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Abstract Textile dyes have a major issue of the
contamination of water and are hazardous to aquatic
environments. This work reports the development of
an efficient process for iron oxide nanoparticle syn-
thesis by a modified co-precipitation technique. The
ultrasonic energy was used to enhance the synthesis
of maghemite nanoparticles. A comprehensive study
of vital process factors was carried out to develop
the optimum conditions for synthesising pure Fe,0;
nanoparticles. The effect of process variables was
modelled and analysed with Box—Behnken statisti-
cal design and response surface methodology using
Design-Expert software. The best outcome with
25-nm size was achieved with optimum process-
ing conditions at a pH level of 12, a temperature of
70 °C, and a time of 60 min. The end products were
confirmed with X-ray diffraction. Further, the nano-
particles were characterised with a scanning electron
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microscope, BET, UV-visible spectrophotometer,
and vibrating sample magnetometer. The method
described here offers significant advantages over
other techniques for the large-scale production of
Fe,0; nanoparticles in a short time compared to other
procedures. The prepared maghemite nanoparticles
were successfully employed for methylene blue (MB)
dye adsorption from water. Further, different adsorp-
tion process parameters were examined thoroughly.
The data was analysed using Langmuir and Freun-
dlich isotherms, whereas the adsorption kinetics of
dye were investigated by employing the pseudo-first-
and pseudo-second-order models. Higher values of
R? showed better fitness of the experimental data on
dye removal to the Freundlich isotherm model and
pseudo-second-order kinetic model. The maximum
adsorption capacity of maghemite nanoparticles was
observed to be 96.52 mg g~'. The adsorbent magh-
emite nanoparticles can be easily restored and reused.
The combination of facile desorption and effective
regeneration positions the prepared maghemite nan-
oparticles as a compelling candidate for industrial
wastewater treatment applications.

Keywords Iron oxide nanoparticles - Maghemite -
Adsorption - Dye removal - Wastewater
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1 Introduction

The impact of environmental issues on health has
drawn attention from all across the world. Exposure
to environmental pollution results in many human
diseases. Inappropriate handling and disposal of
industrial waste is the leading cause of environmen-
tal deterioration. According to World Bank estimates,
textile wet processing treatments are responsible for
17-20% of water pollution (Zhou et al., 2010).

Colours are broadly utilised in numerous mod-
ern fields, for example, materials, plastics, textiles,
and paper. It has been estimated that 10-15% of the
colouring materials were wasted during the coloura-
tion of materials and discharged as waste (Al-Ghouti
et al., 2003). The release of non-degradable synthetic
colouring materials into water has caused worldwide
concern due to ecological problems. These colours
are mainly hard to degrade due to their intricate struc-
ture. The existence of these colours in wastewater is
highly objectionable, even in meagre amounts. Many
dyes are considered harmful and cancer-causing for
humans and animals (Uddin et al., 2009). There-
fore, the advancement of new methods to reduce
the release of dyes into water is of extraordinary
significance.

Several studies have been conducted for the elimi-
nation of colour from water through many techniques,
such as adsorption (Mahanta et al., 2008; Rachiq
et al.,, 2021), membrane filtration (Lee et al., 2006;
Loukili et al., 2008), coagulation (Anouzla et al.,
2009; Shi et al., 2007), and photocatalysis (Azarang
et al., 2014, 2015; Fernandez et al., 2002; Moussadik
et al., 2023; Yousefi et al., 2015). The importance of
adsorption is significantly higher among all the tech-
niques mentioned above as it provides high productiv-
ity, is easy-to-handle operation, and is more effective
than other relevant methods. Different adsorbents,
including polymeric materials (Yu et al., 2003), com-
posite electro spun fibres (Zhao et al., 2017a, 2017b;
Zhao et al., 2015), zeolites (Lee et al., 2007), clays
(Espantaleon et al., 2003; Loukilia et al., 2021), and
activated carbons (Al-Degs et al., 2000), have been
exploited for the elimination of dyes from water.
However, these materials have many shortcomings,
such as low adsorption power and difficult recovery
from the solution. Hence, new adsorbents with high
adsorption power and easy recovery from the solution
are essential in wastewater treatment.
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Due to their attractive properties, iron-containing
nanoparticles are being employed in several fields,
such as medical treatment and diagnosis, magnetic
storage devices, catalysis, environmental remediation
processes, and sensors. The central fact behind the
much attention focused on producing and character-
ising iron-containing nanoparticles is their extraor-
dinary properties compared with their bulk material.
Iron oxide nanoparticles with a superparamagnetic
nature are mainly used in medicinal sciences, mag-
netic resonance imaging (MRI), and biosensors
(Raming et al., 2002; Zhong et al., 2006).

For synthesising homogeneous iron oxide nano-
materials, many methods have been utilised, like co-
precipitation, thermal decomposition, hydrothermal,
sol-gel, and precursor (Cao et al., 2005; Chauhan
et al.,, 1999; Ganguli & Ahmad, 2007; Hyeon et al.,
2001; Morello III et al., 2007; Rockenberger et al.,
1999; Sonavane et al., 2007). However, most of the
described methods have some drawbacks, such as
(i) difficult-to-handle reagents, (ii) metal complex
precursors which are usually expensive and difficult
to prepare, (iii) strong acids or alkalis, (iv) costly
instruments, and (vi) formation of undesired products
(Mendoza et al., 2005). Therefore, developing a fac-
ile process to prepare iron oxide nanoparticles of the
desired phase is still challenging. This research work
was carried out to address the shortcomings of con-
ventional methods.

