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Abstract: In this study, we successfully coated cetyltri-
methylammonium–silica on magnetite. The material
produced is used to degrade phenol waste in the waters.
The effect of the addition of cetyltrimethylammonium
bromide (CTAB) on the ability of phenol adsorption was
assessed through changes in CTAB concentration of 1, 5,
and 10mM. The results of Fourier-transform infrared
spectroscopy explain that CTAB has electrostatic inter-
actions with the silica surface, which is induced by
opposite-loaded patches on the opposite surface of silica
oxide. The results of the vibrating sample magnetometer
show that the magnetite that has been coated by
silica–CTA has magnetic properties that are weaker
than the initial magnetite, which indicates that the
silica–CTA layer has blocked the magnetite. Based on
the measurement of the gas sorption analyzer, the
largest pore size is in the micro-mesh region, which is
between 2 and 6 nm. All magnetite-silica–cetyltrimethy-
lammonium (MS–CTA) showed good adsorption ability
of phenol and correlated with the amount of loaded
CTAB and admicelle density of the adsorbent. The
amount of phenol adsorbed increases proportionately with
the increasing density of CTAB admicelles. The maximum
phenol adsorption capacity (0.93mg g−1 adsorbent) is
achieved by MS–CTA prepared at a CTAB concentration
of 10mM.

Keywords: adsorption, CTAB, magnetite-silica, phenol,
admicelles

1 Introduction

This research focuses on the preparation of adsorbents
using magnetite-silica to treat harmful pollutants such
as phenol in water. Handling of phenol is essential
because the maximum safe concentration is 1 μg L−1 [1];
otherwise, phenol can be toxic and harmful to aquatic
life and humans. Water treatment technology for phenol
degradation is needed to preserve the water quality for
human survival and health. Dorigon et al. [2] synthesized
mesoporous magnetite-silica–cetyltrimethylammonium
bromide (MS–CTAB) for adsorption of dodecylbenzene
sulfonate, whereas Ingole et al. [3] used carbon banana
peels for adsorption of phenol. Thus, in this study, we
synthesized CTA–silica magnetite for use in phenol
adsorption.

Magnetite is the material that has the strongest
magnetic properties [4] and hence it has the potential for
the establishment of the next-generation adsorbents for
efficient wastewater treatment in large volumes and rapid
separation using an external magnetic field [5]. In this
study, magnetite coating with silica aims to support
beneficial properties such as chemical safety, thermal
properties, and the role of functional groups in protecting
the surface of magnetite [6]. The basic principle of this
research is the sol–gel reaction in which the transforma-
tion of the Si–O–H group into siloxane (Si–O–Si) through
a condensation reaction occurs [7]. Sodium silicate
(Na2SiO3) is hydrolyzed to silicic acid, which is then
condensed to produce silanol and siloxane.

The silanol that is obtained as a result of the sol–gel
process provides a means to modify the surface of the
silica with various functional groups so that it can be
adjusted as required. Surface modification of magnetite-
silica can be done using surfactants. Surfactants are
absorbed on the surface of hydrophilic solids by forming
aggregates such as micelles/admicelles when the con-
centration is above the critical micelle concentration
(CMC), i.e., 0.92 mmol L−1 [8]. This admicelle interacts
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with dissolved ions/nonions in micelles through a
mechanism called adsolubilization, including organic
substances [9]. Adsolubilization can be used to reduce
organic pollutants from wastewater through the absorp-
tion or increase of pollutant concentrations on the
surface of the adsorbed surfactant aggregates [10].

The surfactant cetyltrimethylammonium bromide
(CTAB) can be used for magnetite-silica functionaliza-
tion. This cationic surfactant attaches to the silica
through interaction with the siloxane group [11], and
the positive charge on the surfactant head can interact
electrostatically with the negative charge of phenolic
ions [12,13]. The functionalization of magnetite-silica
with CTAB can increase the adsorption capacity of silica
to phenols. Monolayers of rod-shaped micelles are
formed when the surfactant concentration is equal to
or less than the CMC. In contrast, bilayers (admicelles)
are formed on the surface of silica magnetite when the
surfactant concentration in the solution exceeds CMC
[13], as shown in Figure 1.

