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 Abstract: In this study, a superparamagnetic composite of magnetite-
cetyltrimethylammonium bromide (CTAB) has been prepared by the coprecipitation 
method and then applied as a charge-selective adsorbent of anionic methyl orange (MO). 
The VSM (Vibrating Sample Magnetometer) measurement suggests the 
superparamagnetic property of MNPs (Magnetite Nano Particles) with a magnetic 
saturation of 49.2 emu g–1. The SEM image exhibits the significant difference in particle 
size from nanometers in uncoated magnetite to micrometers in magnetite-CTAB. 
Calculations with ImageJ software indicate that the diameter of the composite is in the 
range of 2–13 µm, with an average diameter of 6.56 µm, possibly consisting of hundreds 
to thousands of magnetite-CTAB micelles. The adsorption kinetics of MO over magnetite-
CTAB follows the pseudo-second-order adsorption model of Ho and McKay with a rate 
constant (k2) of 3.54 × 103 g mol–1 min. The adsorption isotherm is well described by the 
Langmuir model with a Langmuir constant (KL) of 7.46 × 104 L mol and a maximum 
capacity (qm) of 27.9 mg g–1. The developed material is intriguing because it can be easily 
and quickly recovered using an external magnet after adsorption and selectively adsorbs 
anionic dyes. 
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■ INTRODUCTION 

Dyes are one of the primary sources of 
environmental contamination. The total amount of dyes 
used worldwide is estimated at over 107 kg per year, 
mainly originating from the textile industry [1]. Textile 
fibers have polar groups that can form a dipole-dipole 
bond with auxotrophic groups on dyes that are also polar 
[2]. Dyes are readily soluble in organic solvents or water, 
so they are difficult to remove by various physical, 
chemical, and biological methods [3]. The main problem 
with using reactive dyes in textiles is that not all of these 
dyes are adsorbed by the fabrics because the binding 
efficiency of fibers to the dyes is only 60–90%. The dyes 
that are not absorbed by the fibers are released into the 
environment and become hazardous waste [4]. 

Pollution of textile dyes in the water causes aesthetic 
damage, blocks light penetration, and interferes with the 
photosynthesis of aquatic plants, such as algae [5]. Textile 

dyes are also toxic, mutagenic, and carcinogenic [6-7]. 
Based on the charge of the dye molecule when ionized in 
water, two types of dyes can be mentioned, e.g., cationic 
and anionic dyes [8]. Due to its dangerous effect on the 
environment, several techniques for dye removal from 
water have been proposed. These include 
coagulation/flocculation, ozonization, oxidation, 
filtering with membrane, electrochemical processes, 
photocatalytic degradation, and adsorption [9]. Among 
those various techniques, adsorption normally becomes 
the choice because it is the most practical, simple, 
efficient, and economical way. Various types of 
adsorbents have been reported to be used for the 
adsorption of dyes, including zeolite, bentonite, 
sepiolite, smectite, mesoporous silica, orange peel, 
chitosan, alginate, and magnetite (Fe3O4) [1]. Although 
most of these materials are effective and efficient as 
adsorbents for the dyes, their handling after the 
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adsorption process becomes a serious problem because 
they are not easily recovered and separated from the 
pollutants. Therefore, a new adsorbent that can be easily 
separated and recovered, such as magnetite materials, 
should be developed. 

It has been well known that superparamagnetic 
materials, such as magnetite nanoparticles (MNPs) with a 
particle size of less than 25 nm can be attracted by 
magnetic fields. Still, their magnetic properties will be lost 
when the magnet is removed [10]. This unique property 
makes it suitable to be used as a dye adsorbent. After the 
adsorption process, the adsorbent can be separated 
quickly by an external magnetic field, so it does not 
require centrifugation or filtration, which is usually 
required when other non-magnetite adsorbents are used. 
However, superparamagnetic materials such as MNPs 
synthesized in this study have limitations. For example, 
they tend to attract each other and agglomerate to form a 
bulk phase due to their magnetic properties. One strategy 
that can be used to prevent the formation of 
agglomeration is to trap the MNPs using surfactants as 
soon as they are formed so that their superparamagnetic 
property can be maintained. Cetyltrimethylammonium 
bromide (CTAB) is one of the most widely used cationic 
surfactants for such purposes. It will be ionized in water, 
resulting in cationic CTA+ and anionic Br–. The cationic 
CTA+ will interact with the surface of magnetite to form a 
positive layer on the surface of magnetite so that it can be 
used to adsorb selectively anionic dyes. 

It has been previously reported that the isoelectric 
point of magnetite is at around pH = 7 [11-12]. The 
synthesis of magnetite is generally carried out at a 
relatively high pH, i.e., pH = 11 [13], so its surface will be 
negatively charged. In the case of magnetite-CTAB 
preparation, spherical micelles in which the double-
layered CTA+ becomes a shell covering the MNPs core 
can be produced under these circumstances if an 
appropriate amount of CTAB is introduced into the 
MNPs sol [14]. The positive head of the CTA+ polar 
groups in the first layer will face the center of the sphere 
containing MNPs and interact electrostatically with the 
negatively charged MNPs surface. Meanwhile, the 
hydrophobic groups of CTA+ interact hydrophobically 

with other hydrophobic groups of CTA+ positioned in 
the second layer [14]. The remaining polar groups of 
CTA+ in the second layer are located on the surface of 
the spherical micelles, giving a positive charge to the 
double layer surface. Therefore, the material will adsorb 
anionic pollutants such as methyl orange (MO) by 
electrostatic interactions. So far, there have been 
extensive reports dealing with the synthesis and 
application of magnetite-CTAB composites [2-3,5-7]. 
However, to the best of our knowledge, there is still no 
work focusing on optimizing the CTAB mass in the 
synthesis. Yet, this parameter is crucial to be optimized 
to get the exact double-layer material with positively 
charged surfaces. 