The most commonly used technique to manufac-
ture iron oxide (Fe;O, and y-Fe,0O;) nanoparticles is
the co-precipitation technique through which ferric
and ferrous ions are reacted at higher temperatures in
an alkaline medium. The geometry of Fe,O; NPs pro-
duced is influenced mainly by the ferrous and ferric
ion ratios, the type of salt used in the production, the
medium’s pH, the reaction’s temperature, and many
other process variables like stirring and the addition
rate of chemicals (Wu et al., 2008). This method has a
critical influence on the synthesised Fe,O; NPs. The
saturation magnetisation values of nanomaterials are
mainly observed to be smaller than their bulk-size
materials (Binh et al., 1998).

The ultrasonic-assisted approach is an economi-
cal process for the production of nanomaterials. Com-
pared to any other technique, this method is superior
to all others in terms of its ability to regulate the size
and crystallinity of the end product. This is due to the
fact that, through the propagation of sound waves, the
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material undergoes physical and chemical changes as a
result of ultrasonic energy. These waves cause a great
number of bubbles, which ultimately explode to pro-
duce excessive heat energy, which can significantly
increase the local temperature and pressure (Guo et al.,
2011). The ultrasonic-assisted method has been used by
many scientists for nanomaterial synthesis (Gedanken,
2004; Ghows & Entezari, 2010; Nguyen et al., 2023;
Patil & Pandit, 2007; Zhang et al., 2023).

This work reports the ultrasonic-assisted synthesis
of maghemite in pure form with a modified co-pre-
cipitation method. A comprehensive study of essen-
tial process variables such as pH of the medium, tem-
perature of the reaction, and duration of the reaction
process was done to develop the optimum process for
synthesising pure iron oxide nanoparticles. The end
products were confirmed with X-ray diffraction. Fur-
ther, the synthesised nanoparticles were characterised
with a scanning electron microscope (SEM), spec-
trophotometer, and vibrating sample magnetometer
(VSM). The synthesised nanoparticles were employed
for the adsorption of MB dye from the solution. The
thermodynamics and adsorption kinetics of MB on
maghemite nanoparticles were studied using various
models. The main benefits of this procedure are that
the process is quite simple, and raw materials used
to synthesise nanoparticles are nontoxic and environ-
mentally friendly. Also, this method does not need
any complex purification or separation procedures, so
the maghemite nanoparticles could be synthesised in
a single step. Further, the synthesised nanoparticles
can be easily recycled and reused for the elimination
of dyes from the solution.

The objectives of this research work are to opti-
mise the synthesis of maghemite nanoparticles by
ultrasonic-assisted method to achieve the minimum
size and efficient adsorption of dyes from water with
synthesised nano-adsorbent. The experiments were
planned with Box-Behnken statistical design. The
results were analysed with response surface method-
ology using Design-Expert software.

2 Experimental
2.1 Materials

Chemical reagents, i.e. Fe(IIl) chloride hexahydrate,
iron(Il) sulphate heptahydrate, ammonium hydroxide,

sodium hydroxide, hydrochloric acid, nitric acid, and
methylene blue (MB) dye, were procured from Sigma
Aldrich. The calibration spectra of MB were meas-
ured by spectrophotometer (Datacolor 850 Spectro-
photometer, Datacolor, USA) to verify the actual con-
centration of dye in the prepared solutions.

2.2 Synthesis

The synthesis of maghemite nanoparticles was car-
ried out with ultrasonic-assisted modified co-pre-
cipitation method. A mixture of ferrous sulphate
heptahydrate (6.08 g, 200 mM) and ferric chloride
hexahydrate (21.62 g, 400 mM) at a stoichiometric
ratio of 1:2 was prepared in 200 mL of water. The
whole solution was placed in an ultrasonic bath. A
few drops of HCI were added to stabilise the anionic
surface charges. Then, NH,OH was used dropwise
to achieve the desired pH, resulting in the formation
of a black precipitate. The process of synthesis was
carried out at specific temperatures and times accord-
ing to the experimental plan as given in Table 1 and
Table 2. Then, 100-mL nitric acid was added for the
oxidation of iron oxide. The precipitate turned dark
brown, showing the formation of maghemite. Deion-
ised water was used to wash the obtained nanoparti-
cles. The resultant nanoparticles were separated with
a magnet and dried.

