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a b s t r a c t
The aim of this work was to apply iron oxide magnetic nanoparticles coated with 3-(trimethoxysilyl)- 
1-propanethiol, for adsorption of the cationic dye, methylene blue (MB), from aqueous solutions prior 
to determination with UV–Vis spectrophotometry. To approach this purpose, iron oxide magnetic 
nanoparticles (IOMNPs) were synthesized via co-precipitation method and characterized by Fourier 
transform infrared spectroscopy (FT-IR) and scanning electron microscopy. The effective parameters 
such as pH, time, adsorbent amount, type and volume of the desorption solvent, ionic strength of the 
solution and the sample volume were optimized. Figures of merit such as detection limit, relative 
standard deviation (RSD) and linearity range were calculated as 0.24 mg L–1, 6.8% and 0.32–16 mg L–1, 
respectively. Kinetic studies proved that adsorption process obeys pseudo-second-order model, also 
the adsorption isotherm was best fitted to Freundlich model with maximum adsorption capacity 
of 27.78 mg/g. Eventually, the method was successfully used for removing MB from a textile mill 
wastewater with recoveries ranging from 60% to 102%.

Keywords: �Dyes; Iron oxide magnetic nanoparticles; Methylene blue; Wastewater; 3-(Trimethoxysilyl)-1- 
propanethiol

1. Introduction

Dyes are compounds with several uses in various indus-
tries such as textile, pulp, paper, plastic, etc., so they can be 
the major contaminants in industrial wastewaters. Dye pro-
duction around the world is approximately 7 × 105 t annually, 
and textile industries discharge 1%–20% of this amount into 
waters [1,2]. Since dyes are colorful water pollutants, they 
can be recognized easily, also decrease the photosynthetic 
efficiency of aquatic plants due to the reduction of light 
penetration in water [3], increasing the biochemical oxygen 
demand, producing bad smell and releasing toxic effluents 
are other cons of these materials [4,5]. The daily increase in 
the world’s population and limitation of water resources 
force humans to refine wastewaters. Hence removing dyes 
from wastewaters is as important as extraction of heavy 
metal ions.

Several wastewater treatment processes have been 
reported, until now. As a general point of view, these 
technologies include coagulation, electrocoagulation, 
precipitation, biodegradation, oxidation, incineration and 
adsorption [6–11]. Since dyes, especially, the azo ones have 
a high resistance to degradation, adsorption is the best 
way for removing them from wastewaters. Among differ-
ent adsorbents for adsorption of dyes such as agricultural 
wastes [12–15], magnetic nanoparticles [16–19] and poly-
mers [20–22], magnetic nanoparticles have been used a 
lot due to their perfect properties such as large surface to 
volume ratio, simple synthesis, high magnetism and being 
environmentally friendly. These sorbents introduced a new 
solid phase extraction method for preconcentration of dif-
ferent analytes named as magnetic solid phase extraction. 
This method was introduced by Safarikova et al. [23] for the 
first time. However solid phase extraction is a convenient 
preconcentration method towards other techniques such 
as liquid–liquid extraction because of its high sensitivity, 
low solvent consumption, high enrichment factor (EF), high 
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recovery and simplicity. Being time consuming and tedious 
are some of its problems; therefore, modifying this method 
in a way that can save its positive criteria and also solve its 
problems is noticeable.

Magnetite (Fe3O4) adsorbents can ascend the rate of 
separation because of their paramagnetic properties. 
They are temporary magnets that have magnetism in the 
presence of an external magnetic field, so separation of the 
analyte solution from them can happen only by applying 
the external field.

A considerable fact about magnetic iron oxide nanoparti-
cles is that they should be coated in order to prevent agglom-
eration and on the other hand become functionalized for 
binding to the target molecules. Different surfactants such as 
sodium dodecyl sulfate and cetyltrimethylammonium bro-
mide were used by other authors [24,25].

