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Textile wastewater is commonly released into water bodies without appropriated treatment, resulting in
environmental damages. Processes involving separation and adsorption using nanomagnetic supports
have been considered a promising alternative to address this concern. However, challenges concerning
the low stability of nanoparticles and the reproducibility of experiments make their large-scale
application difficult. In this study, we evaluated the efficiency of methylene blue (MB) removal by FesO4
nanoparticles coated with sodium dodecy! sulfate (MNP-SDS). The nanomaterial was characterized by
transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, and Fourier-
transform infrared spectroscopy (FTIR). The adsorption process was optimized in two stages using
factorial design. In the first stage the most influential variables (reaction time, temperature, agitation, pH,
and dye concentration) were selected based on the existing literature and applied in a fractional factorial
(2®°7Y). In the second stage, the main variables identified were used in a complete factorial (3%). The
highest removal percentage was obtained using 15 g L™ of MNP-SDS, which led to a Jexp Of 1.5 Mg gt
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Introduction

Methylene blue (MB) is an organic chloride salt commonly
applied in the wood, silk, and linen processing industries."
Despite its importance, it can also be highly toxic, potentially
leading to severe skin irritation, burns, respiratory failure, and
even cancer."? Because of its chemical structure, which consists
of aromatic rings, MB exhibits high stability and resistance to
both photo and thermal degradation. Thus, its removal from
industrial wastewater has been the goal of several studies.**
Processes such as coagulation and flocculation,® ozonation,®
electrochemical degradation,” and filtration® have been
considered. However, issues such as high complexity and cost
can render them unfeasible.’

Adsorption is another example of a pollutant removal tech-
nique characterized by high performance, even when applied to
low concentrations of pollutants. In general, the process
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spontaneous, favorable, and that the data were best fitted to the Langmuir model.

involves the transfer of the mass of molecules present in
a liquid or gaseous medium (adsorbate) to the surface of a solid
(adsorbent).” Different materials can be used as adsorbents,
varying both in composition polymers, metals, carbon materials
and others™™ and structure nanoparticles, nanotubes, gels,
foams, membranes, films and others.**"” The properties of the
adsorbent such as surface area, porosity, active sites available
on the surface of the adsorbent, surface charge and others are
directly related to the performance of the adsorption process.*®
Therefore, proper consideration of these characteristics and
their relationship with the adsorbate can result in the separa-
tion of contaminants with a high degree of efficiency. A good
example is the study carried out by El-Desouky et al.,'® where
they obtained an adsorption capacity of tartrazine in aqueous
solution of 710.75 mg g~ " using an organic framework alginate
air-gel composite sponge as adsorbent, while Alsawat* synthe-
sized a CuSnO,TiO, nanocomposite that showed a high
adsorption capacity for Congo red dye, presenting a maximum
adsorption capacity of 277 mg g~ .

In general, magnetic nanoparticles stand out as excellent
adsorbents. They typically offer high adsorption performance,
mainly due to their large surface area, in addition to low cost
and potential for reuse.” However, the agglomeration
phenomenon can effectively reduce the magnetism of MNPs,
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creating a bottleneck in the application of this technique. A
highly effective solution to circumvent this issue is the func-
tionalization of nanoparticles with molecules such as inorganic
acids, surfactants, and polymers.>** Surfactants are often
described in the literature as barriers that not only prevent
agglomeration but also modify the surface charge of MNPs.>"**
Sodium dodecyl sulfate (SDS), for instance, is an anionic
surfactant® capable of interacting with Fe;O, nanoparticles,
resulting in highly negative nanoparticles that can interact with
the positive charges present on the surface of certain
compounds, such as MB.**

Although the outcome is usually satisfactory, the large
number of variables involved in the process can interfere with
adsorption efficiency.” In this scenario, factorial design exper-
iments are an important asset, owing to their simplicity,
reduced number of experiments, and the ability to simulta-
neously investigate multiple factors, allowing for the assess-
ment of the relevance and statistical significance of the
variables under study. Fractional factorial design is crucial in
initial optimization steps, while the full factorial approach
(second order; e.g., central composite design) can polish the
results by combining levels of factors.>