2.3 Design of Experiment

Box-Behnken design is the most widely used sta-
tistical design in the response surface methodology
for process modelling and optimisation (Abrouki
et al., 2021). Box—Behnken statistical design with
a central point (0) and factorial points (+1) was
used for this research work. Box—Behnken design
with three different input variables (pH, tempera-
ture, and time), their assigned symbols, and ranges

Table 1 Selected factors with their levels for the synthesis of
iron oxide nanomaterials

Factors Range levels

-1 0 +1
pH 8 10 12
Temperature (°C) 30 50 70
Time (min) 30 60 90
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Table 2 Design of the

. Sample no A: pH B: tempera- C: time (min) Nanoparticle size (nm)

e?(perlment and rest}ltant ture (°C)

size of the maghemite Experimental Predicted

nanoparticles
1 12 50 30 49 49.75
2 8 50 30 53 52.50
3 12 30 60 45 42.13
4 12 50 90 65 65.50
5 10 50 60 39 40.00
6 10 50 60 40 40.00
7 10 70 90 74 71.88
8 10 30 90 70 72.38
9 10 50 60 41 40.00
10 10 50 60 38 40.00
11 10 70 30 40 37.63
12 12 70 60 25 26.63
13 8 70 60 34 36.87
14 8 30 60 50 48.37
15 10 50 60 42 40.00
16 8 50 90 80 79.25
17 10 30 30 62 64.13

is displayed in Table 1. The analysis of variance
(ANOVA) test was utilised to evaluate the linear
and quadratic effects of each variable and their
interactions with the output response. A 95% con-
fidence interval (p-value<0.05) was taken into
account. After the ANOVA test, the behaviour of
input and output factors was evaluated by using
response surface methodology (RSM). This method
is useful for assessing response surfaces via quad-
ratic model fitting (Anouzla et al., 2022). Design-
Expert software by Stat-Ease Corporation was used
for designing experiments and optimisation of inde-
pendent factors. The experimental setup with differ-
ent pH conditions, temperature, and time based on
the Box—Behnken design along with the results of
nanoparticle size is presented in Table 2. The quad-
ratic Eq.(1) was used to adjust the impact of vari-
ables on results.

Y=by+ Y bX;+ Y b XX+ Y b, X2i>jij=123

ey
where b, represents the coefficient of the constant
term in the equation, the coefficient b; of the linear
term describes the influence of the variables, the coef-
ficient of the quadratic term is denoted by b;;, and the

two-factor interaction coefficient is represented by b;;
(Noman et al., 2019).
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2.4 Characterisation

To comprehend the system underlying the elimina-
tion of contaminants from water using adsorbents, it
is imperious to investigate the adsorbents for different
surface features (Imran et al., 2020; Igbal et al., 2019;
Naeem et al., 2019). The surface characteristics of
the nanoparticles were measured with UHR FE-SEM
(Carl Zeiss Meditec AG, Jena, Germany). PANalyti-
cal X-ray diffractometer (Netherlands) equipped with
a scintillator detector was used to measure XRD pat-
terns to detect the structure of prepared nanoparti-
cles. The nanoparticle surface area was analysed with
the help of the Autosorb iQ instrument from Anton
Paar GmbH by the Brunauer—-Emmett—Teller (BET)
method. The UV-visible spectra of samples were
acquired with a spectrophotometer (Datacolor 850
Spectrophotometer, Datacolor, USA). VSM (Lake
Shore 7407) was employed to observe the magnetic
characteristics of as-prepared nanoparticles.

2.5 Adsorption Experiments

Different trials were conducted to analyse the MB
dye adsorption on maghemite nanoparticles. For the
determination of optimum conditions for removal
of MB by maghemite nanoparticles, experimental
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parameters were dye initial concentration (5 to 25
mg L™1), adsorbent dosage (4 to 20 mg L™!), pH (2 to
10), temperature (25 to 45 °C), and agitation speed (0
to 200 rpm). The solutions’ pH was maintained with
HCI (0.1 mol L™!) or NaOH (0.1 mol L™!) solutions.

The proportion of the MB dye removal from solu-
tions is measured with Eq. (2).

(i)

R(%) = x 100 )

o

In Eq. (3), adsorption capacity at any given time ¢
was determined.

.= (c,-c)Vv 3
m
In the above equation, C, (mg L") expresses the
initial dye concentration, while at any given time
t (min), C, (mg LY represents dye concentration,
whereas m (g) represents the mass of nano-adsorbent
and V (L) denotes the volume of solution.

3 Results and Discussion
The results of this work are presented here.
3.1 Size of the Nanoparticles

The measured size of the resultant maghemite nano-
particles in response to different processing condi-
tions is presented in Table 2. For this study, a total of
17 samples were prepared with variations in pH, tem-
perature, and time. The results indicate that the nano-
particles’ size increased after a certain time interval.
The findings revealed an enhancement in the particle
size from 34 to 80 nm, 45 to 70 nm, and 40 to 62 nm
by varying the individual variables from their mini-
mum to maximum levels. However, the best outcome
with a 25-nm size was achieved for sample number
12 with optimum processing conditions at a pH level
of 12, a temperature of 70 °C, and a time of 60 min.

A mathematical model was designed for the analy-
sis and prediction of the size of nanoparticles as pre-
sented in Eq. (4). This model can predict the result at
any given point in space.

Nanoparticlesize =117.6 + 5.06(pH) — 0.52(temperature) — 2.71(time) — 0.03(pH X temperature)

“

— 0.05(pH x time) + 0.01(temperature X time) — 0.16 X (pH)2

- 0.002(temperature)2 + (time)?

The effect of selected factors on the outcomes
is statistically evaluated by the ANOVA test.
The results demonstrate the statistical signifi-
cance of the established model for particle size at
p-value <0.0001 and F-value 53.78 as mentioned
in Table 3. The statistical analysis shows that there
is a 0.01% chance that an F-value of this magnitude
could be caused by noise. The capability of the
established model is acceptable, as p-values <0.05
show the importance of the model terms. There-
fore, the model terms A, B, C, BC, and C? are sig-
nificant. However, the model terms AB, AC, A2,
and B? showed non-significant effects.