In this study, the efforts were for the purpose of using 
3-(trimethoxysilyl)-1-propanethiol (TMSPT) as a coat 
containing Si groups for making a linkage to oxygen atoms 
of Fe3O4 (Fig. 1) and therefore producing a long-lasting 
adsorbent for removing methylene blue (MB) from 
industrial effluents. MB is categorized as a basic dye which 
was first synthesized by Heinrich Caro in 1876, and its 
preparation was summarized by Wainwright and Giddens 
[26]. Although its useful applications as a dye for hair, 
cotton, wool and leather, redox indicator, antioxidant and 
antiseptic [27] attract a lot of attention, its harmful influ-
ence on human’s health [28–30] makes the elimination of it 
from water necessary. The fascinating point is that through 
magnetic nanoparticles not only adsorption of MB from 
aqueous solutions is possible but also elution of the dye 
from the sorbent with ordinary organic solvents; therefore, 
reusability of the nanoparticles and also the dye is the other 
advantage of this method.

2. Experimental

2.1. Materials and reagents

All chemicals were of analytical grade and were used 
without any pretreatment. Methylene blue (C16H18N3S+Cl–) 
(Fig. 2) with molecular weight of 319.85 g mol–1 was 
commercially available from Merck and its stock standard 
solution with the concentration of 319.85 mg L–1 was pre-
pared by dissolving an appropriate amount of it in distilled 
water and was diluted for plotting the calibration curves. 
Ferric chloride hexahydrate (FeCl3.6H2O), ferrous chloride 
tetrahydrate (FeCl2.4H2O), ammonia solution (25%), glycerol 

(87%), TMSPT, methanol, glacial acetic acid, sodium chlo-
ride, ethanol and acetonitrile were purchased from Merck 
(Darmstadt, Germany).

2.2. Apparatus

Determination of MB was carried out by a double-beam 
Perkin-Elmer UV–Vis spectrophotometer (Lambda 25) at 
a wavelength of 665 nm. A Heidolph stirrer (Schwabach, 
Germany) was used for stirring the dye solution with the 
adsorbent. A 1.2 Tesla permanent hand-held magnet was 
used for separation of the IOMNPs. The pH values were 
adjusted with a pH/mV meter (Metrohm-827) supplied with 
a combined electrode. Scanning electron microscopy images 
were gained using a Hitachi S-4160 field emission scanning 
electron microscope (Tokyo, Japan). The Perkin-Elmer RXI 
Fourier transform infrared spectroscopy (FT-IR) spectrom-
eter with KBr disks was applied for characterization of the 
bare and coated nanoparticles.

2.3. Synthesis of bare and TMSPT-coated Fe3O4 nanoparticles

IOMNPs were synthesized by the co-precipitation 
method [31]. FeCl3·6H2O and FeCl2·4H2O with 2:1 mole 
ratio were dissolved in 200 mL deionized water in a 
three-neck flask under nitrogen atmosphere and refluxed 
with vigorous stirring. When the temperature ascend 
to 85°C, 20 mL 25% ammonia solution was added to the 
orange-colored solution in order to change the color into 
black suddenly. Then the mixture was stirred for 20 min 
and finally IOMNPs were washed three times with 250 mL 
deionized water and twice with 100 mL 0.02 mol L–1 sodium 
chloride solution:
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Fig. 1. Schematic diagram for the synthesis of TMSPT-coated IOMNPs.

Fig. 2. Molecular structure of methylene blue.
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After decantation of the supernatant, again IOMNPs 
were refluxed under nitrogen atmosphere and when the 
temperature went up to 90°C, an aqueous solution of 
TMSPT (10% v/v, 80 mL) was added, followed by glyc-
erol (60 mL). The pH of the suspension was adjusted to 
4.6 using glacial acetic acid, and the mixture was then 
stirred and heated at 90°C for 2 h. After cooling the sys-
tem, TMSPT-coated IOMNPs were washed three times 
with 200 mL deionized water, three times with 100 mL of 
methanol and five times with 200 mL of deionized water. 
At last this adsorbent was stored in distilled water with the 
concentration of 40 g L–1.