In the present study, we synthesized iron oxide nanoparticles
and functionalized them with SDS, aiming to address MB
removal. The NPs were characterized using TEM, XRD, Raman
spectroscopy, and FTIR spectroscopy. The efficiency of MB
removal was first analyzed using a fractional factorial (2°), in
which the range of variables used (time, temperature, pH,
agitation, and concentration of reagents) was based on a thor-
ough literature review. The most significant variables were
optimized by a full factorial design experiment (3%). In addition,
the affinity between functionalized nanoparticles and MB and
the maximum adsorption capacity were investigated through
isothermal experiments, by fitting the data to the Langmuir and
Freundlich models. Information on the spontaneity of the
process was obtained through the calculation of the Gibbs free
energy variation (AG®). Our results contribute to the compre-
hension of the adsorption process using nanomagnetic
supports and experiment optimization, paving the way for
future industrial-scale applications.

Methods

Materials

FeCl,-4H,0 (Sigma-Aldrich 44939), FeCl;-6H,0 (Sigma-Aldrich
F2877), ammonium hydroxide (Proquimios), sodium hydroxide
(Neon 1824), hydrochloric acid (Neon 1789), sodium dodecyl
sulfate (Sigma-Aldrich, L5750), methylene blue (Neon, L44107),
Argon (99.99%, White Martins, Brazil), and ultrapure water
(Millipore, Synergy UV).

Synthesis, functionalization, and characterization of
magnetic nanoparticles

MNPs were synthesized by the chemical coprecipitation
method. In a volumetric flask, 40 mL of 0.09 M FeCl,-4H,0 and
40 mL of 0.18 M FeCl; - 6H,0 were combined. After complete salt
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dissolution, 7.5 mL of NH,OH (28%) was added at a flow rate of
5 mL min~', under constant stirring, for 10 min at 65 °C,
resulting in a black precipitate (Fe;0,). At this stage, the reac-
tion was placed in an ice bath for immediate interruption. The
resulting nanoparticles were washed three times with ultrapure
water and functionalized using 2% SDS (CH;(CH,),;S0,4Na), by
stirring them together for 15 min at 25 °C under constant
agitation (150 rpm). The functionalized nanoparticles (MNP-
SDS) were washed three times for removing unreacted SDS,
resuspended in ultrapure water, and stored at 8 °C. The nano-
material was characterized by transmission electron micros-
copy (TEM), X-ray diffraction (XRD), Raman spectroscopy, and
Fourier-transform infrared spectroscopy (FTIR).

Factorial design

On account of the wide range of variables involved in the
adsorption process, we carried out a preliminary screening of
the most influent variables by applying a fractional factorial
design 27V, The variables were selected based on a compre-
hensive literature review (Tables S1 and S2 ESIY). Following this
screening, a full factorial design (3%) was conducted, in order to
optimize the process and determine the best experimental
conditions for MB removal. Tables 1 and 2 present the simpli-
fied matrix of the fractional factorial design 2" and that of the
complete factorial design (3%), respectively. Detailed matrices
for the fractional and complete factorial designs can be found
in the ESI (Tables S3 and S4).7

Experiments were carried out in an orbital shaker, using
10 mL of MB dye (20 mg L") and 1 mL of MNP-SDS. At the end
of the reaction time, the solution was exposed to a magnetic
field for 15 min and the concentration of MB in the supernatant
determined by UV-vis spectrophotometry (685 nm).

Adsorption study

Following the optimization step, the adsorption curve experi-
ments were conducted with the variables and levels fixed as
such: reaction time, 32.2 min; temperature, 22.6 °C; agitation,
150 rpm; pH 5; and dye concentration, 25 mg L™ '. The assays
were performed in an orbital shaker, MNP-SDS concentrations
varying from 0 to 50 mg L~ '. After defining the optimal
concentration of MNP-SDS (15 mg L"), adsorption isothermal
experiments were carried out to determine the maximum
adsorptive capacity.