Furthermore, the application of these magnetite 
materials as charge-selective adsorbents of anionic dyes 
such as MO is also hardly reported, although the 
removal of MO by adsorption methods has been 
reported by many workers [10,15-18]. Chen et al. [10] 
have studied the kinetics and adsorption mechanism of 
methyl orange by surfactant modified silkworm exuviae. 
Protonated cross-linked chitosan has been used to 
adsorb MO [15], and the determination of biosorption 
conditions of MO by biomaterials of humicola fuscoatra 
has also been conducted [16]. The role of surface and pH 
on the adsorption behavior of MO onto wheat bran has 
been reported by Alzaydien [17], while an equilibrium, 
kinetic, and thermodynamic study of the removal of MO 
from aqueous solution via adsorption on cork as a 
natural and low-cost adsorbent has also been carried out 
[18]. None of the reported adsorbents used for this MO 
adsorption are magnetite materials. 

Recently, Fisli et al. [19] have reported the 
synthesis of magnetite-CTAB and used the material for 
MO removal. However, the procedure used in this 
report did not control pH up to pH 11, did not optimize 
the mass of CTAB added, did not maintain the inert 
atmosphere, and used conventional mixing. As 
mentioned above, control of pH, as well as the amount 
of CTAB added to the reaction, are essential to get 
exactly a double layer with positively charged surfaces. 
Moreover, inert atmosphere control is also important to 
ensure that Fe2+ is not oxidized into Fe3+ during the 
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process. If this happens, magnetite will not be produced; 
instead, Fe2O3 will be obtained. In addition, conventional 
mixing by stirrer is also used in this report so that the 
reaction time is longer. In the present work, we introduce 
a new modified procedure for synthesizing magnetite-
CTAB composite. The synthesis was done in the nitrogen 
atmosphere, and the addition of CTAB was optimized to 
get a double layer on the surface of magnetite so that the 
charge on the surface is positive. To speed up the reaction, 
ultrasonic mixing has also been used in the reaction. The 
obtained materials were characterized by FTIR, XRD, 
VSM, and SEM and then used for the adsorption of MO 
from aqueous samples. MO has been used as an anionic 
target in this study because it is extensively used in textile 
industries and is normally difficult to remove from water 
[1]. In the adsorption study, some parameters influencing 
the adsorption, including pH, contact time, and initial 
concentration, were optimized. Evaluation of kinetic 
adsorption was done by applying three types of kinetic 
models, e.g., Lagergren, Ho and Mckay, and Langmuir-
Hinshelwood, while for isotherm adsorption, Langmuir 
and Freundlich were applied, and the recovery of the 
adsorbent using an external magnet was determined after 
adsorption. Meanwhile, Fisli et al. [19] used only one 
model for each parameter in the adsorption study of MO, 
i.e., the Ho and McKay kinetic model and the Langmuir 
isotherm model, and no recovery of adsorbent was 
conducted. Moreover, as the magnetite (MNP) is 
positioned deep in the core of the micelle, it is expected 
that it will be more protected from oxidation. As a result, 
the composites will have a long duration or high stability 
magnetic properties. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study included CTAB (≥ 
98% purity Merck, Germany), FeSO4·7H2O (≥ 99% purity 
Merck, Germany), FeCl3·6H2O (≥ 98% purity Merck, 
Germany), NH4OH (27% purity Merck, Germany), MO 
(85% purity Merck, Germany), and methyl violet (MV, 
75% purity Merck, Germany). The chemicals were used as 
purchased, and no further purification was performed. 

Distilled water was obtained from CV. Progo Mulyo 
Yogyakarta, Indonesia. 

Instrumentation 

The Bransonic 220 ultrasonic device was used as an 
ultrasonic beam source with a heating power of 100 W 
and a frequency of 48 kHz at 25–32 °C (room 
temperature). An X-ray diffractometer (XRD, Shimadzu 
XD-3H) was used to obtain the X-ray diffraction pattern, 
using CuKα powder irradiated at λ = 0.15418 nm. 
Shimadzu FTIR-8010PC was used for FTIR spectroscopic 
analysis, and the spectrum was recorded at a wavelength 
of 4000–400 cm–1 at room temperature using the KBr 
disc technique. A vibrating sample magnetometer (VSM 
Oxford 1.2H) was used to analyze the magnetic 
properties of the samples, using a magnetic field of up to 
1.600 kA m–1 at room temperature. Scanning Electron 
Microscope (SEM, JEOL JSM-6510LA) was used to 
obtain the surface images of samples. The ImageJ 
software was used to process the obtained images. 
Spectrophotometer UV-Vis (Shimadzu UV-1700 E) was 
used to analyze the concentration of MO and MV at the 
λmax of 464 nm and 582 nm, respectively. 