2.4. Dye adsorption and desorption processes

Both adsorption and desorption procedures were done 
by batch studies. For the adsorption step, 3 mL of the MB 
solution with the concentration of 3.1985 mg L–1 which 
was prepared from the standard solution was poured into 
a 50 mL stoppered conical flask and after adjusting the 
pH value at 4 by 0.1 M HCl and NaOH solutions, 0.01 g 
of TMSPT-coated IOMNPs was added and the solution 
was stirred for 20 min in order to increase the contact 
surface. The adsorbent was separated via the hand-held 
magnet at the bottom of the flask, the supernatant was 
decanted and the sorbent was rinsed with distilled water. 
For the desorption step, 2 mL of acetonitrile was added 
to the flask and the solution was stirred for 25 min, again 
the supernatant was separated using the permanent 
magnet and the amount of the desorbed dye was deter-
mined by UV–Vis spectrophotometer at 665 nm. The 
removal percentage of the dye was calculated using the 
following equation:

% Dye removal = 
C C
C

t0

0

100
−

× � (1)

where C0 and Ct (mg L−1) are the initial dye concentration and 
concentration at time t, respectively.

3. Results and discussion

3.1. Characterization of the adsorbent

Transmission electron microscopy (TEM) and field emis-
sion scanning electron microscopy (FESEM) micrographs 
are suitable methods for specifying the size distribution and 
morphological structure of magnetic nanoparticles, also it 
can estimate the particles size too.

Fig. 3 depicts the scanning electron micrograph of 
TMSPT-coated IOMNPs.

As can be seen in Fig. 3, the magnetic nanoparticles have 
a semi-spherical morphology, with the mean diameter of 
50 nm.

The FT-IR spectra of bare and TMSPT-coated IOMNPs 
are shown in Fig. 4. The sharp peak at 578.21 cm–1 in 
Fig. 4(a) corresponds to Fe–O band in magnetite nanopar-
ticles which exists in Fig. 3(b) too. The broad peak at the 
range of 3,300–3,500 cm–1 belongs to the OH stretching vibra-
tions of the hydroxyl groups and also the water molecules 
that adsorbed on the surface of magnetite [32]. Attachment 
of Si groups on to magnetic nanoparticles can be proved by 
the band at 1,113.32 cm–1 in Fig. 4(b) which corresponds to 
Si–O–Si stretching vibrations [33], Also the bands at 2,924 
and 1,410 cm–1 are due to C–H stretching and CH2 bending 
vibrations, respectively [34].

3.2. Optimization procedures

3.2.1. Adsorption
3.2.1.1. Influence of pH The pH parameter has a sig-

nificant effect on the adsorption process. It was found that 
IOMNPs were oxidized when pH was below 4 [35], but 
coating a layer of TMSPT on the surface of the nanoparti-
cles caused a resistance towards strong acidic conditions, 
so the dye removal efficiency was investigated in the range 
of pH 3–12. By increasing the pH, dye removal percent-
age was increased and reached 99% at pH 4, but after this 
pH no adsorption was observed until pH 12 which was 

Fig. 3. (a) TEM and (b) FESEM images for TMSPT-coated IOMNPs.
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accompanied by a color change in the supernatant solution. 
This may be due to the separation of TMSPT coat from Fe3O4 
NPs. Maximum adsorption capacity at pH 4 can be justified 
by an electrostatic interaction of the adsorbent and MB. pKa 
of MB is 3.8 [36], so it has a negative charge above this value, 
pKa of TMSPT is 10.55 [37] and the surface of TMSPT-coated 
IOMNPs has a positive charge, below this pH, therefore an 
electrostatic interaction between the opposite charges leads 
to adsorption of the adsorbate.

