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ABSTRACT

One source of water pollutions is caused by the high use of surface-active agents (surfactants) by industries
and households. As a consequence, it is required to remove such substances from the environment One of the
important and widely used methods for removal of substances from solution is adsorption. In this research, MCM-41
and its modification MCM41-TMCS were used to adsorb nonionic surfactant, Triton X-114. FTIR and NMR methods
were used to study the interaction between the surfactants and the adsorbents. MCM-41 was synthesized
hydrothermally at 100

o
C and its modification was conducted by silylation of MCM-41 with trimethylchloro silane

(MCM41-TMCS). Both unmodified and modified MCM-41 can adsorb the surfactant. The amount adsorbed in the
unmodified material is higher than that in the modified one. The interaction of Triton X-114 with MCM-41 was
hydrogen bonding between the silanol groups in MCM-41 and hydroxyl groups of Triton X-114. For modified
samples, Triton X-114 interacted with alkylsilyl groups mostly through hydrophobic interaction. It is more likely that
the interaction was through C12, C13, C26 and C27 of Triton X-114.
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INTRODUCTION

The widespread use of surfactants in industries as
well as at home is producing an important environmental
impact, especially in aquatic media. As a consequence,
it is required to remove such substances from the
environment. Non-ionic surfactants, such as Triton X-
114, have found widespread use in several domestic
and industrial applications such as cleaning, personal
care, crop protection, paint and coating, textile finishing,
emulsion stabilization, food and leather processing, and
ore refining. One of the largest applications of these
surfactants is in petroleum industries where they find use
in the operations involving foams, emulsions and liquid–
solid operations such as stabilization of fine particles and
sludge displacement [1]. It is well known that surfactants
with ramified hydrocarbon chains show high resistance
to biodegradation in aqueous media, leading to the
formation of long-standing foams. Several days or weeks
are required for the complete biodecomposition of
surfactants, which often leads to the formation of
persistent and even toxic metabolites. Adsorption is one
of the important and widely used methods for removal of
substances including surfactants from solution. It has
been reported that activated carbon and graphite [2,3],
unmodified and modified silica [4], silica gel [5,6], mica
[7], clays [8], polymers [9-12], and modified zeolite [13]
have all previously been used as adsorbents for the
removal of surfactants from aqueous environments.

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. One
example of mesoporous silica is MCM-41, discovered
in 1992 by Mobil Corporation [14,15]. In this research,
adsorption of nonionic surfactant (Triton X-114) in
MCM-41 and its modification will be discussed. The
molecular structure of the surfactant is given as follows:

The amount of surfactants adsorbed was
measured from the carbon content of the adsorbent
following adsorption.

13
C CP MAS NMR and FTIR

spectroscopy was used to study the mechanism of
interaction between the surfactant and mesoporous
materials. The method used for adsorption of the
surfactant in mesoporous materials was the stirring
method, which has been described in detail elsewhere
[16], in aqueous solutions for periods of 5 hours.

EXPERIMENTAL SECTION

A hydrothermal method was used to synthesize
MCM-41 as described in elsewhere [17] and
trimethylchloro silane (TMCS) were used as reagents
for silylation of MCM-41 using the procedure of [18]
with some modification to produce MCM41-TMCS.
Hydrostability of MCM-41 was tested by making use of
a Siemens D500 diffractometer using CuK ( =
1.5412 Å) as a radiation source. For in-situ
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Figure 1. Adsorption of Triton X-114 in MCM-41 as a
function of concentration

Table 1. The uptake of CTAC in MCM-41 and MCM41-
TMCS on a pore volume basis together with the
surfactant uptakes in mmol per gram and mmol/cm

3
.

Amount of Triton
X-114 adsorbedSamples

Pore
Volumes
(cm

3
/g) mmol/g mmol/cm

3

MCM-41 1.09 1.45 1.33
MCM41-TMCS 0.69 0.70 1.01

Figure 2. In situ FTIR spectra of (a) calcined MCM-41,
(b) MCM-41 after adsorption of 10

-4
M Triton X-114, and

(c) MCM-41) after adsorption of 10
-1

M Triton X-114.

experiments, a Bomem MB-100 Fourier Transform
Infrared (FTIR) spectrometer equipped with a mercury
cadmium telluride (MCT) detector was used to obtain
infrared spectra of samples. The

29
Si spectra were

measured on a Bruker MSL-300 NMR spectrometer,
using a Bruker 4 mm 4WB-BL probe, a Larmor
frequency of 59.61 MHz was used. The sample was
spun at a spin rate of 3 kHz and an acquisition time of
21.5 ms.

