as follows:

co +(1)t %)
P o LT

where k, is the rate constant of the pseudo-second order kinetics (g mg‘1 min‘l). k, and q; are calculated from

the intercept and the slope of plots of t/q, against t, respectively.

c) The equation of the intra-particle diffusion model of Weber and Morris [25] can be expressed as follow:

where, kq is intra-particle diffusion rate constant (mg g™ min™?), and C is intercept. This model reflects that
pore diffusion occurs due to the porous nature of adsorbent. The rate constant of the intra-particle diffusion (kg)
can be estimated from the slope of the linear portion of the plot of the amount of solute adsorbed (q.) against
square root of time (t*?).

The results obtained for the three models are depicted in Figures (10-12) and the best fitted model determined
depending on the linear correlation coefficient R% The results obtained from the slope and intercept of the plots

are shown in Table (3).

The correlation coefficient of pseudo second-order (Figure 11) which close to unit was much higher than that of
pseudo first-order (Figure 10) although the theoretical g, values computed from pseudo second —order and

pseudo first-order did not give reasonable values with experimental g, values.

From Table (3), it can be seen that the pseudo-second order kinetic rate constants increased with the increasing
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consequently the adsorption rate will become faster [26]. Also the initial rate of reaction (h) at 298K can be

International Journal of Sciences: Basic and Applied Research (IJSBAR) (2015) Volume 21, No 2, pp 293-308

arranged as follow:

We noticed that the rate of reaction increased as increasing in surface area of adsorbents except AMPS-SS is

higher reaction rate that from AMPS-TEOS although it has smaller surface area. This can be explained as the

MMPS-TEOS>MMPS-SS>AMPS-SS>AMPS-TEQOS

pore size of AMPS-SS larger than that of AMPS-TEQS.
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Figure 10: Pseudo first order plot of kinetics

adsorption of TX-100 (60mg/l) on functionalized

The R? value of diffusion model was high which indicate that the adsorption of TX-100 on functionalized MPS
can be followed by intra-particle diffusion model. However, the lines do not pass through the origin as shown in

Figure (12), indicating that the intra-particle diffusion is not the only rate limiting mechanism and that some

adsorption of TX-100 (60mg/l) on functionalized

Figure 11: Pseudo second order plot of kinetics
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Figure 12: Intraparticles diffusion kinetics for adsorption of TX-100 onto functionalized MPS.
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other mechanisms also play an important role [27]. Surface adsorption and interaparticle diffusion were likely to

take place simultaneously; both processes control the kinetics of surfactant-MPS adsorbent interaction.

Table (3): Kinetic parameters for adsorption of TX-100 on functionalized MPS at different temperatures.

Models Pseudo first order Pseudo second order Diffusion model
Type of MPS Temp | Qe exp) Qe ks R? O k, h= R? Kq R?
(K) malg malg min malg mglg min qe’ ky mglgmin >
288 4750  61.65 0.0575 964  76.92 0.000375 2218 998 6.653 98.7
298 50.76 79.43 0.0667 93.1 83.33 0.000336 2333 994 7.287 97.2
AMPS-SS 308 54.44 67.92 0.0552 96.6 100 0.00037 3.700 99.5 7.529 98.7
318 57.34  63.53 0.0598 95.3 76.92 0.00066 3904 995 6.726 97.4
288 50.22  87.49 0.1496 95.8 83.33 0.000676 4694 988 10.39 96.9
298 55.64 72.77 01220  97.9 83.33 0.000832 5777 998 10.73 98.1
MMPS-SS 308 57.46  85.11 0.1451 930  90.90 0.00077 6.362  99.7 10.86 97.8
318 59.00  86.49 0.1612 96.8 76.92 0.00152 8993  99.7 9.762 95.2
288 4933  81.65 0.0598 90.5 1111 0.00013 1.604 985 7.933 99.4
298 5322  67.60 0.0483 96.6 100 0.00019 1.900  99.7 8.039 99.8
AMPS-TEOS 308 5664 7128 00506 956 100 0.00023 2300 994 8.261 99.7
318 58.43 74.13 0.0644  91.8 83.3 0.000474 3289  99.2 7.436 99.4
288 53.56 116.4 0.0170  90.1 90.90 0.000593 4899 987 11.21 97.2
298 59.43  67.60 0.0108 99.1 90.90 0.000703 5.808  99.0 11.64 96.8
MMPS-TEOS 308 59.78  88.92 0.1381 98.0 100 0.00062 6200  98.7 12.00 96.8
318 59.98 112.7 0.1681 95.2 90.90 0.000812 6.709  99.1 11.61 96.1