R*=0.9857, adjusted R*=0.9674.

The use of three-dimensional diagrams is an
effective method for gaining a deeper understanding
of the impact of various factors and for analysing
their interrelationships. Response surface plots are

utilised to demonstrate how inputs affect the final
nanoparticles’ particle size. These plots are help-
ful for the visualisation of input variables’ effect
on output responses. The interaction results for the
influence of essential process variables on the syn-
thesis of maghemite nanoparticles are presented in
Fig. 1.

According to the process modelling and experi-
mental results, the process for the synthesis of
nanoparticles was optimised to achieve the mini-
mum size of the nanoparticles using Design-Expert
software version 13. Among the available 100 solu-
tions, the first solution was chosen with a desirabil-
ity of 1.000 as presented in Fig. 2. Therefore, the
optimum settings for the synthesis of maghemite
nanoparticles were chosen as follows: pH level of
12, a temperature of 70 °C, and a time of 60 min.

@ Springer
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Table 3 Analysis of
variance (ANOVA) results
regarding the size of
nanoparticles

Fig. 1 The 3D response
surfaces and contour plots
for nanoparticle size under
the effect of a pH, tem-
perature; b pH, time; and ¢
temperature, time

@ Springer

Source Sum of squares df Meansquare F-value p-value
Model 3716.72 9 412.97 53.78 <0.0001 Significant
A—pH 136.12 1 136.12 1773  0.0040
B—temperature  364.50 1 364.50 47.47  0.0002
C—time 903.13 1 903.13 117.62 <0.0001
AB 4.00 1 4.00 0.5209 0.4938
AC 30.25 1 30.25 394  0.0876
BC 169.00 1 169.00 22.01  0.0022
A? 1.64 1 1.64 0.2142 0.6575
B? 322 1 322 0.4198 0.5377
C? 2107.96 1 2107.96 274.53 <0.0001
Residual 53.75 7 7.68
Lack of fit 43.75 3 14.58 5.83  0.0607 Not significant
Pure error 10.00 4 2.50
Cor total 3770.47 16
[ - Nanoparticle Size
§ g
i i
E 40
. . A:.:" “ 12
Nanoparticle Size
T
E
g
E
o
A: pH
‘)(1 = B: Temperature (e) 20 Nanoparticle Size

C: Time (min)

Nanoparticle Size

70 a0

o . 30
B: Temperature (°C) 20 40 o 70

B: Temperature (°C )
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Fig. 2 Optimisation ramps

for the process factors to

achieve the minimum size
of nanoparticles

A:pH = 11.9915

|

70

B:Temperature = 69.611

C:Time = 53.1072

T A

25 80

Nanparticle Size = 24.7411

Desirability = 1.000

Solution 1 out of 100

Fig. 3 XRD patterns of
maghemite nanoparticles

Intensity (a.u)
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10 20 30

3.2 XRD Analysis

The XRD spectra of as-synthesised maghemite nan-
oparticles are presented in Fig. 3.

The obtained peaks, i.e. 220, 311, 400, 422,
511, and 440 of the XRD diffraction pattern, rep-
resent the cubic spinel structure of the powder
diffraction database with a card no. (JCPDS No.
39-1346) as shown in Fig. 3. These patterns con-
firm the pure crystals of maghemite iron oxide nan-
oparticles. These XRD findings are in agreement
with other researchers (Guivar et al., 2014; Horner

50

40 60 70 80

20(°)

et al., 2009; Wu et al., 2010). The XRD peak at 311
shows a strong maghemite crystalline structure of
nanoparticles (Hyeon et al., 2001). The synthesised
nanoparticles’ average crystal size was 25 nm, as
determined by the Scherer equation from the XRD
study (Saravanan et al., 2013). The calculated lat-
tice constant of prepared maghemite nanoparticles
by diffraction data was 8.3491 +0.0005 A, which is
well in line with that of bulk maghemite (8.3505 A)
(Goss, 1988). The d-spacing values are presented in
Table 4.

@ Springer
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Table 4 d-Spacing of the as-synthesised maghemite nanopar-
ticles

hkl d-Spacing
220 2.95300
311 2.51770
400 2.08860
422 1.70450
511 1.60730
440 1.47580

3.3 SEM Analysis

SEM images were captured at various magnifications
to observe the surface of the synthesised nanoparti-
cles of iron oxide. The samples were prepared with
a gold coating using a plasma sputtering device for
SEM analysis. Micrographs of as-synthesised iron
oxide nanoparticles using high-resolution SEM are
displayed in Fig. 4. It is obvious that the resultant
nanoparticles were extremely small and smooth, with
a spherical shape predominating in most cases. The
average size of maghemite nanoparticles was deter-
mined to be 25 nm at optimum processing conditions

Fig. 4 SEM images of iron oxide nanoparticles

@ Springer

at a pH level of 12, a temperature of 70 °C, and a time
of 60 min.

3.4 Surface Area Analysis

Maghemite nanoparticles’ surface area was measured
using N, adsorption/desorption with the BET method
to assess the adsorption ability of synthesised nano-
particles. The BET plot is presented in Fig. 5. The
BET technique has served as a prevailing tool for
uncovering the secrets of the nanoscale world. This
method is widely considered the gold standard for
measuring the surface area of materials, particularly
at the nanoscale. A linear BET multipoint plot of 1/
[W(P/P0O) — 1] vs P/PO is presented in Fig. 5.