3.2.1.2. Effect of the adsorbent amount Amount of the 
adsorbent can directly affect the dye removal, because of 
the variation of available sites for adsorption. In order to 
investigate this effect, dye removal (%) was calculated by 
changing the MNPs amount in the range of 0.005–0.03 g. 
As can be seen in Fig. 5(a), removal percentage is increased 
when the adsorbent amount is raised to 0.01 g and after 
that remained constant, so 0.01 g was selected for further 
studies.
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Fig. 4. FT-IR spectra of IOMNPs (a) and TMSPT-coated 
IOMNPs (b).

 

 

(e) 

Fig. 5. Effect of (a) adsorbent amount, (b) adsorption time, (c) eluent volume, (d) desorption time, (e) sample volume and (f) time on 
dye removal (sample volume 3 ml, 3.1985 mg L–1 dye, pH 4 and 20 min adsorption).
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3.2.1.3. Effect of contact time The impact of time on the 
adsorption process was examined by applying 5–35 min time 
intervals (Fig. 5(b)). As can be seen, 20 min is sufficient for 
complete adsorption. (Dye concentration was 10 times higher 
[31.985 mg L–1] for better determination).

3.2.1.4. Effect of ionic strength Effect of the solution’s 
ionic strength was followed by adding NaCl (0%–50% W/V) 
to the dye solution (3.1985 mg L–1).The results showed that 
saltiness of the aqueous solution had no negative effect 
on the adsorption, so this adsorbent can be used even for 
wastewaters with high salt content. This can be justified by 
a change in dye’s solubility, addition of a salt can decrease 
the solubility of the dye, hence dye molecules aggregate 
and precipitate on the adsorbent surface, thus adsorption 
capacity increases in the presence of NaCl, and in this work 
because of the percentage of dye adsorption (near to 100%) 
no result was seen by adding salt.

3.2.2. Desorption
3.2.2.1. Determination of type and volume of desorption 

solvent For selecting the best solvent for elution of the dye, 
methanol, ethanol, acetonitrile and HCl (0.1 M) were uti-
lized. As Fig. 6 shows, maximum adsorption (up to 85%) is 
obtained by using acetonitrile.

Fig. 5(c) illustrates the effect of desorption solvent vol-
ume on dye removal. It is clear that 2 mL is sufficient for elu-
tion of MB from the sorbent.

3.2.2.2. Effect of time on desorption Impact of time 
on dye removal percentage was specified in the range of 
5–35 min. Fig. 5(d) shows that 25 min is enough for 85% 
removal of MB.

3.2.2.3. Effect of sample volume In order to estimate the 
EF, the maximum amount of sample volume for a quantita-
tive analysis should be calculated. For this purpose, sample 
volumes in the range of 3–50 mL were investigated. Fig. 5(e) 
shows that sample volumes up to 30 mL are convenient for 
the best dye removal.

3.2.2.4. Reusability of the adsorbent For reducing the 
consumption of the adsorbent from an economical point of 
view, they should be reusable. As it is obvious from Fig. 7, 

TMSPT-coated IOMNPs can be used for 10 cycles without 
any decrease in dye removal.

3.3. Kinetic studies

In order to find the kinetic model which is best fitted 
to the experimental data, two famous kinetic models were 
examined: pseudo-second-order and pseudo-first-order 
models.

Pseudo-first-order kinetic model which was described by 
Lagergren [38] is presented in Eq. (2):

log( ) log
.

q q q
k

te t e− −= 1

2 303
� (2)

where qe (mg g–1) and qt (mg g–1) are the amount of adsorbed 
dye at equilibrium and at time t (min), respectively, and 
k1 (min–1) is the pseudo-first-order rate constant. Plotting 
log(qe – qt) vs. t will give a straight line that its slope and 
intercept will give the rate constant and adsorption capacity, 
respectively.

The pseudo-second-order-kinetic model is introduced by 
Eq. (3):

t
q q

t
k qt e e

= +
1 1

2
2⋅

� (3)

where qe (mg g–1) and qt (mg g–1) are the amount of adsorbed 
dye at equilibrium and at time t (min), respectively, and 
k2 (min–1) is the pseudo-second-order rate constant. qe and k2 
will be derived from the slope and intercept of the plot of this 
formula.