Table 1 Simplified matrix of the fractional factor design 27

Variable Min. level (—) Max. level (+)
Time (min) 1 20
Temperature (°C) 25 45
pH 5 9
Adsorbent mass (mg) 5 25

Agitation (rpm) 100 300

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Simplified matrix of the complete factorial design (3%)

Variable Min. level () (0) Max. level (+)
Time (min) 1 31 61
Temperature (°C) 20 30 40

Isothermal and thermodynamic parameters

Adsorption isothermal experiments were performed using
different MB concentrations (5-400 mg L"), whereas the other
variables were set at their optimal values. NP-SDS and MB were
incubated for 32.2 min under constant stirring at 22.6 °C. At the
end of the reaction time, the solution was exposed to a magnetic
field for 15 min and the concentration of MB in the supernatant
determined by UV-vis spectrophotometry (685 nm). The results
were fitted with two different isothermal models, Langmuir and
Freundlich (eqn (1) and (2), respectively), in order to identify
adsorption behavior.

q = KpC."

1)
(2)

In which g is the amount of solute adsorbed per gram of
adsorbent at equilibrium (mg g "), gmax iS the maximum
adsorption capacity (mg g™ '), Ky, and K are the Langmuir and
Freundlich adsorption capacity constants (mg L '), which
reflect the interaction between adsorbate and adsorbent, C. is
the concentration of adsorbate at equilibrium (mg L"), and 1/n
is related to surface heterogeneity. Regarding thermodynamic
parameters, the Gibbs free energy variation AG° was calculated
as follows (eqn (3)).*”

q= qmaxKLCe/I + K LC.
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AG = —RTInK (3)

In which R is the ideal gas constant (8.3144 ] K~ mol '), T'is the
temperature in Kelvin, and K is the equilibrium constant.””

Results and discussion
Synthesis and characterization of nanoparticles

The magnetic iron oxide nanoparticles were synthesized
through the chemical precipitation of Fe**/Fe*" ions in an
alkaline medium and inert argon atmosphere. A black precipi-
tate was observed at the end of the reaction, with magnetic
properties becoming apparent upon the application of an
external magnetic field. The UV/visible absorption spectrum for
the MNPs is shown in Fig. 1A. A broader band can be observed
in the ultraviolet region (300-400 nm), reflecting the surface
Plasmon resonance of iron oxide NPs.”® Isolated particles had
an absorption peak at 210 nm, which is typical of magnetite
(Fe;04).>°

The analysis performed by DLS revealed an average hydro-
dynamic particle size of 200 nm, possibly due to the hydration
layer adhered to the metallic surface (Fig. 1C). The zeta poten-
tial of —40 mV indicates high chemical stability, which is
attributed to the OH groups adhered to the metallic surface. X-
ray diffraction analysis determined the crystallite structure of
the MNP-SDS (Fig. 1B). Five characteristic diffraction peaks
were observed, (220), (311), (400), (440), (511), which correspond
to the inverse spinel structure of the magnetite.* Peaks at (113)
and (210), corresponding to goethite and maghemite, were not
detected, thus confirming the purity of the sample.** The
nanomagnetic showed excellent magnetic property (Fig. 1D and
E). TEM images of the MNPs revealed the predominance of
spherical nanoparticles, which was confirmed by an aspect ratio
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Fig.1 UV-vis spectrum (A) and XRD of FezO,4 particles (B). Histogram obtained by DLS (C). Nanomagnetic supports suspended in the solution (D).
Nanomagnetic supports attracted by a magnetic field (E). Image of FesO4 MNPs by TEM (F). Histogram of the size distribution of MNPs obtained

by TEM. (G).
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Fig. 2 FTIR (A) and Raman (B) spectra of naked FezO4 NPs and nanoparticles functionalized with SDS (MNP-SDS).

of 096 + 0.30. On average, the nanoparticles analyzed
measured 8.44 + 2.54 nm in size (Fig. 1F and G).