3.6. Thermodynamic study of adsorption of TX-100 on functionalized MPS

Adsorption experiments were conducted at 288, 298, 308 and 318 K to study the thermodynamic (equilibrium)
parameters (free energy change (AG'), enthalpy change (AH'), and entropy change (AS’) associated with the
adsorption of Tx-100 on the functionalized MPS samples. The Langmuir isotherm was used to calculate

thermodynamic parameters using the following linear form equations [28, 29]:

AG® = —RT InK; ...... .. .....(9)
K _AS®  AH° 10
nk, = R BT v v (10)

where K, is the Langmuir equilibrium constant (I/mol); R is the gas constant (8.314 J/mol K) and T is the
temperature (K). Considering the relationship between (AG") and K, (AH) and (AS’) were determined from the
slope and intercept of the van’t Hoff plots of In(K.) versus 1/T. The results were illustrated in Table (4) and the

relation between Langmuir constant and temperature was in Figure (13). The negative values of AGe at all
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temperatures indicate the spontaneous nature of TX-100 adsorption on functionalized MPS. The values of AGe
for adsorption of TX-100 on AMPS-SS was from-8.2036 to -13.515, on MMPS-SS was from -7.5168 to -
16.706, on AMPS-TEOS was from -8.252 to -14.7428, and on MMPS-TEOS was from -9.5084 to -19.252
KJmol™ during the temperature change from 288 to 318K. So, according to the previous results, the adsorption
of Tx-100 on functionalized MPS was predominantly physical adsorption. The positive values of AH® for
adsorption of TX-100 revealed that the process is an endothermic process. This phenomenon may be due to the
behavior of TX-100 in aqueous solution, which displaced more than single water molecule adsorbed previously

on functionalized MPS which leads to endothermic adsorption process [30].
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Figure 13: Plot of InK_ versus 1/T for estimation of thermodynamic parameters.

Table 4: Thermodynamic parameters of adsorption of TX-100 on functionalized MPS.

Type of MPS Temp.(K) AG® (kJ/mol) AH°(kJ/mol) AS° (J/IK.mol)
288 -8.2036
298 -8.6509
AMPS-SS 308 -9.9129 17.7 72.8
318 -13.515
288 -7.5168
298 -11.836
AMPS-TEOS 308 -12.931 224 90.4
318 -16.704
288 -8.2520
298 -10.642
MMPS-SS 308 -12.081 325 124.7
318 -14.7428
288 -9.5084
298 -17.110
MMPS-TEOS 308 -17.986 33.8 134.4
318 -19.252
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In addition the small values of AHe (17.7 — 33.8 KJ.mol™) are not compatible with the formation of strong
chemical bonds between Tx-100 molecules and the sites on functionalized MPS surface. AS° is positive since
the displaced water molecules gain more translational entropy than is lost by the TX-100 leading to increase

randomness at the solid/solution interface [31].
4. Conclusions
The study of adsorption TX-100 on methyl and amino functionalized mesoporous silica indicate the following:-

e The adsorption is monolayer coverage adsorption process due to comply of the adsorption isotherm with the
Langmuir equation.

e The adsorption on functionalized MPS with methyl group gave high adsorption capacity due to the high
surface area, however, low adsorption capacities were observed by amino functionalized mesoporous silica
which might be ascribed to the blockage of pores with these large molecules.

e The adsorption is physisorption, this is reflected by the values of AH® and E obtained from Vants Hoff and
Dubinin-Radushkovich equations.

o Kinetics investigation have reflected that pseudo-second order kinetics equation is found as the best model
for fitting kinetics data and intraparticle diffusion model is necessary through rate determining step reaction

e Thermodynamic data results obtained has indicated that the adsorption processes are spontaneous and
endothermic in nature.
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