The surface area of maghemite nanoparticles pre-
pared at optimum conditions (sample no. 12) was
observed to be 190 m? g~!. The high surface area of
iron oxide nanoparticles contributes to the signifi-
cantly higher adsorption capacity of these particles.

3.5 Optical Properties

The synthesised nanoparticles were dispersed in
water and studied for their absorption spectra at room
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Fig. 5 BET plot for maghemite nanoparticles
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temperature. Maghemite nanoparticles demonstrated 3.6 Magnetic Properties
a sharp absorption peak around 315 nm, as shown in
Fig. 6. It is observed that the colour of the maghemite The magnetic hysteresis loop of maghemite nano-
nanoparticle solution is brownish, which also con- particles is shown in Fig. 7. It was observed that

firms the formation of maghemite.

the magnetic saturation of maghemite nanoparticles

@ Springer
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Fig. 7 Magnetisation hys-
teresis curves of synthesised
maghemite nanoparticles

60 -

20 -

Magnetization (emu/g)

-60 4

T T T

-10000 -8000

was 61 emu g~! with a 7 emu g~' remanent mag-

netisation. Maghemite nanoparticles showed typi-
cal ferromagnetic characteristics. The lower Ms of
maghemite nanoparticles than their bulk may be
due to surface spin effects (Morales et al., 1999), as
described by other investigators (Jing, 2006; Woo
et al., 2004).

The magnetic properties of ferromagnetic material
were considered to rely on the materials’ size, sur-
face, and crystalline nature. Different magnetic char-
acteristics of the developed nanoparticles are due to
the surface morphology and crystal size. The higher
magnetic saturation of maghemite nanoparticles may
be due to shape anisotropy and magneto-static dipole
interactions.

3.7 The Application of Maghemite Nanoparticles for
the Adsorption of Methylene Blue

3.7.1 Effect of MB Dye Concentration
on the Adsorption

The investigation of the effects of initial concentra-

tions of dye is important for perspective uses of the
adsorbent. The starting amount of the dye determines

@ Springer
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the saturation of the surface of the adsorbent. In the
present study, at various initial dye concentrations,
the quantity of dye removed by adsorption and the
percent of dye adsorbed were measured under vary-
ing concentrations from 5 to 25 mg L™! at 25 °C, pH
8, 200-rpm agitation speed, and adsorbent dosage
of 20 mg L~!. Figure 8 shows that as the initial dye
amount in the solution went up, the percentage of dye
that was removed went down. This shows that there is
a negative relationship between how much dye was in
the solution at first and how much MB dye was taken
out. Dye removal increases with the passage of time,
as it took 90 min to reach equilibrium at the 5 mg L™
initial dye concentration level, whereas 150-min time
was taken for 25 mg L™! dye to attain equilibrium.
The relative availability of adsorption sites is higher
at lower concentration levels, which enhances the dye
removal in a lower time.

The enhancement in adsorption capacity by a rise
in the amount of dye was due to more dye particles
available during the process. The findings of adsorp-
tion capacity are shown in Fig. 9. Previous research-
ers (Ferrero, 2015; Giri et al., 2011; Zhang et al.,
2011) also had the same findings and reported a
reduction in the proportion of dye removal.
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Fig. 8 The impact of
adsorption time and amount
of MB on dye removal

Dye Removal (%)

Fig. 9 The impact of
adsorption time and amount
of MB on the adsorption
capacity of nanoparticles

Adsorption Capacity (mg g)

3.7.2 Effect of pH
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The environment’s pH has a major impact on the
functional groups of dyes. By changing the pH of the
solution, dye removal has also been changed. So, the
pH has a substantial impact on the kinetics of MB

Time (min)

adsorption by maghemite nanoparticles. Dye removal
studies were conducted at various pH levels ranging
from 2 to 10, and it was revealed that with an increase
in the pH of the solution, both dye removal percent-
age and adsorption capacity increased, as presented in
Fig. 10. It happens because the charge on the surface
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Fig. 10 The adsorption T
performance of maghemite
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of nanoparticles has been changed by the variation in
pH level of the medium. By changing the solution’s
pH, the number of hydroxyl groups linked to the sur-
face of maghemite nanoparticles varies.

At a pH of zero charge (pH,,), there is a neu-
tral surface charge for maghemite nanoparticles,
as reported in the literature, which is around 6.6
(Garcell et al., 1998; Kosmulski, 2009; Vayssieres,
2009). Below this pH, the surface of the adsorbent
is charged positively by the number of positive (H+)
ions accumulated on it from the solution. Therefore,
the removal of dye decreased below pH,,, as the elec-
trostatic repulsive forces increased between positive
molecules of dye and the adsorbent surface of magh-
emite, which is also positively charged, while on the
other side, a pH higher than pH,,. gives a negatively
charged surface to the adsorbent due to deprotonation,
and dye removal increased as a result of electrostatic
attractions between dye molecules of MB which have
a positive charge and negatively charged surface of
the maghemite adsorbent. The dye removal efficiency
was highest at pH 8, so we determined that this was
the best pH value to conduct adsorption experiments.

