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INTRODUCTION

Dye is one of the major components among the pollutants
present in the discharges of printing, tanning, textile, paper
and cosmetic industries [1]. The wastewater discharges from
these industries are identified by bright colour and high toxicity
to marine biomes because the dyes present in the water block
the sunlight transmission and thus prevent the photosynthesis
of aquatic plants [2,3]. Therefore, the intense colour of water is
considered as one of the clear indicator of the water pollution [4].

Methylene blue or urelene blue also named as basic blue 9,
which is a cationic dye used in several purposes like dyeing
textiles, a staining agent to make certain body fluids and tissues
easier to view during surgery [5]. In spite of its valuable usage,
methylene blue is a cancer causing agent and has been
categorized as a recalcitrant molecule because of its poor
metabolization by microorganisms due to which it can persist
for extended periods in the environment. Its exposure can cause
vomiting, eye irritation and chronic toxicity mainly to the
central nervous system [6,7]. Hence, it is extremely important
to suggest highly efficient, cheap and environmentally safe
processes to abate methylene blue from the wastewater.
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Various treatment methods have been already reported
for dye removal such as membrane method, adsorption method,
biodegradation and chemical oxidation [8]. Out of these
methods, adsorption method considered as economical and
extremely efficient method to follow due to its low cost and
easy to perform [9]. Numerous researchers have used various
adsorbents such as lemon grass leaf activated carbon [10], lead
sulphide nanoparticles [11], sand [12], EDTA-modified bento-
nite [13], polyaniline nanofiber base [14], sludge ash [15],
acid functionalized biomass [16], silica coated soya waste [17]
and periodate-modified nanocellulose [18] for the degradation
of methylene blue dye. Nanostructured materials have large
surface to volume ratio so their surface can be easily functiona-
lized using different molecules. Furthermore, nanoparticles
act as an excellent adsorbent for the removal of dye due to their
unique structural, optical and magnetic properties. Due to low
toxicity, biocompatibility and high magnetic saturation super-
paramagnetic Fe3O4 nanoparticles appeared as a suitable candi-
date for modern technological applications [19]. Without surface
coating Fe3O4 nanoparticles may be easily agglomerated in
the course of chemical reaction. This phenomenon hinders the
efficacy of Fe3O4 nanoparticles for the future applications [20].
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The present work focused on the synthesis and characterization
of Meldrum’s acid modified SPIONs for methylene blue dye
removal from the aqueous solutions. Moreover, isotherm and
kinetic studies were performed for the abatement of methylene
blue dye from aqueous solution onto the surface of modified
superparamagnetic iron oxide nanoparticles (SPIONs).

EXPERIMENTAL

Ferrous sulfate heptahydrate (FeSO4·7H2O, 98%), ferric
chloride hexahydrate (FeCl3·6H2O, 97%), ammonium hydroxide
solution (25%), methylene blue and Meldrum’s acid were
acquired from SRL (India). Analytical graded chemicals were
used without extra purification throughout the experimental
work.

The infrared spectra of bare and Meldrum’s acid (MA)
coated magnetic nanoparticles were recorded using the MB-
3000 ABB FTIR spectrometer. Absorbance measurements were
obtained using a T90 PG Instrument Limited UV-visible spectro-
photometer (900-190 nm). Thermal analysis of nanoparticles
was performed by Perkin-Elmer STA-6000 thermo gravimetric
analyzer (heating rate 5-80 ºC/min and the temperature range
20-1000 ºC). The average size of nanoparticles was monitored
using the Hitachi SU-8000 field emission scanning electron
microscope (FESEM). An instrument employing radiation (λ
= 1.540 Å) was used to record X-ray diffraction (XRD) patterns
at room temperature. A digital mechanical stirrer (2000 rpm)
was used to synthesize magnetic nanoparticles.

Synthesis of Fe3O4 and MA-Fe3O4 nanoparticles: For
synthesis of bare and Meldrum’s acid (MA) coated magnetite
nanoparticles co-precipitation method was used. Initially, 50
mL solution of ferrous sulphate was mixed with 50 mL solution
of ferric chloride in molar ratio (2:1). The resultant solution
was warmed upto 85 ºC by vigorous stirring (about 0.5 h)
under inert gas atmosphere followed by the addition of 20 mL
of ammonia solution into the reaction mixture until pH of the
solution reached approximately 10. The formation of Fe3O4

nanoparticles was confirmed by colour change from brown to
black [21]. Then, 1.25 g Meldrum’s acid dissolved in 50 mL
of water was added rapidly to the above solution and stirred
further for 1 h. The Meldrum’s acid coated iron oxide nano-
particles (IONPs) were separated from the solution by applying
external magnetic field and washed with deionized water.
Further, these surface modified magnetic nanoparticles were
dried in oven (Scheme-I) and used for XRD, FTIR, FESEM
and TG analysis.