RESULT AND DISCUSSION

Adsorption of Surfactants in MCM-41 Materials

Before adsorption experiments were undertaken,
the hydrostability of MCM-41 was tested by stirring the

materials in water at room temperature for certain
periods of time and then the XRD patterns of the
materials were recorded. As has been reported in
earlier work [19], the structural order of MCM-41
remained unchanged after a stirring period of 5 h,
therefore the adsorption can be performed under this
condition. The adsorption of Triton X-114 was carried
out at concentrations both below and above critical
micelle concentration (cmc) for Triton X-114. Figure 1
displays the adsorption as a function of concentration
of Triton X-114.

It can be seen that the amount of Triton X-114
adsorbed below the cmc is 0.58 mmol/g, and the
amount of the surfactant adsorbed above the cmc is
0.79 mmol/g. This suggests that for Triton X-114, the
effect of micellization on surfactant adsorption is much
less pronounced, indicating that single molecules of the
neutral surfactant are readily adsorbed. This is different
compared to adsorbed cationic surfactant
cethyltrimethyl-ammonium chloride (CTAC), where
MCM-41 (C16) has a higher affinity for the micellar
form of CTAC than for single molecules of the
surfactant as has been observed in the previous work
[19].

Surfactant adsorption experiments were also
carried out by Inagaki et al. (1998) using FSM-16,
which is a mesoporous silica similar in structure to
MCM-41, as an adsorbent. In contrast with the results
observed in this study, Inagaki et al. reported that FSM-
16 showed a high uptake of micellar surfactants, both
cationic and neutral, but very low uptake of both
surfactants below their respective cmcs. The neutral
surfactant used by Inagaki et al.,
polyoxyethyleneoctylphenylether, differs significantly
from Triton X-114 however, in that it contains no
terminal hydroxyl group. This question of how Triton X-
114 single molecules interact with the MCM-41
adsorbents is considered further below. For the
purposes of comparing the amount of the surfactant
adsorbed by unmodified and modified MCM-41, a
standard surfactant concentration of 10

-1
M was

employed in experiments. The amount of surfactants
adsorbed in unmodified and modified MCM-41 at this
concentration is presented in Table 1. Modification of
MCM-41 with TMCS decreased slightly the uptake of
the surfactant. This is due to the decrease of pore
volume of the surfactant after being modified with
TMCS.

FTIR and NMR Studies of Adsorbed Triton X-114 in
MCM-41 Materials

FTIR spectra of adsorbed Triton X-114 in MCM-
41 can be seen in Figure 2. After adsorption of 10

-4
and

10
-1

M of Triton X-114 the peak at 3741 cm
-1

disappears, showing the interaction of the silanol
groups with Triton X-114. The peak centered at 3520
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Table 2. Chemical shifts of Triton X-114 peaks in solution and in calcined MCM-41 after adsorption of 10
-4

M and 10
-

1
M of the surfactant.

Uncertainty in chemical shift =  0.30 ppm

Figure 3.
13

C NMR spectra of (a) Triton X-114 solution
(in D2O), (b) calcined MCM-41 after adsorbed 10

-4
M

Triton X-114 and (c) calcined MCM-41 after adsorbed
10

-1
M Triton X-114. The solid samples (b and c) were

measured with
1
H cross polarization.

cm
-1

is also perturbed and shifts to lower wave number,
centered at 3350 cm

-1
. This strongly suggests that the

interaction is due to the hydrogen bonding between the
hydroxyl groups in Triton X-114 and the silanol groups of
MCM-41. Similar results were observed by Maeda, et al.
[5], who examined immobilization of enzyme in
molecular assembly of nonionic surfactant adsorbed on
silica gel. It was found that the interaction between the
hydrophilic group of Triton X-100 [C8H17-C6H4-(OCH2)9-10-
OH and silica gel surface was mainly due to hydrogen

Figure 4.
13

C CP NMR of (I) 10
-4

M and (II) 10
-1

M
Triton X-114 adsorbed in MCM-41 as different contact
times: (a) 2 ms and (b) 5 ms.