3.7.3 Effect of Temperature
Dye removal by maghemite nanoparticles was per-

formed at three levels of temperature, i.e. 25 °C,
35 °C, and 45 °C, to investigate the influence of
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temperature with 5 mg L~! MB initial concentration,
8 pH, 200-rpm stirring speed, and 20 mg L~! adsor-
bent dosage. A small decline in dye removal was
detected by increasing temperature, as illustrated in
Fig. 11.

3.7.4 Effect of the Dosage of Adsorbent

For practical uses and economic considerations, it
is critical to determine the best amount of the dos-
age that can efficiently remove the pollutants from
the water. The amount of the adsorbent material
determines both the area and the quantity of sites
that are accessible for adsorption (Igbal et al.,
2019). The investigations to study the effect of
the adsorbent dosage were performed with a 200-
rpm stirring speed, 5 mg L™' MB initial concen-
tration, pH 8, and 4-20 mg L~! adsorbent amount.
It is experienced that the degree of dye removal is
enhanced by increasing the dosage of the adsor-
bent due to increased adsorption sites, but on the
other side, adsorption capacity decreased progres-
sively, as shown in Fig. 12. Dye removal was 75%
at 4 mg L™!, which increased to 99% at 20 mg L™
adsorbent dosage. Our findings were sufficiently
supported by the report that an increased adsor-
bent dose subsequently resulted in the presence of
additional active sites where contaminants can be
adsorbed (Kumar & Kumaran, 2005).
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3.7.5 Effect of Agitation Speed

To investigate the impact of agitation speed on the
adsorption of MB by maghemite nanoparticles, the
following process parameters, e.g. agitation speed,
initial concentration, pH, and adsorbent dosage, were
varied from 50 to 200 rpm, 5 mg L', 8, and 20 mg

Il Dye Removal 198
Il Adsorption Capacity

- 80

- 60

- 40

- 20

Adsorption Capacity (mg g™)

8 12 16 20

Adsorbent Dosage (mg L")

L~! respectively, and outcomes are illustrated in
Fig. 13. We came to know that both dye removal per-
centage and adsorption capacity have been increased
significantly by increasing stirring speed. This hap-
pened because as we increased the agitation speed,
the interactions among adsorbent and dye molecules
increased.
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Fig. 13 Impact of agitation T
speed on adsorption of MB
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3.7.6 Adsorption Isotherms

Isotherms correlate the concentration of adsorbent in
liquid and solid phases. The experiments were per-
formed with 200-rpm stirring speed, 25 °C tempera-
ture, pH 8, and 20 mg L~ adsorbent amount by using
various concentrations of MB dye.

The adsorption for monolayers on a homogene-
ous surface of adsorbent is assumed by Langmuir
isotherm, which is illustrated in its nonlinear form
(Langmuir, 1916) in Eq. (5).

_ quLCe
9= T1yk,C, )

whereas Eq. (6) explains the linear form of Langmuir
isotherm.

C, 1 C,

- = + — 6
9. quL dm ( )

In these equations, C, represents the dye concentration
(mg L") at the equilibrium point in solution, while g, is
used for the adsorbed dye amount (mg g™") at equilibrium,
q,,, expresses the maximum adsorption capacity (mg g™),
and K; (L mg™") is used for the Langmuir constant.

According to Freundlich isotherm, the distribu-
tion of functional groups is uneven. It assumes that
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the adsorption is multilayer with interactions between
adsorbate and adsorbent molecules.

Freundlich isotherm (Freundlich, 1906) is presented
in Eq. (7).

¢ = K:C.” )

The Freundlich model can be described in the linear
form in Eq. (8).

log(qe) = log(KF) + ’%log(Ce) ®)

In the above equation, Ky (mg!~'" L' g7
expresses the Freundlich constant, whereas 1/n is
used to express the Freundlich constant indicating
the strength of the adsorption.

The fittings of the experimental data to isotherm
models for MB adsorption by using as-synthesised
maghemite nanoparticles are presented in Fig. 14.

Table 5 displays the calculated parameters of
adsorption isotherms. Maghemite nanoparticles
showed 96.52 mg g~! maximum adsorption capac-
ity. Higher values of R? showed better fitness of
the experimental data of dye removal to the Freun-
dlich isotherm model. This demonstrates the het-
erogeneous surface of the maghemite adsorbent.
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Fig. 14 Adsorption isotherms models for maghemite nanoparticles: a linear Langmuir, b nonlinear Langmuir, ¢ linear Freundlich, d

nonlinear Freundlich

Table 5 Adsorption

; Langmuir Freundlich

isotherm parameters for

methylene blue Gimax (Mg g1 K, (Lmg™h) R? Kg (mg!'=™  1/m R?

Ll/n g—l)
Linear 96.52 1.83 0.9861 54.95 0.27 0.9990
Nonlinear 93.15 1.85 0.8728 55.22 0.27 0.9989
Hall et al. (1966) described an important parame- 1
. 113 ” . _ RL =T A (9)
ter separation factor, “R;”, established on the Lang 1+K,C,

muir model and is presented in Eq. (9).
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In the above equation, C, expresses the amount
of dye at the start of the experiment, and K| is used
for the Langmuir constant.