Kinetic studies were carried out by adding 3 mL of MB 
solution with the concentration of 15.9925 mg L–1 to a 50 mL 
beaker, then 0.01 g TMSPT-coated IOMNPs were added to 
the solution and adsorptive uptake of the dye was followed 
by analyzing the supernatant after applying the permanent 
magnet, in time intervals ranging from 2 to 60 min. Values of 
qt (mg g–1) were obtained by the following equation:

q
C C
m

Vt
t= 0 −

� (4)

where C0 and Ct (mg L−1) are the initial dye concentration and 
concentration at time t, respectively, m (g) is the weight of the 
adsorbent and V (L) is the volume of the dye solution.

Fig. 6. Effect of eluent type on dye removal (sample volume 
3 mL, 3.1985 mg L–1, pH 4, 20 min adsorption, 0.01 g adsorbent 
and 20 min desorption). Fig. 7. Effect of number of reusability cycles on dye removal.
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Fig. 5(f) shows the impact of contact time on dye adsorp-
tion. As it can be seen, at the initial minutes, rate of adsorption 
is rapid and after that it is changed slowly, until it reaches an 
equilibrium state.

The primitive rapid stage can be attributed to higher 
number of vacant sites, and improved concentration gradient 
between the dye on the adsorbent and the dye in solution [39].

Fitting the kinetic data to pseudo-first-order model and 
pseudo-second-order model are depicted in Fig. 8. By con-
sidering the correlation coefficients (R2) the best model that 
MB adsorption obeys is the pseudo-second-order kinetic 
model and this means that chemisorption happens in the 
adsorption process.

3.4. Adsorption isotherms

In order to find the adsorption capacity of each adsorp-
tion process, it is necessary to fit the equilibrium data to 
the isotherm models. The two most popular adsorption 
isotherms are Langmuir and Freundlich. Langmuir model 
describes a monolayer adsorption, the sorption takes place at 
specific sites and the adsorbent is structurally homogeneous. 
The formula of Langmuir model is presented in Eq. (5).

q
q k C
k Ce

L e

L e

=
+

max

1
� (5)

And its linear form:

C
q q

C
k q

e

e
e

L

= +
1 1

max max⋅
� (6)

where qmax (mg g–1) is the maximum monolayer adsorption 
capacity and kL (L mg–1) is the Langmuir constant. These two 
parameters can be obtained from the slope and intercept of 
the plot of Ce/qe vs. Ce, respectively.

Freundlich isotherm has the vice versa criteria: it 
describes a multi-layer adsorption, a heterogeneous system 
exists and adsorption happens between dye and the hetero-
geneous surface of the sorbent [40].

Eq. (7) presents the Freundlich isotherm and its linear 
form is given in Eq. (8):

q k Ce F e
nF= ⋅
1

� (7)

log log logq k
n

Ce F
F

e= +
1

� (8)

kF (L g–1)and nF are Freundlich constants, related to adsorp-
tion capacity and intensity, respectively. They can be calcu-
lated from the intercept and slope of the isotherm plot.

Studying the equilibrium of the adsorption process for 
finding the best isotherm model was carried out by vary-
ing the concentration of the dye solution. The same aliquots 
of the dye solution (3 mL) with the concentration ranging 
from 15.9925 to 127.94 mg L–1 were poured to five beakers, 
optimized amounts of the sorbent (0.01 g) were added to 
the solutions, and adsorption takes place for 20 min, then the 
residual dyes concentration was obtained by analyzing the 
supernatant at 665 nm.

Fig. 9 illustrates the plots of these two isotherm models.
As Table 1 shows, adsorption of methylene blue onto 

TMSPT-coated IOMNPs obeys Freundlich model (R2 = 0.957) 
better than Langmuir (R2 = 0.884) and qmax was 27.78 mg g–1.

Results show that the surface of TMSPT-coated IOMNPs 
is heterogeneous and adsorption does not occur by the first 
layer.