bonding.
13

C CP NMR spectra of adsorbed Triton X-114
in MCM-41 are presented in Figure 3. There are 11
peaks observed in the solution NMR spectrum. From
literature [20], 17 peaks were obtained. Here, peaks
C8, C10 and C11, which have similar chemical shift,
appear as one peak whereas in the literature they were
resolved. The chemical shifts of peaks found in

13
C

NMR of Triton X-114 in solution and in MCM-41
materials are tabulated in Table 2. There is a general
broadening of all peaks relative to the solution
spectrum, particularly in the region 60-80 ppm. The
broadening and loss of resolution of peaks due to
carbons 26 and 27 is consistent with the suggested
interaction of the hydroxyl end of the molecule with the
MCM-41 pore walls.

The spectra shown in Figure 3 were measured
with a contact time of 2 ms. Figure 4 displays spectra
of MCM-41 after adsorbed 10

-4
and 10

-1
M Triton X-114

measured with contact times of 2 and 5 ms. The main
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Figure 5. In situ FTIR of adsorbed Triton X-114 in
MCM41-TMCS before (a) and after (b) adsorption.

difference observed when different contact times were
used, is that the intensity of the peak at 70.9 ppm (C14-
C25) using the 5 ms contact time is lower than that using
the 2 ms contact time. The intensities ratio of C14-C25
to C8, C10, C11 using the large contact time is about 3
times higher than that using the small contact time for
both concentrations. This suggests that there is a
difference in the effectiveness of cross polarization with
the different contact times. The cross polarization of
C14-C25 at a contact time of 5 ms is less effective than
that measured at a contact time of 2 ms, implying
mobility of C14-C25 is higher than that of C8, C10 and
C11. Another difference observed is that for the
concentration of 10

-4
M, several peaks at higher

chemical shift (peaks of carbon in the benzene ring) can
not be seen when the measurement was performed
using a contact time of 5 ms. This indicates that proton
cross-polarization to the aromatic carbons does not
occur efficiently in the adsorbed species due to the
motion of the aromatic head group of Triton X-114 within
the pore of MCM-41.

FTIR spectra of Triton X-114 in modified MCM-41
can be seen in Figure 5. There is an increase in intensity
of the C-H bending mode in modified MCM-41 after
Triton X-114 adsorption, indicating an interaction
between modified MCM-41 and Triton X-114. There is
also shift in the broad peak centered at 3520 cm

-1
to the

broad peak centered at 3380 cm
-1

observed. This may
be caused by hydrogen bonding between Triton X-114
molecules containing OH groups or between OH groups
of Triton X-114 and water molecules.

13
C CP NMR spectra of Triton X-114 in modified

MCM-41 are presented in Figure 6. The peak of methyl
groups in MCM41-TMCS (at -1.5 ppm) is perturbed and
shifted to higher chemical shift (at 1.3 ppm). It is also
noted that the peaks of Triton X-114 in MCM41-TMCS,
particularly C27 (72.4 ppm), C12 (67.7 ppm) and C26
(60.9 ppm), are influenced by these interactions. The
peak of C27 is not well resolved for the modified sample
and peaks at 67.7 and 60.9 ppm shift to 61.6 and 57.3
ppm for MCM41-TMCS. These results confirm that there

Figure 6.
13

C CP NMR of (a) MCM41-TMCS and (b)
MCM41-TMCS after adsorption of 10

-1
M Triton X-114.

is a hydrophobic interaction between the methylsilyl
group and Triton X-114, more likely with C12, C26, C27
and maybe also with C13. The lack of resolution of the
C27 peak may be caused by hydrogen bonding
between OH groups, attached to C27 in the molecules
of Triton X-114.

CONCLUSION

From the results observed above, it can be
summarized that both unmodified and modified MCM-
41 can adsorb the nonionic surfactant (Triton X-114).
The interaction of Triton X-114 with MCM-41 was
hydrogen bonding between the silanol groups in MCM-
41 and hydroxyl groups of Triton X-114. For modified
samples, Triton X-114 interacted with alkylsilyl groups
mostly through hydrophobic interaction. It is more likely
that the interaction was through C12, C13, C26 and
C27 of Triton X-114.
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