R, explains the feasibility of the adsorption.
The types of adsorption were determined by the
value of RL as follows: linear (R =1), favourable
(O<R; <1), unfavourable (R > 1), and irreversible
(R.=0).

The calculated R; values 0.09 to 0.02 were in
between 0 and 1 which confirms that the type of
adsorption is favourable for MB on maghemite
nanoparticles.

3.7.7 Adsorption Kinetics

The kinetics of MB adsorption on maghemite
nanoparticles were explored by Lagergren pseudo-
first-order and Ho and McKay pseudo-second-
order models.

The pseudo-first-order kinetic model (Lagergren,
1898) in nonlinear form is expressed in Eq. (10):

q,=q.(1—e™) (10)

where k; (min~") shows the first-order kinetics’ rate
constant and ¢, and g, (mg g~!) are the amounts
adsorbed at any given time ¢ (min) for adsorbate at
equilibrium, respectively.

The pseudo-first-order kinetic model in linear
form is written in Eq. (11).

Kt
2.303

log(q, —q,) = log(q.) — (11)

The pseudo-second-order kinetic model (Ho,
1995, 2006) in nonlinear form is expressed in
Eq. (12).

quzt
7= (1+q.K,1) (12)

where k, (g mg~! min~!) shows the rate constant for
pseudo-second-order kinetics.
The pseudo-second-order model in its linear
form is presented in Eq. (13).
! 1 t
+

a9, K¢ q (13)

The adsorption kinetic models of methylene
blue by maghemite nanoparticles with linear and

@ Springer

nonlinear regression methods are presented in
Fig. 15.

The kinetic parameters and R> values for MB
adsorption kinetics on maghemite are recorded in
Table 6. The values of g, and K| for the linear form
of pseudo-first-order kinetics were estimated from
the slope and intercept by drawing the plot between
log (g.-g,) versus time, whereas the slope and inter-
cept form was utilised to calculate the values of g,
and K, for the linear form of pseudo-second-order
kinetics by drawing the plot between #/q, versus
time. The appropriateness of the model was evalu-
ated from the regression coefficient (R?) values.
It was observed that the kinetics of MB on magh-
emite nanoparticles follow a pseudo-second-order
kinetic model due to the highest correlation coef-
ficient (R?) values.

3.7.8 Adsorption Thermodynamics

Adsorption thermodynamics for methylene blue dye
adsorption on maghemite nanoparticles were studied
using Eq. (14)

AG® = —RTInkK, (14)

In the above equation, AG° (kJ mol ™) expresses
Gibb’s free energy, whereas 7' (K) is used for tem-
perature, R (8.314 ] mol~! K1) is used as a universal
gas constant, and K, (dimensionless) is the thermody-
namic constant.

Equation ((15)) describes the relationship between
thermodynamic parameters.

AG® = AH® — TAS® (15)

In the above equation, AH® (kJ mol™!) shows the
enthalpy of the system, and AS® (J mol~!) explains
the entropy.

The substitution of Eq. (14) into Eq. (15) resulted
in the development of the Van’t Hoff Eq. (16) which
can be stated as follows.

InK, = —AH + as
RT R

(16)

In the above equation, the value of K, can be cal-
culated by multiplying the Langmuir constant by
10° (Milonji¢, 2007, 2009; Tran et al., 2016). K, is a
dimensionless quantity which is known as a thermo-
dynamic constant.
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Fig. 15 MB adsorption kinetics on maghemite: a pseudo-first-order linear, b pseudo-first-order nonlinear, ¢ pseudo-second-order

linear, d pseudo-second-order nonlinear

Table 6 MB adsorption kinetic parameters for maghemite nanoparticles

C,(mgL™") g, exp(mgg™)

Pseudo first order

Pseudo second order

gocal(mgg™) K, (min"!) R? g.cal(mgg™) K,(gmg'min7!) R?

Linear model

5 24.75 22.19 0.0359 0.9831 28.17 0.0021 0.9966
10 47 40.77 0.0279 0.9843 56.09 0.0007 0.9966
15 66 65.47 0.0279 0.9318 80.58 0.0004 0.9966
20 80 69.71 0.0226 0.9908 97.75 0.0003 0.9970
25 92.50 66.30 0.0196 0.9978  106.38 0.0003 0.9979
Nonlinear model

5 24.75 24.75 0.0424 0.9703 28.55 0.0020 0.9790
10 47 47.02 0.0329 0.9634 56.35 0.0007 0.9868
15 66 65.83 0.0295 0.9612 80.28 0.0004 0.9887
20 80 78.70 0.0277 0.9613 97.00 0.0003 0.9905
25 92.50 87.66 0.0331 0.9551 105.13 0.0004 0.9924
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Table 7 Important thermodynamic parameters used in adsorp-
tion

T(K) K, AG° (k] AH° (k] AS° (J mol™)
mol™) mol™!)

298 1,830,000 —35.73

308 1,330,000 —36.11 —19.95 52.37

318 860,000 —36.12

Equation (14) was used to analyse the amount of
AG®, whereas the slope and intercept form of the plot
between InK, versus 1/T, respectively (Eq. 16), was
employed to measure the values of AH° and AS°.
Thermodynamic parameters are recorded in Table 7
for the adsorption of MB by maghemite nanoparti-
cles. Gibb’s free energy (AG®) is utilised to calculate
the degree of spontaneity for the observed process.
Negative AG®° indicates the spontaneous nature of the
adsorption of MB on maghemite nanoparticles.