When CTAB was added to the system, ionic interactions
between the negative charge of silanol and the positive
charge of the amine group on CTAB occur, thus making the
carbon chain tail turn away from the silica surface. This
implies that the bonding between silica and CTAB is due to
electrostatic interaction. The amine peak of CTAB at a
wavelength of 1,389 cm−1 indicates electrostatic interaction
with the negative charge of the silica surface [14].

CTAB has a methylene tail, which gives sharp peaks
at 2,924 and 2,850 cm−1. Thus, by monitoring the change
in the intensity of the methylene tail, information about
the dynamic equilibrium from CTAB absorbed in silica
can be obtained. According to Ninness et al. [15] by

knowing the frequency and width of the methylene tail
peak, which is sensitive to the ratio of the gauche trans
conformer, information on the structure of the surfactant
density can be obtained [15].

Previous studies have shown that the methylene tail
in the micelle has a stretching mode with a frequency of
2,924 cm−1 and full width at half maximum (FWHM) specific
to the characteristic of surfactant tail, typical for CTAB
micelles above the oxide surface. The peak intensity of
1,396 cm−1 indicates the number of CTAB molecules that bind
themselves through electrostatic interactions with the nega-
tive charge of the silica surface. The wavelength intensity
ratio of 1,396 cm−1 as a representation of the number of CTAB
molecules adsorbed on the surface of silica through
electrostatic interactions compared to wavelength of
2,924 cm−1 (the number of CTAB molecules adsorbed due to
hydrophobic interactions) is the aggregate percentage of
CTAB molecules interacting with the silica surface [16].

Based on the above, synthesis of silica cetyltrimethyl-
ammonium magnetite (MS–CTA) as an adsorbent with
magnetite obtained from iron sand as a breakthrough
technology for effective and inexpensive absorption of
phenols was carried out. MS–CTA was characterized by
Fourier transform infrared (FTIR) and gas sorption
analyzer (GSA) to find the CTAB micelle structure in
adsorbents. The magnetic properties of natural magnetite
and silica-coated natural magnetite were determined by
the vibrating sample magnetometer (VSM). The effect of
pH was observed to obtain the optimal application of
these adsorbents to adsorb phenol.

2 Experimental

2.1 Reagents and equipment

All reagents were of analytical grade and used immedi-
ately after receipt. Reagents used include sodium
silicate, hydrochloric acid, CTAB (99%), sodium hydro-
xide, 1,10-phenanthroline, sodium acetate, hydroxyl-
amine hydrochloride, phenol, sodium nitroprusside,
sodium dihydrogen phosphate, and distilled water.

2.2 Synthesis of MS–CTA

Magnetite-silica was prepared according to the pre-
viously reported method carried out by Zhao et al. [6]
with a few modifications. Magnetite was taken from iron

Figure 1: Typical structure of the surfactant aggregates formed on
the surface of magnetite-silica [13].
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sand using permanent magnets with a diameter of 15 cm
and a thickness of 4 cm. Magnetite was mashed by
grinding using a Retsch PM400 Ball mill. The magnetite
was then dried using a Memmert oven at 80°C for 4 h
and then sieved with a 45 µm sieve. A 10% sodium
silicate solution was added dropwise into magnetite. The
ratio of the mass of magnetite to Na2SiO3 10% was 1:20.
To the mixture, 3 M HCl was added to obtain a pH value
of ∼7. Then, the mixture was stirred for 3 h, with the
temperature maintained at 80°C. Finally, the formed
silica magnetite was washed thoroughly with distilled
water until it was free of chloride ions, and a neutral pH
was obtained [6]. The silica magnetite was then heated
at 80°C in an oven for 24 h and called MSA0.