3.5. Figures of merit

To determine the method validity, the analytical char-
acteristics such as limit of detection (LOD), linearity range, 
RSD (%) and EF were evaluated under optimal conditions, 
and listed in Table 2. LOD was found 0.24 mg L–1 on the basis 
of 3Sb/m definition, where Sb is the standard deviation of five 
blank signals and m is the slope of the calibration curve for 
standard dye solutions. This method was found to be linear 
in the range of 0.32–16 mg L–1. The precision of the method 
was investigated by calculating the RSD for five determina-
tions and was found to be 6.8%. The EF was obtained to be 
10 (30/3) by the following equation through changing the 
sample volume as mentioned in section 3.2.2.3:

EF = Aqueous phase volume/Eluent phase volume.

Fig. 8. Linear relationship of (a) pseudo-first-order and (b) 
pseudo-second-order models for adsorption of MB (3 mL dye, 
15.9925 mg L–1 and 0.01 g adsorbent).
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3.6. Analytical applications

For specifying the validity of the proposed method for 
analyzing real samples, the procedure was applied to ana-
lyze a wastewater sample from a textile mill. No methylene 
blue was found in the real wastewater sample, so determina-
tion was carried out by spiking the dye to the solutions using 

the standard addition method. Table 3 shows the recoveries 
and RSDs for spiked samples. As can be seen, recoveries 
are in the range of 60%–102%, so analyzing real wastewater 
samples is possible by this method with satisfactory results.

3.7. Comparison of adsorption capacity of the proposed 
TMSPT-coated IOMNPs with other adsorbents

The adsorption capacity of the magnetite nanoparticles 
coated with 3-(trimethoxysilyl)-1-propanethiol is compared 
with other sorbents and listed in Table 4. 

4. Conclusion

In this work, iron oxide magnetic nanoparticles were 
coated with a new thiol compound. This adsorbent could suc-
cessfully adsorb the cationic dye, methylene blue, from real 
wastewater samples with high recoveries and without the 
effect of samples’ salt contents. The adsorption capacity of 
27.78 (mg g–1) was obtained for the sorbent which is compa-
rable with the referenced works. Desorption of the dye can be 
achieved simply, and reusability of the adsorbent made this 
method cost-effective. Kinetic and isothermal studies proved 
that adsorption process obeys pseudo-second-order model 
and Freundlich isotherm. Finally the method was validated by 
calculation of detection limit, repeatability and linearity range.
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Fig. 9. (a) Langmuir and (b) Freundlich isotherm plots for 
adsorption of MB (3 mL dye solution, 20 min adsorption and 
0.01 g adsorbent).

Table 1
Langmuir and Freundlich models parameters

Langmuir isotherm Freundlich isotherm
qmax (mg g–1) kL (L mg–1) R2 nF kF (L g–1) R2

27.78 0.3053 0.884 3.268 8.690 0.957

Table 2
Analytical parameters for removal of methylene blue

LOD 
(mg L–1)

Calibration equation 
(R2 = 0.998)

Linearity range 
(mg L–1)

RSD 
(%)

0.24 Y = �45,288 (±1,162) X 
+ 0.003 (±0.0075)

0.32–16 6.8

Table 3
Recoveries for analyzing wastewater samples

Spiked (mg L–1) Found (mg L–1) Recovery % (±RSD)

0.64 0.46 73 ± 1
0.96 0.83 86 ± 4
1.28 1.30 102 ± 3
1.60 1.20 75 ± 2
1.92 1.16 60 ± 1

Table 4
Adsorption capacities for methylene blue adsorbed with 
different adsorbents

Adsorbent Adsorption capacity 
(mg g–1)

References 

Polymeric gel (C4) 2.61 [41] 
Cashew nut shell 5.31 [42]
Mesoporous 
activated carbon

14.36 [43]

Spent coffee 
grounds

18.73 [44]

Carbonized citrus 
fruit peel

25.51 [45]

TMSPT-coated 
IOMNPs

27.78 This study
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