The MNPs were functionalized with SDS according to the
protocol described in the methods section. To evaluate the
interaction of this surfactant with the metallic surface, func-
tionalized MNPs were evaluated by FTIR and Raman spectros-
copy. Awide band in the 3000-3500 cm ™" range was observed in
the FTIR spectrum (Fig. 2A). This band is characteristic of O-H
bonds, with resonance at 1952 c¢cm ™, possibly due to the
vibration of the oxygen atom.** The bands observed in the 1000-
1400 cm ™' range of the MNP-SDS spectrum are related to the
SO, and SO groups of sulfur compounds, which usually produce
strong infrared bands in this region due to S=O stretching,
thus indicating the success of the functionalization process.*****
The bands around 2916 and 2847 cm ™, observed in the MNP-
SDS spectrum, are assigned to C-H stretching vibrations, also

confirming presence of SDS.>** The Raman scattering spectra
(Fig. 2B) showed vibrations at 480 cm ™" that are related to Fe-O
interactions.*® The 830 cm ™' band reflects CO-SO; stretching
vibrations. The peak at 896 cm ™" is attributed to the C-C single
bond.*”** The 995 cm™" band is attributed to the stretching
vibration of S-OC.** The 1060 cm ™! and 1,081 cm™* bands are
assigned to the full-reflex vibration and a twist mode of the C-C
bond, respectively, and both may be mixed with SO; vibrations.
The aforementioned results strongly suggest that SDS has
adhered to the metallic surface of the nanoparticles.

Factorial design results

A thorough literature review was carried out to determine which
variables and levels are most important for the removal of
methylene blue with MNP-SDS (Tables S1 and S2 of the ESIY). As
many variables can affect the removal process, we used the 251
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Fig. 3 Pareto charts indicate the effect of variables in the MB removal process (%) (A). Bars that surpass the vertical line indicate that the
parameters are significant (p < 0.05). Individual influences of the variables temperature (B) and time (C) on MB removal (%).
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Fig. 4 Pareto chart indicates the effect of the variables analyzed in the MB removal process (%) (A). Bars that surpass the vertical line indicate that
the parameters are significant (p < 0.05). Surface response plot of MB removal (%) (B).

fractional factorial design to select the most significant ones (p
value < 0.05), considering removal percentage (R%) as response
variable. As can be observed in the Pareto charts (Fig. 3), time
and temperature were the most influent variables in the MB
removal process, although time did not reach significancy.
Therefore, these variables were selected for the optimization
process in a full factorial design. We observed an increase in R%
as a function of the decrease in temperature and increase in
time.

A complete experimental factorial design (3%) with three
levels and two factors (time and temperature) was used to
optimize the experimental conditions for methylene blue
removal. The analyses of the individual and combined effects of
the variables evaluated are presented in the Pareto chart and
surface response plot shown in Fig. 4A and B, respectively. The
Pareto chart confirms that temperature was the most influential
variable in the process. The surface response plot reveals the

—— MNP - SDS - Methylene Blue

2847 12916

I
'
'
|
'
'
|
|
'
'
|
'
'
|
'
'
|
'
'
'
|

'
'
'
I
! '
L -t

T x T T - T T o
1400 1750 2100 2450 2800 3150

Wavenumber (cm")

700 1050 3500

Fig. 5 FTIR (A) and Raman (B) spectra of MNP-SDS—methylene blue.
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optimal interaction point between temperature and time,
enabling the attainment of the optimal reaction conditions.

Characterization of MNP-SDS-methylene blue

The adsorption of methylene blue on the surface of the MNP-
SDS was assessed through FTIR (Fig. 5A) and Raman (Fig. 5B)
spectroscopy. The FTIR analysis shows the out-of-plane bending
vibrations of the ring's C-H at 861 cm ™ '. A C-S—C vibration was
detected at 1064 cm™ " and the -C-N stretching absorption peak
at 1252 cm™ . Stretching vibrations of the ~-CH, or ~-CH; groups
can be found from 1400 cm ™" to 1300 cm ™. A band that extends
from 1400 to 1500 cm " corresponds to C=C side ring
stretching. A vibration of the CH=N bond was identified at
1600 cm ™ '.* The Raman spectrum (Fig. 5B) indicates that the
characteristic peaks related to the MB C-H groups are observed
at 770 em ™" and 1154 cm™".** The band at 1625 cm ™" reflects
the stretching of the C-C bonds of the MB's aromatic rings. The
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bands at 1398 cm™ " and 1470 cm ™" represent vibrations of N-C
bonds and CH; groups, respectively.*?