Then in 250mL of CTAB solution with concentra-
tions of 1, 5, and 10mmol L−1, 10 g of MSA0 was added to
each. Then, the mixture was stirred with a magnetic
stirrer for 24 h and filtered. The solid was washed with
distilled water repeatedly until no Br− ions were detected
with no deposits forming in the filtrate by dropping
AgNO3. Magnetite-silica–cetyltrimethylammonium (MS–
CTA) was then dried at 50°C for 24 h in an oven [17].
Magnetite-silica with the addition of 1, 5, and 10mmol L−1

CTAB solution was represented as MSA1, MSA2, and
MSA3.

2.3 Characterization of MS–CTA

The functional group of MS–CTA was analyzed using
FTIR. The spectrum of the sample was recorded with a
Shimadzu-8201 PC FTIR spectrometer using a KBr disc
technique. The spectrum was collected in the range of
400–4,000 cm−1. Surface and pore characteristics were
analyzed using the Brunauer–Emmett–Teller method
through N2 adsorption and desorption at liquid N2

temperature using the Quantachrome GSA Instrument.
The concentration of phenol uptake in aqueous solu-
tions before and after adsorption was determined using
a UV-Vis spectrophotometer (Genesys 10 Thermo
Scientific).

2.4 Determination of influence of pH on
phenol adsorption

A total of 15 mL of phenol solution with a concentration
of 10 mg L−1 was filled into the test tube. The acidity of
the phenol solution was adjusted to a pH of 5, 7, 9, or 11

by adding a few drops of 0.1 M HCl or NaOH. Next,
100mg of MS–CTA was added to the phenol solution.
The test tubes were placed into the shaker and rotated at
200 rpm at room temperature with a time variation of 0,
1, 2, 3, 4, 5, and 6min. The solution was filtered with a
fine filter paper, and then the filtrate was analyzed to
determine the concentration of the remaining phenol
using a UV-Vis spectrophotometer. Adsorption capacity
is determined based on equation (1), where initial and
time t concentration (mg L−1) is denoted as C0 and Ct,
respectively, m is the adsorbent quantity (g), V is the
solution capacity (L), and qt is the adsorption capa-
city (mg g−1).

=

( − )⋅q C C V
mt

t0 (1)

Ethical approval: The conducted research is not related
to either human or animal use.

3 Results and discussion

3.1 Characteristics of MS–CTA

The FTIR spectra are presented in Figure 2. All spectra
show the characteristics of silica spectra. The presence
of silica in magnetite is shown by the emergence of a
strong SiO2 peak, which consists of symmetrical
stretching of Si–O–Si at 795 cm−1, stretching vibration
of Si–OH at 964 cm−1, and asymmetric stretch of Si–O–Si
at 1,096 and 1,233 cm−1 [18–20]. The presence of broad
peaks in the range 3,200–3,750 cm−1 and peaks at
1,628 cm−1 is related to OH groups in adsorbed silanol
and water molecules [21]. The presence of magnetite is
characterized by the presence of a Fe–O peak at a
wavelength of 471 cm−1 [22]. Two intense peaks at
around 2,924 and 2,855 cm−1, respectively, are the peaks
of the asymmetrical and symmetrical stretching of
C–CH3 from the methylene chain originating from the
CTA. This is in line with the emergence of weak peaks in
the region of 2,940 to 2,963 cm−1 in the solid CTAB
spectrum arising from asymmetric stretching of C–CH3

and symmetrical stretching of N–CH3 symmetries. The
peak at 1,483 cm−1 is the asymmetric (CH3–N+) deforma-
tion mode (δas CH3–N

+) of the CTAB head group, and the
peak is sensitive to packing density [16]. The appearance
of these peaks indicates that CTAB is in magnetite-silica.
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All three spectra show similar shapes, which indicate
that the chemical environment and functional groups of
each material are almost the same.