Procedure 

Synthesis of magnetite-CTAB 
The new approach of magnetite-CTAB synthesis 

was developed by our groups here with the following 
procedure. Firstly, the nanocomposites of Magnetite-
CTAB were synthesized by coprecipitation method, i.e., 
by adding NH4OH (27%) solution dropwise into 100 mL 
of a solution containing FeCl3·6H2O (4.055 g), 
FeSO4·7H2O (2.085 g), and various masses of CTAB 
(0.365, 1.823, and 3.645 g) until the pH reached 11, and 
then the mixture was sonicated for 15 min. A flow of N2 
gas was continuously bubbled to the reactor to avoid 
oxidation by O2 during the reaction. The precipitate was 
removed from the mixture by an external magnet, 
washed with distilled water to neutral pH, dried in an 
oven at 100 °C for 3 h, and stored in a desiccator. Each 
product was denoted as magnetite-CTAB-0.01, 
magnetite-CTAB-0.05, and magnetite-CTAB-0.10, 
respectively. A similar procedure but without CTAB was  
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used to synthesize the uncoated magnetite. All products 
were characterized by FTIR, XRD, and one product that 
gave the best performance during the preliminary test, 
e.g., magnetite-CTAB-0.10, was further characterized by 
SEM and VSM methods as an example.  

Adsorption study 
The determination of adsorption capacity as a 

preliminary test of different adsorbents was carried out by 
interacting the composite of magnetite-CTAB-0.01 (25 
mg) with MO solution (10 mg L–1, 20 mL) at pH 7. The 
mixture was then shaken for 2 h. The selection of pH 7 
was based on the pH PZC of magnetite, which is around 
7, so that the double layer of CTAB was maintained. After 
adsorption, the adsorbent was recovered using a magnetic 
bar, and the concentration of MO in the filtrate was 
analyzed by UV-Vis spectrophotometry at the λmax of 464 
nm. Next, similar experiments were carried out using 
magnetite-CTAB-0.05, magnetite-CTAB-0.10, and 
uncoated magnetite, respectively, as an adsorbent. To test 
the selectivity of the adsorbent towards anionic dyes, 
similar experiments using cationic MV were also carried 
out using the same adsorbents and the same procedure as 
used for MO, except that the spectrometric analysis of MV 
in the filtrate was done at the λmax of 582 nm. The 
following Eq. (1) [20] was used to calculate the adsorption 
capacity of both MO and MV: 

( )o t
e

C C V
q

m
−

=  (1) 

in which qe is the adsorption capacity (mg g–1), Co is the 
initial concentration (mg L–1), Ct is the concentration at 
time t (mg L–1), V is the volume of the solution (L), and m 
is the mass of the adsorbent (g). 

Further experiments were the determination of 
optimum conditions for the adsorption MO, and it was 
done only to the adsorbent with the highest adsorption 
capacity of magnetite-CTAB. The effect of pH on the 
adsorption capacity was studied using the same 
experiments but with pH variations in the range 4–9. The 
adsorption kinetics was studied by doing the same 
experiments but with variations of contact time of 5, 10, 
15, 30, 60, 90, 120, 150, 180, 210, 240, and 270 min at the 
optimum pH. The obtained data were evaluated using 
several kinetic models such as Lagergren, Ho-McKay, and 

Langmuir-Hinshelwood models. For the adsorption 
isotherms study, the same experiments were also done 
but with variations of dye concentration, namely 5, 10, 
15, 20, 25, 30, 35, 40, 45, and 50 mg L–1 at the optimum 
pH and contact time. The data were evaluated using 
Langmuir and Freundlich Isotherms equations. The 
recovery test was carried out by separating the used 
adsorbent from outside the tube wall using an external 
magnet after the completion of the adsorption process. 

■ RESULTS AND DISCUSSION 

FTIR Analysis 

FTIR spectra of uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10 (Fig. 1) show the peak at wavenumbers of 
572, 586, 586, and 590 cm–1, which is characteristic for 
the stretching vibration of the Fe–O bond on magnetite 
[21-22]. The shift of Fe-O absorption from 572 cm–1 in 
uncoated magnetite to 586–590 cm–1 in magnetite-
CTAB indicates the alterations in the surface 
environment of MNPs caused by an interaction between 
the MNPs and the adsorbed CTAB molecules [3]. The 
weak adsorption at 3400 cm−1 in all spectra was caused 
by stretching vibration of O–H− adsorbed on the MNPs 
surface, while the peak at 1627 cm−1 comes from the 
bending vibration of the hydroxyl group on the 
adsorbed water [22]. 

In Fig. 1(b-d), the peaks appearing at 
wavenumbers of 2924 and 2854 cm–1 are due to the –CH 
and –CH3 vibrations from CTAB, respectively [7,22]. 
Also, the bending vibration bands of the head [N(CH3)3] 
group at 1481 cm–1 and (CN+) stretching vibrations at 
904 cm–1 are observed [23]. The intensity of peaks 
increases with the increase in the CTAB mass added. As 
the concentration of CTAB used in this synthesis was 
relatively small, the absorptions associated with CTAB 
in Fig. 1(b) are relatively weak, indicating that only a few 
portions of CTAB coat the magnetite particles. 