The mechanism of the MB dye removal by magh-
emite nano-adsorbent is exothermic, which is evident
from the negative values of AH®° (AH®<0) as shown
in Table 7. This shows that there is a negative cor-
relation between temperature and the equilibrium
constant (K_). Further, the positive values of AS°
indicate the random association of the molecules of

Fig. 16 Iron ions leaching
results at various pH levels 3.0 -

Fe Concentration (mg L)

@ Springer

dye on maghemite nanoparticles’ adsorbent surface.
Thermodynamic parameters show that the process is
physical adsorption.

3.7.9 Adsorbent Stability and Reusability

An adsorbent to be used for wastewater treatment
at the industrial level should have good adsorption
capacity, be highly stable, and be easily recoverable
from the water. Recycling is crucial for reducing the
cost of the wastewater treatment process (Hu et al.,
2005). The stability of as-synthesised nano-adsorbent
was evaluated by leaching test at different pH levels,
and outcomes are presented in Fig. 16. Briefly, 0.25-g
maghemite nanoparticles were dispersed in 200 mL
of water and agitated at 200 rpm for 120 min. At pH
2, the maximum leaching of iron ions was 2.5 mg L™
as calculated with atomic absorption spectroscopy
and decreased significantly with a rise in solution
pH. The negligible results for iron ions leaching were
found at pH levels higher than 6, which proves the
good stability of the adsorbent at pH values above 6.
The adsorption of MB is maximum at pH level 8
due to higher electrostatic attractions and decreased
at lower pH levels. Therefore, the developed adsor-
bent can be recycled by varying the solution pH. To
analyse the reusability and recycling of maghemite

pH
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Table 8 Comparative Adsorbent q,, (mg g™ References
adsorption performance of
glfterent materials for MB Iron oxide-coated zeolite 18.6 Zhao et al. (2010)
ve MWCNT 15.87 Gong et al. (2009)
Iron-impregnated AC 20.61 Naeem et al. (2016)
Activated carbon from coir 3.53 de Souza Macedo et al. (2006)
Bagasse fly ash 2.26 Aygiin et al. (2003)
MnP 25.54 Picurariu et al. (2016)
Magnetised bentonite 39.54 Lou et al. (2015)
Fe;0,@C 44.38 Zhang et al. (2011)
Acrylic waste 8.76 Naeem et al. (2017)
Maghemite nanoparticles 96.52 This work

nanoparticles, the adsorption and desorption were
performed for ten cycles. The results are shown in
Fig. 17. Maghemite nanoparticles exhibit 95% dye
removal efficiency even after ten cycles, which shows
excellent recycling performance.

3.7.10 Comparison of Maghemite Adsorbent
for the Removal of MB with Other Adsorbents

For practical uses and economic considerations,
it is critical to compare the effectiveness of vari-
ous adsorbents for the elimination of pollutants.

Therefore, the comparison of the synthesised
maghemite nanoparticles with many other materi-
als for the elimination of methylene blue dye has
been presented in Table 8. The adsorption capac-
ity (96.52 mg g~!) of maghemite nanoparticles
obtained from the Langmuir isotherm is better
than that of many adsorbents for removing dyes
from water, as mentioned in Table 8, which shows
their good potential for efficient wastewater treat-
ment. The higher adsorption capacity of magh-
emite nanoparticles is attributed to the higher sur-
face area of the nanoparticles.
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4 Conclusions

In this study, an efficient and economical method was
developed to prepare maghemite nanoparticles by an
ultrasonic-assisted modified co-precipitation tech-
nique. Nanoparticle size can be controlled systemati-
cally with adjustments to the processing conditions.
Iron oxide nanoparticles have been fabricated by an
economical and environment-friendly method with-
out using any surfactant or solvent, which shows the
large-scale production potential of pure iron oxide
nanoparticles. The effect of process variables was
modelled and analysed with Box—Behnken statisti-
cal design and response surface methodology using
Design-Expert software. The best outcome with
25-nm size was achieved with optimum processing
conditions at a pH level of 12, a temperature of 70 °C,
and a time of 60 min. The prepared maghemite nano-
particles were successfully employed for the adsorp-
tion of MB dye from water. The maximum adsorption
capacity of maghemite nanoparticles was observed to
be 96.52 mg g~

From the studies for the comparison of the adsorp-
tion capacity of the synthesised nanoparticles with
other materials in the same field, it was suggested
that the maghemite nanoparticles are of greater
interest. Higher values of R*> showed better fitness
of the experimental data on dye removal to the Fre-
undlich isotherm model and pseudo-second-order
kinetic model. Maghemite nanoparticles can be eas-
ily restored and reused repeatedly, as observed from
desorption studies, so they can facilitate dye removal
in textile industries. The easy synthesis method, good
adsorption capacity, and simple magnetic recovery of
these maghemite nanoparticles make these particles
excellent adsorbents. Although maghemite nanopar-
ticles have been found to be excellent adsorbents for
the elimination of dyes, the adsorption process is still
the subject of more specialised wastewater treatment
analyses. On the other hand, the development of novel
effective systems for the treatment of wastewater con-
taining multiple contaminants could be an interesting
innovation for the future.

Data Availability Data are available on request from the
authors.
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