Figure 2b shows that the methylene stretching mode
(2,924 cm−1) has an almost fixed position of frequency
and FWHM. Nevertheless, at a wavelength of 1,381 cm−1,
significant changes were found, as shown in Figure 2c.

The intensity of each vibration is shown in Table 1. The
ratio between peak intensities at wavenumbers
1,381 cm−1 and 2,854 cm−1 is compared. It is seen that
the value of the ratio of the peak wavelength changes
when the type of material changes.

The CTAB head group attached to the MSA1 surface
appears to be in a normal condition with wavenumbers

Figure 2: FTIR spectrum result for various MS–CTA: (a) all spectra, (b) inset spectrum of methylene group of CTAB, and (c) inset spectrum of
the amine group of CTAB.

372  Choiril Azmiyawati et al.



1,381 and 1,460 cm−1 in the FTIR spectrum. This showed the
initial stage of micelle formation in accordance with the
characteristics of micelles at a concentration of 1 mM, which
is CMC, as shown in Figure 1. The addition of CTAB with
concentrations higher than CMC, which were 5mMMSA2 and
10mM in MSA3, showed slight changes in vibration in CH2

strains at wavelengths of 2,924 and 2,853 cm−1 and significant
changes in wavenumbers 1,381 and 1,460 cm−1. This showed
an increase in the density of the CTAB aggregate structure
attached to silica. Thus, it can be said that the formation of
admicelles on MSA2 and MSA3 is possible. The magnetism of
natural magnetite and CTA–silica magnetite is shown by the
results of VSM in Figure 3. The magnetism value for natural
magnetite obtained from “Pantai Baru” sand is 45 emug−1,

whereas for magnetite that has been coated with silica the
value is around 2.5 emug−1. A very significant decline of
around 50 times in magnetism was observed. These data
indicate that magnetite coatings have been successful.

The nitrogen adsorption–desorption isotherm for
MSA0 is shown in Figure 4a. The figure is a graph of the
amount of nitrogen adsorbed according to the relative
pressure of P/P0 of MSA0. It shows a pattern where there is
a rapid increase in the region of low relative pressure (P/P0),
then a slow rise in the middle, and it rises again rapidly as
P/P0 approaches one. The first increase occurred because
the absorbed gas molecules create a single layer filling, then
in the higher P/P0 area, the addition of this gas molecule
formed a multilayer layer filling where the absorbed gas
molecules condensed. The hysteresis loop occurred in the
middle region. The isotherm adsorption ensued was a type
IV isotherm, which is the adsorption from mesoporous
solids with a surface area of 337.5m2 g−1 and a pore size of
8.7 nm, thus supporting the fact that MSA0 was mesoporous
as shown in Figure 4a.

The addition of CTAB to silica magnetite changes the
surface character which is marked by the narrowing of
the hysteresis loop, which indicates a decrease in
surface area. It is estimated that CTAB added to silica
fills the inner silica pores so that the silica surface area
decreases to 84–87 m2 g−1 and the pore size narrows to
1.8 nm. These results are consistent with studies which
state that the more the CTAB is added, the more the
surface area of silica decreases [14].

Figure 4b presents a graph of pore size distribution
based on the Barret-Joyner-Hallenda (BJH)method. There are
two pore regions at 1.8 and 3.7 nm (Figure 4b). These results
support the indication that CTAB micellization occurs on the
surface of silica at a concentration of 1mM according to CMC
[23]. The effect of adding CTAB causes a decrease in the
average pore diameter which experiences an expansion of
the distribution at 5.0–6.6nm, as shown in Figure 4c and d.
It appears that the addition of CTAB over silica causes a
change in the surface character of the adsorbent. This change
was probably due to the addition of micelle density as CTAB
concentration increased. Previous research confirmed that
change in concentration changes the structure of the micelle
into a bilayer with a micellar diameter size of 2.3 nm [24].