XRD Analysis 

The diffractograms of uncoated magnetite, 
magnetite-CTAB-0.01, magnetite-CTAB-0.05, and 
magnetite-CTAB-0.10 (Fig. 2) show multiple peaks at 2θ  
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Fig 1. FTIR spectra of (a) CTAB, (b) uncoated magnetite, (c) magnetite-CTAB-0.01, (c) magnetite-CTAB-0.05, (d) 
magnetite-CTAB-0.10 
 

 
Fig 2. Diffractograms of (a) uncoated magnetite, (b) 
magnetite-CTAB-0.01, (c) magnetite-CTAB-0.05, and (d) 
magnetite-CTAB-0.10 

30.5, 35.62, 43.07, 57.18, and 62.75° which correspond to 
d-spacing of 2.93, 2.52, 2.9, 1.61, and 1.48 Å, respectively. 
These peaks are the characteristics of the inverted spinel 
phase of magnetite, namely (220), (311), (400), (511), and 
(440) of magnetite (ICDD No.85-1436) [24], indicating 

clearly that the four samples contain magnetite material. 
The identical diffraction angles among the 
diffractograms show that the CTAB coating does not 
affect the magnetite crystal structure. Hence, the CTA+ 
cation interacts electrostatically only with the surface 
charge of the MNPs and does not form covalent bonds 
with atoms in the magnetite crystal system. The decrease 
in peak intensity after the coating is caused by fewer X-
rays reaching the MNP surface. 

In the magnetite-CTAB-0.01 sample (Fig. 2(b)), 
the peak is still relatively high, indicating that only a few 
portions of the MNP were coated by CTAB, which 
matches the interpretation of FTIR spectra. In the 
magnetite-CTAB-0.05 sample (Fig. 2(c)), the 
diffractogram peaks were still observed, albeit at a lower 
intensity, indicating that the inverted spinel of magnetite 
is still present in the sample. Meanwhile, the intensity 
decreases significantly in the 0.10 magnetite-CTAB 
sample (Fig. 2(d)), indicating that the CTAB coating has 
been perfectly obtained. Based on the Scherrer Equation 
[25], namely D = Kλ/(βcosθ) where K is the constant 
(0.94), λ is the wavelength of X-ray (0.15418 nm), β is the 
FWHM of the (311) peak, and θ is the diffraction angle, 
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it is observed the average crystal sizes of magnetite 
decrease in the order of uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10, e.g., about 43, 35, 28, and 23 nm, respectively. 
This decrease in crystallite size with the increasing 
addition of CTAB is due to the role of CTAB in blocking 
the agglomeration among MNPs. Therefore, it is easily 
understood that increasing the addition of CTAB results 
in a smaller crystallite size of MNPs because the formation 
of agglomerates is hindered by CTAB. 

VSM Analysis 

VSM analysis was conducted only for the sample 
showing the best performance in the preliminary test 
(magnetite-CTAB-0.10) and uncoated magnetite for 
comparison. The hysteresis curves of uncoated magnetite 
and magnetite-CTAB-0.10 presented in Fig. 3 show that 
the saturation magnetization field (Ms) of the two 
samples are 72.8 and 49.2 emu g–1, respectively. The Ms 
value of magnetite-CTAB-0.10 is smaller than that of 
uncoated magnetite due to the presence of non-magnetic 
coating materials, i.e., CTAB, that reduces the magnetic 
properties [26]. This VSM result is in line with the results 
of the diffractogram observations, showing the peak 
intensity of magnetite-CTAB-0.10 diffractogram is lower 
than that of uncoated magnetite. The magnetite-CTAB-
0.10 composite has superparamagnetic properties, as 
indicated by the absence of loops in its hysteresis curve 
(Fig. 3(b)) [27]. Superparamagnetic materials arise from 
very small ferromagnetic materials (< 25 nm) that form 
magnetic domains with high degrees of freedom. This 
result matches the estimated crystallite size of MNPs 
based on the previously stated Scherer Equation (23 nm). 
The uncoated magnetite in this study is ferrimagnetic, as 
indicated by the presence of loops on its hysteresis curve 
(Fig. 3(a)) [28]. This fact is due to the agglomeration of 
the existing MNPs so that the particle size becomes 
relatively large. Agglomeration between MNPs in 
magnetite-CTAB-0.10 composite does not occur because 
the CTAB layer blocks the formation of agglomerates. 

SEM Analysis 

Similar to VSM analysis, SEM analysis was also 
carried out to magnetite-CTAB-0.10 and uncoated 

magnetite. The SEM image of uncoated magnetite (Fig. 
4(a)) shows the presence of lumps of relatively large size 
in around 8–16 µm with an average of 9.94 ± 0.38 µm, 
resembling peeling bark and cast stone fragments. 
Meanwhile, the image of magnetite-CTAB-0.10 (Fig. 
4(b)) shows relatively small grains (2–13 µm with an 
average of 6.56 ± 0.45 µm) and resembling a pile of 
gravel mixed with sand. In uncoated magnetite, the 
magnetite particles are agglomerated because of their 
magnetic properties. In the magnetite-CTAB-0.10, 
however, XRD diffractogram data are corroborated by 
VSM data, confirming that the crystallite size of 
magnetite in the core of the particle was about 23 nm. 
On the other hand, the SEM image shows that the 
particle size of Magnetite-CTAB-0.10 is about 2–10 µm 
or 2,000–10,000 nm. Based on this finding, it is argued 
that what looks like a tiny grain in Fig. 4(b) is not just a 
magnetite-CTAB micelle but possibly an agglomeration 
of hundreds to thousands of magnetite-CTAB micelles. 