Influence of adsorbent mass, isothermal, and thermodynamic
parameters

Adsorbent mass is a crucial factor in MB removal. A judicious
determination of the adsorbent quantity can prevent wastage by
avoiding excessive usage without compromising its perfor-
mance. The highest R% = 90% (gexp = 1.5 mg g~ ') was obtained
using 15 g L' of MNP-SDS (Fig. 6A). Higher adsorbent
concentrations (=30 g L™') decreased removal efficiency,
probably due to the agglomeration process, which can reduce
available sites.* Regarding removal capacity, the highest q
value was obtained by applying 1 g L' of adsorbent (g =
19.75 mg g '; R% = 79%). From then onwards, the g value
dropped sharply, attributed to the increase in adsorbent mass;
however, the R% parameter did not increase proportionally.
Therefore, we opted to use the adsorbent mass that resulted in

MNP - SDS

Fig. 7 Adsorption mechanism between MNP-SDS and MB dye.
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the highest R% value for both isothermal and thermodynamic
experiments, that is, 15 g L' of MNP-SDS. The results obtained
are deemed satisfactory when compared to existing literature.
For instance, Yimin et al. utilized HA-Fe;O, for MB removal and
achieved a removal capacity of 0.291 mmol g *.** On the other
hand, Zhang et al. achieved a higher value (e, = 28 mg g™ ")
using humic acid-coated Fe;O, nanoparticles, surpassing the
removal capacity of the previously mentioned adsorbent.*
Nevertheless, it is important to consider other factors, such as
cost and system structure, to ascertain the applicability of the
adsorbent.

The isothermal parameters of the adsorption are important
not only to identify the affinity level between adsorbent/
adsorbate but also to investigate adsorption equilibrium, i.e.,
when adsorption and desorption occur at the same rate. In
Fig. 6B, a favorable isothermal shape is evident, indicating
a high adsorbate mass retained per unit mass for a low equi-
librium concentration of adsorbate in the liquid phase.*® The

4 -
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- g %
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£
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model that best fit the data was the Langmuir model, with R* =
0.9914. This model assumes the existence of a defined range of
available sites, equivalent energy, and monolayer adsorption,
with dye molecules not interacting with each other. Thus, each
available site admits only one molecule, unlike the Freundlich
model, in which adsorption would take place in a heteroge-
neous surface and multilayers.*®

The Gibbs free energy, calculated based on eqn (3), resulted
in —5.45 k] mol *. The negative AG indicates that energy is
being released in the process, which translates into a sponta-
neous, favorable reaction.*** Based on the results obtained
here, we propose a possible adsorption mechanism between
MNP-SDS and the methylene blue dye (Fig. 7).

During the functionalization process, it is possible that the iron
present in the nanoparticles released OH~ into the medium due to
a pH elevation induced by the addition of SDS. Subsequently, the
positively charged iron present on the surface of the nanoparticles
attracted sulphonate groups from SDS, leading to the formation of
MNP-SDS nanoparticles. Although the nanoparticles retain
a negative charge, functionalization usually reduces the agglom-
eration phenomenon, rendering binding sites available. Finally,
the cationic dye may be attracted by the negative surface charge of
MNP-SDS through a monolayer mechanism.

Conclusions

The presence of aquatic contaminants on a molecular scale has
become increasingly common in recent years. Among them,
dyes stand out by being of difficult retention within wastewater
treatment plants. In this study, we investigated the adsorption
efficiency of methylene blue in an aqueous solution using Fe;0,
nanoparticles functionalized with SDS. Promising results were
obtained, as the adsorbent achieved an MB removal percentage
of 90% (¢exp = 1.5 mg g~ ). Through factorial experiments we
optimized the adsorption process and identified that tempera-
ture and time were the most influent variables in this system.
Determining the ideal concentration of adsorbent was funda-
mental to avoid nanoparticle wastage, thus reducing the
application costs. The adsorption reaction was spontaneous,
favorable, and the data were best fitted to the Langmuir model,
indicating adsorption occurs in monolayer. Therefore, we
believe that the adsorbent developed here might play a satis-
factory role in controlling aquatic pollution by MB.
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