3.2 Effect of pH and contact time on phenol
adsorption

MS–CTA is expected to be a suitable adsorbent for
aromatic compounds such as phenols. Phenol is an
undesirable compound in water because of its high level

Table 1: Vibrational intensity of the functional groups in CTAB

Vibration Wavenumber
(cm−1)

Intensity

MSA1 MSA2 MSA3

CH3–N (with silica oxide) 1,381 20.0 28.4 31.6
CH3–N (free) 1,460 21.9 29.8 33.5
–CH2 2,854 19.0 19.4 23.1
–CH2 2,923 16.5 16.8 19.2
Ratio of 1,381/2,854 1.05 1.46 1.36

Figure 3: Fe3O4 hysteresis curves without (a) and with the addition
of silica–CTA (b) using VSM.
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of toxicity and low level of nature. Adsorption of phenols
by MSA–CTA is expected to occur based on the
mechanism of acid–base reaction. The reaction between
phenol and CTAB is estimated to occur as shown in
Figure 5, where R is the methylene tail of CTAB.

The concentration of hydrogen ions played an
essential role in the phenol adsorption process with

magnetite-silica. The effect of pH on phenol capacity is
shown in Figure 6. At pH 11, phenol adsorption was very
high (up to 78%) when compared to those at pH 5, 7,
and 9 (only about 20%). This can be explained by the
assumption that CTAB’s functionalized silica magnetite
surface positively increases the electrochemical inter-
action between phenol and adsorbent. It is known that

Figure 4: (a) N2 adsorption–desorption isotherm of MSA0, (b) pore distribution of MSA1, (c) pore distribution of MSA2, and (d) pore
distribution of MSA3.

Figure 5: Reaction scheme between CTAB and phenol.
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the degree of phenol ionization is highly dependent on
the pH of the solution. When the pH of the solution is
higher than the pKa value of phenol of +9.92, the phenol
will dissociate into phenolic ions (C6H5O

−). These
phenolic ions are easily attracted to the surface of the
adsorbent, which tends to be positively charged due to
the presence of a CTA head on top of magnetite-silica
which acts as a double micelle. Conversely, if the pH is
low, the presence of H+ ions will cause an electrostatic
repulsion in phenol, which will reduce the adsorption
capacity of phenols by CTA which is in silica magnetite
[24]. From these data, pH 11 was the optimum condition
for the absorption of phenol with MS–CTA.

Figure 6 shows that phenol–CTA interactions are
preferred under basic conditions as a consequence of
strong electrostatic interactions between negatively
charged phenolic ions and positive charges from the
cationic surfactant head group of micelles. Although it is
in a neutral pH condition, this fact is supported by the
opinion of Sabatino et al. [12] which states that phenol
molecules are specifically located in the outer micelle
region under neutral pH conditions (6.70). Conversely,
at a more alkaline pH (9.94), the deprotonated phenol
molecule (C6H5O

−) is immersed in the micellar layer of
micelles when adsolubilization occurs.

4 Conclusion

Magnetite-silica had been synthesized using CTAB as a
surface modification agent. The intensity ratio of the
wavelength of 1,396 cm−1 as a representation of the
number of CTAB molecules adsorbed on the surface of
silica through electrostatic interactions compared to the

wavelength of 2,924 cm−1 (the number of CTAB mole-
cules adsorbed due to hydrophobic interactions) was the
aggregate percentage of CTAB molecules that interacted
with the surface of silica. When the added CTAB concentra-
tion is greater than CMC, micelle/admicelle will form which
is evidenced by a narrower and more regular pore size
distribution, which is around 1.8 and 3.7 nm. The
adsolubilization of phenol in CTAB micelles is profoundly
affected by pH, indicating that the phenol–CTAB is present
under neutral pH conditions but is most favored under basic
conditions as a consequence of the strong electrostatic
interaction between the negatively charged phenolic ions
and the positive charge of the cationic surfactant head
group of micelles.
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