Preliminary Determination of Adsorption 
Capacity 

The adsorption capacity of MO and MV on 
uncoated magnetite, magnetite-CTAB-0.01, magnetite-
CTAB-0.05, and magnetite-CTAB-0.10 are presented in 

 
Fig 3. Magnetization curve of (a) uncoated magnetite 
and (b) magnetite-CTAB-0.10 
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Fig 4. SEM images and the particle size distribution processed by ImageJ software: (a) uncoated magnetite and (b) 
magnetite-CTAB-0.10 
 
Table 1. These data are needed to determine the optimum 
CTAB concentration in the synthesis of magnetite-CTAB 
composites. The magnetite-CTAB with a certain CTAB 
concentration with the highest adsorption capacity is 
considered the optimum CTAB addition concentration. 
The adsorption of the cationic dye of MV in this 
experiment was intended to check the selectivity of the 
adsorbents towards cationic and anionic dyes. From 
Table 1, it is found that increasing the concentration of 
CTAB in the synthesis of magnetite-CTAB gives rise to 
the increase in adsorption capacity. Based on these 
adsorption capacity data, the structure of magnetite-
CTAB may be estimated. The uncoated magnetite 
provides a relatively small adsorption capacity because at 
the condition of adsorption, pH = 7 (a little bit higher than 
PZC), its surface has a negative charge so that it repels 
each other with an anionic dye of MO, while cationic dye 
of MV is sufficiently adsorbed because it has opposite 
charge with the surface of adsorbents. 

Along with the increase in the concentration of 
CTAB,  adsorption of  anionic MO  increases  significantly  

Table 1. Adsorption capacity (mg g-1) and efficiency (%) 
of MO and MV on uncoated magnetite, magnetite-
CTAB-0.01, magnetite-CTAB-0.05, and magnetite-
CTAB-0.10 

Adsorbent 
Adsorption capacity, mg g–1 

(% efficiency) 
MO MV 

Uncoated magnetite 0.41 (5.20) 2.31 (28.9) 
Magnetite-CTAB-0.01 5.48 (68.6) 0.50 (6.30) 
Magnetite-CTAB-0.05 7.81 (97.6) 0.43 (5.38) 
Magnetite-CTAB-0.10 7.94 (99.2) 0.14 (1.76) 

while that of cationic MV sharply decreases. This is 
because the surface charge of the adsorbents changes 
gradually from negatively charged to positively charged 
surfaces as the double layer of CTAB is formed on the 
surface. The lower adsorption capacity of magnetite-
CTAB-0.01 towards MO (5.48 mg g–1 or 68.55%) 
compared to the other two magnetite-CTAB adsorbents 
(almost 100% MO is adsorbed) indicates that the 
number of MNPs coated by CTAB is relatively still low 
or in other words, the concentration of CTAB in the 
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reaction system is still not enough to form a perfect 
double layer. This is consistent with the FTIR analysis that 
shows the absorption spectra of the CTA+ group to be 
relatively weak. Also, the high intensity of the XRD 
diffractogram indicates that only a few MNPs are coated 
by CTAB. On the other hand, the adsorption capacity of 
magnetite-CTAB-0.05 and magnetite-CTAB-0.10 is 7.81 
mg g–1 (97.6%) and 7.94 mg g–1 (99.2%), respectively, 
meaning that all MO is adsorbed from the solution and 
that the double-layer micelles were fully formed. 

The magnetite-CTAB has a positive charge of 
(CH3)3N+ group at the surface of adsorbents. This 
favorably interacts with anionic dyes of MO through 
electrostatic interaction [10]. The positive polar is formed 
on the surface of the Magnetite-CTAB composite because 
the CTA+ ions form double-layered spherical micelles 
with MNPs located in the core. In the first layer, the polar 
group of (CH3)3N+ from CTA+ interact electrostatically 
with the negative charge on the surface of MNPs, while 
the alkyl chain as the nonpolar group interacts 
hydrophobically with the alkyl chain of CTA+ in the 
second layer. The positive polar groups of the second layer 
point to the micelle surface to interact electrostatically 
with the anionic die of MO [23]. Fig. 5 presents the 
hypothetical structure of the double layer micelles on 
Magnetite-CTAB and the interactions that emerge 
between the positively charged surface of the adsorbent 
and the anionic adsorbate. 

Table 1 clearly shows that the adsorption capacity 
of all adsorbents towards cationic MV is relatively low 
compared to the adsorption percentage of MO except 
uncoated magnetite. The relatively large adsorption 
capacity (2.31 mg g–1 or 28.9%) of uncoated magnetite 
towards MV is due to electrostatic interaction between 
the negative charge of the uncoated magnetite surface 
with the positive charge of the MV. However, this 
adsorption capacity value is still much lower than the 
adsorption capacity of Magnetite-CTAB-0.10 towards 
MO (7.94 mg g–1 or 99.21%). This is probably caused by 
steric hindrance between MV molecules due to the 
relatively small size of uncoated MNPs. In the case of 
magnetite-CTAB adsorbents, the greater the 
concentration of CTAB used in the magnetite-CTAB 
synthesis, the smaller its adsorption capacity towards 
cationic MV. It is because more positive charges are 
formed on the magnetite surface so that a stronger 
repulsion occurs between cationic MV and the surface 
of the adsorbent. MV dye in these conditions of 
experiment produces cationic dye. Therefore, the most 
suitable adsorbent to adsorb MV is an anionic 
adsorbent. This finding also indirectly confirms that the 
developed adsorbent of magnetite-CTAB is charge-
selective adsorbent or cationic adsorbent. For this 
reason, further study of MO adsorption was conducted 
only on magnetite-CTAB-0.10. 

Solution pH is an essential factor in the adsorption  

 
Fig 5. Hypothetical structure of double layer micelles on Magnetite-CTAB and its interaction with MO 
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process because it affects the surface charge of magnetite-
CTAB composites and MO speciation [16]. Fig. 6 shows 
that the adsorption capacity increases with increasing pH 
of the solution from 4 to 7, then it continues to decrease 
from 7 to 9. The optimum adsorption occurs at pH 7 with 
an adsorption capacity of 7.27 mg g–1 (90.82%). Under 
acidic conditions, the MO molecule is protonated to form 
a quinoid structure with a positive charge on its NH2 
group (Fig. 7), while the surface of the adsorbent is also 
positively charged. Therefore, at low pH, repulsion 
between the protonated MO molecules and the positive 
charge of magnetite-CTAB-0.10 occurs, leading to lower 
adsorption of MO by magnetite-CTAB-0.10 with the 
decrease in solution pH from 7 to 4. Fig. 6 also shows that 
the adsorption capacity decreases significantly with 
increasing pH from 7 to 9. This is due to competition 
between the negatively charged MO molecules and OH– 
ions to electrostatically interact with a positive charge at 
magnetite-CTAB-0.10 under alkaline conditions. 

Adsorption Kinetics 

The effect of contact time on the adsorption capacity 
of MO by magnetite-CTAB-0.10 is presented in Fig. 8. It 
is clearly shown the adsorption takes place very rapidly at 
the beginning. There are still plenty of active sites on the 
adsorbent that can interact with the MO, and the MO 
concentration in the solution is still high. The adsorption 
reaches its equilibrium after 120 min of mixing, where the 
amount of adsorbed MO no longer increases, meaning 
that the adsorption capacity (qt) has reached its maximum 
value. There are two possible factors: saturation of the 
active sites or the exhaustion of adsorbent. As the 
concentration and volume of MO solution used in this 

study are relatively low (20 mL of 10 mg L–1), the second 
factor is more likely in this case. 

Adsorption kinetics is used to predict the 
adsorption rate constant (k), providing important 
information about the mechanism and model of the 
adsorption process. In this study, three well-known 
adsorption kinetic models were applied to evaluate the 
most appropriate kinetic models: pseudo-first-order 
(Lagergren), pseudo-second-order (Ho and McKay), 
and Langmuir-Hinshelwood. The linear form of 
Lagergren’s adsorption kinetics model is presented in 
Eq. (2) [30]: 
( )e t e 1ln q q lnq k t− = −  (2) 

where k1 (min–1) is the apparent first-order rate constant, 
qe (mol g–1) is the number of moles of adsorbate 
adsorbed by each gram of adsorbent at equilibrium, and 
qt (mol g–1) is the number of moles of adsorbate adsorbed 
by per gram of adsorbent at time t. If the plot of ln (qe – 
qt) versus t is constructed and the data fit the model, then 
a linear curve will be obtained with ln qe as the intercept  

 
Fig 6. Effect of solution pH on the adsorption capacity 
of MO on magnetite-CTAB-0.10 
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Fig 7. The resonance structure of MO as a function of pH [29] 
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Fig 8. The effect of contact time on the adsorption 
capacity of MO 

and k1 as the slope. 
The linear form of Ho and McKay’s adsorption 

kinetics model is represented by Eq. (3) [31]. 

2
t e2 e

t 1 t
q qk q

= +  (3) 

where k2 is the adsorption rate constant of Ho and McKay 
(g mol–1 min), qe is the amount of MO adsorbed at 
equilibrium (mol g–1), and qt is the amount of MO 
adsorbed at time t (mol g–1). If t/qt was plotted as a 
function of t and the data fit the model, then a linear curve 
will be obtained with 1/qe as the intercept and 1

k2qe2
 as the 

slope so that the values of qe and k2 can be calculated. 
Meanwhile, the linear form of the Langmuir-

Hinshelwood adsorption kinetics model is expressed in 
Eq. (4) [32]. 

o

t
o

o t o t

C
ln

C tk1 k
C C C C

 
 
  = −
− −

 (4) 

where Co (mol L–1) is the initial concentration of 
adsorbate, Ct (mol L–1) is the concentration of adsorbate 
remaining after adsorption for t time, k1 (min–1) is the 
adsorption rate constant, and ko (L mol–1) is the 
adsorption equilibrium constant. If a curve of [ln 
(Co/Ct)]/(Co–Ct) versus t/(Co–Ct) is constructed, then a 
linear curve with k1 as the slope and –ko as the intercept 
will be obtained if the adsorption follows the kinetic 
adsorption model. Detailed results of the evaluation of the 

kinetic model by the three equations are presented in 
Table 2. 

From Table 2, it is easily seen that Ho and McKay’s 
kinetic model gives the highest value of correlation 
coefficient (r2), 0.9995, compared to those produced by 
the other two kinetic models, indicating that the MO 
adsorption on magnetite-CTAB-0.10 is best fitted to the 
Ho and McKay kinetic model. This suggests that at least 
two factors are involved in the mechanism of MO 
adsorption on the adsorbents, possibly the adsorbate 
and the active sites of the adsorbent and/or molecule of 
the solvent. Applying this model, it is found that the 
amount of MO adsorbed at equilibrium (qe) is 5.73 × 10–5 
mol g–1, and the adsorption rate constant (k2) is 3.54 × 
103 g mol–1 min. The linear curve of t/qt versus t is 
attached as the Supporting Information (Fig. S1). 

Adsorption Isotherms 

The curve for the amount of MO adsorbed at 
equilibrium (qe) as a function of initial concentration 
[MO] is given in Fig. 9. It is observed that the qe value 
increases with the increasing initial [MO], then it 
reaches the saturation state at [MO] of 35 mg/L, giving a 
maximum adsorption capacity of 26.33 mg g–1. The MO 
adsorption isotherm on magnetite-CTAB-0.10 was 
studied using two types of well-known isotherm 
equation models, i.e., the Langmuir and Freundlich 
adsorption isotherm models. 

The linear form of the Langmuir Isotherms 
equation is presented in Eq. (5) [33], where Ce (mol L–1) 
is the concentration of adsorbate in the solution at 
 
Table 2. Parameters of three kinetic models in MO 
adsorption on magnetite-CTAB-0.10 
Kinetic models  Parameters Values 
Pseudo first order 
(Lagergren) 

r2 0.9639 
qe (mol g–1) 2.389 × 10–

5 
k1 (min–1) 2.83 × 10–2 

Pseudo second order 
(Ho and McKay) 

r2 0.9995 
qe (mol g–1) 5.73 × 10–5 
k2 (g mol–1 min) 3.54 × 103 

Langmuir-Hinshelwood r2 0.6159 
k1 (min–1) 6 × 10–3 
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Fig 9. The curve of qe as a function of the initial [MO] 

equilibrium, qe (mol g–1) is the mole of adsorbate adsorbed 
by each gram of adsorbent at equilibrium, qm (mol g–1) is 
the maximum adsorption capacity, and KL (L mol–1) is the 
Langmuir constant. Based on Eq. (5), the plot of Ce/qe vs. 
Ce will be linear with 1/qm as the slope and 1/(qm KL) as the 
intercept if the adsorption follows this model so that the 
values of KL and qm can be obtained. An approximation of 
adsorption energy can be determined based on the 
standard Gibbs equation of ΔGads

0= −RT ln KL, where 
ΔGads

0 is the standard Gibbs free energy of adsorption, R 
is the universal gas constant (8.314 J K–1 mol–1), and T is 
the temperature in Kelvin. 

e
e

e m L m

C 1 1  C
q q K q

= +  (5) 

Meanwhile, the linear equation for Freundlich 
adsorption isotherms is expressed in Eq. (6) [34], where 
Ce is the concentration of adsorbate at equilibrium (mol 
L–1), qe is the amount of adsorbed substance in a gram of 
adsorbent (mol g–1), KF is the Freundlich adsorption 
capacity (mol g–1) and n is a constant. 

e F e
1q log K logC
n

= +  (6) 

The linear curves of the Langmuir and Freundlich 
Isotherms are attached in Fig. S2 and Fig. S3), 
respectively. Table 3 gives detailed isotherm parameter 
calculations for the two models used in this study. Because 
the value of r2 for the Langmuir Isotherms (0.9926) is 
greater than that for the Freundlich Isotherms (0.8252), it 
can be concluded that the Langmuir Isotherm model best 

describes the adsorption of MO on Magnetite-CTAB-
0.10. These results suggest that the adsorption occurs on 
more homogeneous surfaces, probably due to the 
double-layer formation of CTAB, namely the polar 
group of CTA+ on the core-shell of magnetite-CTAB. In 
addition, according to Fig. 9, the maximum adsorption 
is reached at a concentration of 35 mg L–1, and, 
afterward, the adsorption tends to be constant. This 
indicates that the surface of the adsorbent experiences 
saturation when all of the active sites have been filled 
with MO, and the adsorption process will no longer 
occur even when the concentration of MO increases 
because adsorption is limited to one layer only. 

Table 3 shows that the maximum adsorption 
capacity (qmax) of MO is 27.9 mg g–1, meaning that every 
1 g of the adsorbent can adsorb 27.9 mg of MO. This qmax 
value of MO is higher than those reported by previous 
studies that used various adsorbents. Table 4 gives the 
qmax of MO using the present adsorbent of Magnetite-
CTAB-0.10 along with those obtained by other workers 
[17-19, 35-37] for comparison. It is clearly found that the 
adsorbent developed in this study, magnetite-CTAB-
0.10, is superior and more efficient compared to 
previously reported adsorbents as it gives the highest 
value of qmax. Even more, it is almost four times higher 
than that of previously reported magnetite-CTAB [19], 
which was synthesized using the conventional method 
without optimization of the concentration of CTAB, 
without keeping the inert atmosphere, and using 
conventional magnetic mixing. The value of adsorption 
capacity obtained from this study is also compared to the 
results obtained from many studies using different 
magnetite absorbents, as summarized in Table 5. It is 
 
Table 3. Adsorption isotherm parameters of MO on 
Magnetite-CTAB-0.10 

Isotherms model Parameter Value 
Langmuir r2 0.9926 

qmax (mg g–1) 27.9 
KL (L mol) 7.46 × 104 
ΔGads

0 (kJ mol–1) −27.8 
Freundlich r2 0.8252 

n 3.90 
KF (L g–1) 8.91 × 10–4 
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Table 4. Comparison of maximum adsorption capacities (qmax) for MO on various types of adsorbents 
Adsorbents qmax (mg g–1) References 
Copper oxide 1.2 [35] 
Ammonium-functionalized MCM-41 1.12 [36] 
Wheat Bran 12 [17] 
Cork powder 16.8 [18] 
Activated aluminas 9.8 [37] 
Magnetite-CTAB 7.58 [19] 
Magnetite-CTAB (modified method)* 27.9 This study 

*CTAB concentration is optimized, synthesized in an inert atmosphere, and 
used ultrasonic mixing to speed up synthesis 

Table 5. Comparison of maximum adsorption capacities (qmax) for MO on various types of magnetite adsorbents 

Adsorbent types 
Optimum 

pH 
Equilibrium 
time (min) 

Qmax 

(mg g-1) 
Magnetization 

(emu g−1) 
References 

Magnetic hydroxyapatite 7 80  18.0 12.5  [38] 
γ-Fe2O3/2C nanocomposite 4.5 60  42.34 30  [39] 
Magnetic cellulose beads 7 180 1.47 40 [40] 
Magnetic halloysite nanotubes/iron 
oxide composites 

7 480 0.65 27.91 [41] 

Rectorite/iron oxide nanocomposites 7 1 0.36 19.14 [42] 
γ-Fe2O3 crosslinked chitosan composite 6.6 100 29.46 4.36 [43] 
Magnetite-CTAB 7 120 27.9 49.2 This study 

 
observed that our results, in general, are higher or 
comparable to those previously reported in many kinds of 
literature [38-43]. 

Moreover, based on the equation of ΔGads
0 = −RT ln 

KL [44], where the values of R = 8.314 J K–1 mol–1, T = 
298.15 K, and KL = 7.46 × 104 L mol-1, it has been found 
that the value of ΔGads

0 is −27.8 kJ mol–1. This result 
indicates that the adsorption of MO on Magnetite-CTAB-
0.10 is dominated by both physisorption and 
chemisorption mechanisms (∆Gads

0 ranges from −20 to 
−80 kJ mol−1 [45-46]). It is predicted that the primary 
interaction in this adsorption is an electrostatic 
interaction between the positive surface charge on the 
adsorbent and the negative charge group on the 
adsorbate. Besides that, the relatively weak Van der Waals 
force may also be expected. 

Recovery Test 

The visualization (photograph) of the experimental 
bottle used in the recovery test after the separation process 
of the used adsorbent with an external magnetic field is 

given in the Supporting Information (4). The adsorbent 
separation lasted only 1 min. The adsorbent magnetite-
CTAB-0.10 and the adsorbed MO were attracted 
strongly by an external magnetic field and stuck to the 
bottle wall. This case matches the results of VSM 
measurements, which show that the magnetite-CTAB-
0.10 composite is superparamagnetic with a large Ms of 
68.88 emu g–1. The orange solution containing MO 
becomes clear quickly because the composite rapidly 
adsorbs MO with a k2 of 3.54 × 103 g mol–1 min and a KL 
of 7.46 × 104 L mol. Furthermore, the adsorbent used 
and the adsorbed MO can be separated immediately by 
the external magnetic field. 

■ CONCLUSION 

Rapid synthesis of Magnetite-CTAB composites 
has been successfully developed by the coprecipitation 
method using ultrasonic mixing in an inert atmosphere. 
The use of 0.10 M CTAB produces the best performance 
of the magnetite-CTAB composite for the adsorption of 
methyl orange, probably due to the formation of a 
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double layer spherical micellar structure with MNPs as 
the core and a double layer of CTAB as the shell. The 
magnetite-CTAB composite obtained has a strong 
superparamagnetic property with a saturation 
magnetization field (Ms) of 49.2 emu g–1. Adsorption 
study of MO using the developed adsorbent suggests the 
material can adsorb anionic dye of MO efficiently with the 
optimum conditions reached at pH 7 and 120 min of 
contact time. Kinetic study of the adsorption indicates 
that adsorption of MO on magnetite-CTAB fits well into 
the pseudo 2nd order kinetic model, meaning at least two 
factors are involved in the mechanism of adsorption, 
possibly the adsorbate itself and the active site and/or the 
molecules of solvent. The adsorption isotherms of MO by 
Magnetite-CTAB composite are best described by the 
Langmuir isotherm model, suggesting that the adsorption 
takes place on the homogenous active sites of the 
adsorbent surface and forms a monolayer. As the 
adsorbent selectively adsorbed anionic dyes (MO) over 
cationic ones (MV), it is predicted that the active sites are 
the positively charged group of CTA+ in the second layer 
facing outside the micellar. The developed Magnetite-
CTAB composite is very prospective and promising because 
it selectively adsorbs anionic species and can be easily and 
quickly separated from the solution using an external 
magnetic field after the adsorption process. Therefore, it 
may be applied not only to anionic dyes but also to other 
hazardous anionic species in the environment. 
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