Determination of methylene blue concentration: For
methylene blue (50 ppm), the maximum absorption peak was
appeared at 663 nm in the visible range. The concentration of
solution was changed in the range (10-50 ppm) and their absor-
bance was determined at 663 nm. Calibration curve was achieved
by plotting the graph between absorbance and concentration
of methylene blue at maximum wavelength. A straight line graph
was obtained with high regression coefficient (R2 = 0.978) as
shown in Fig. 1.
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Fig. 1. Calibration curve to determine concentration of methylene blue

Adsorption experiments: The adsorption experiments
were carried using batch adsorption process. The influences
of experimental parameters such as adsorbent dose (5-30 mg),
pH (3-7) and contact time (10-80 min) on the adsorptive removal
of methylene blue were investigated in a batch mode. The equi-
librium adsorption capacity (qe) was calculated using eqn. 1
[22,23]:
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e
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−= (1)

The percentage removal of dye was determined using eqn. 2
[24]:
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where, Co = initial concentration of dye (ppm); Ce = dye residual
concentration (ppm) at equilibrium; V = volume of methylene
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Scheme-I: Scheme for the synthesis of Meldrum’s acid modified nanoparticles
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blue dye solution (L) and m = adsorbent weight (g). The capacity
of adsorption qt (mg/g) at various contact time t (min) was
calculated using eqn. 3 [25]:

o t
t

(C C )V
q (mg/g)

m

−= (3)

where, Co = initial methylene blue concentration in ppm and
Ct = methylene blue concentration at time ‘t’ (min). To calculate
the maximum capacity of adsorption, the amount of methylene
blue dye adsorbed on the surface of MA-Fe3O4 was applied to
the Langmuir, Freundlich and Tempkin isotherm models.

RESULTS AND DISCUSSION

Characterization of Fe3O4 and MA-Fe3O4 nanoparticles

IR studies: The IR spectra of bare Fe3O4 nanoparticles
and modified Fe3O4 nanoparticles were obtained to determine
the nature of associated functional groups and to confirm the
coating on the surface of bare nanoparticles (Fig. 2). On comp-
aring the IR spectra of bare and MA-Fe3O4, the various changes
have been observed in the IR spectra of MA-Fe3O4. Firstly, a
characteristic absorption band at 2954 cm-1 is considered as
the stretching corresponds to the active methylene group.
Secondly, a sharp band appears at 1748 cm-1 indicated the ester
group formation during the esterification reaction. Lastly, the
bands appearing at 1590 cm-1 and 1384 cm-1 correspond to the
carboxylate group. Thus, it can be stated that the esterification
reaction was successful between the pure Meldrum’s acid and
bare magnetic nanoparticles. Additionally, a common peak is
observed in the IR spectra of both i.e. bare Fe3O4 and MA-
Fe3O4 nanoparticles which may be due to Fe-O stretching.
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Fig. 2. FTIR spectra of bare magnetic nanoparticles (BMNPs) and
Meldrum’s acid coated magnetic nanoparticles (MA-MNPs)

X-ray diffraction (XRD) studies: The crystalline nature
and crystal structure of the synthesized nanoparticles were
studied by X-ray diffractometer in the range of 2θ between
20º and 80º. The XRD patterns of Fe3O4 and MA-Fe3O4 are
displayed in Fig. 3. The pattern obtained exhibits sharp peaks
for all the synthesized magnetic nanoparticles. The diameters
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Fig. 3. XRD pattern of bare magnetic nanoparticles (BMNPs) and
Meldrum’s acid coated magnetic nanoparticles (MA-MNPs)

of the nanoparticles were calculated by using the Scherrer
equation (eqn. 4) [26]:

0.9
d

cos

λ=
β θ (4)

where, λ is the source wavelength , β is the line broadening at
half-height of the maximum intensity of the peak and θ is the
Bragg angle. By putting the full width at half maximum (FWHM)
of the most intense peak into the Scherrer’s equation, the average
sizes of particles were calculated as 11.69 nm and 13.60 nm for
bare Fe3O4 and MA coated Fe3O4 nanoparticles, respectively.
Interestingly, the size of bare and coated magnetic nanoparticles
calculated from Scherrer’s equation was found in close agree-
ment with the results obtained from FESEM study.

FESEM studies: Field emission scanning electron
(FESEM) microscopy study of bare and Meldrum’s acid coated
magnetite nanoparticles reveals the coating of Meldrum’s acid
on the surface of bare nanoparticles as the average particle size
of prepared Fe3O4 and Meldrum’s acid coated Fe3O4 magnetic
nanoparticles was found to be 20 and 30 nm, respectively (Fig.
4). An increase in the size of Fe3O4 MNPs after coating sugge-
sted the successful coating of Meldrum’s acid on the surface
of bare Fe3O4 magnetic nanoparticles.

Thermogravimetric analysis (TGA): TGA curves of
bare and MA coated Fe3O4 nanoparticles were obtained to
investigate their thermal behaviour (Fig. 5). The initial weight
loss for both i.e. uncoated and coated iron oxide nanoparticles
(IONPs) within the region 10-150 ºC may be linked with the
vaporization of adsorbed water. Above 200 ºC, the weight loss
for Meldrum’s acid coated iron oxide nanoparticles was observed
which is due to the decomposition of Meldrum’s acid coating
from the surface of iron oxide nanoparticles. Although, in case
of pure Meldrum’s acid the corresponding degradation was
observed at low temperature inferring that thermal stability was
enhanced after coating. However, no significant weight loss
was observed beyond 400 ºC which is probably related to iron
oxide nanoparticles. From TG curves of bare and Meldrum’s
acid coated iron oxide nanoparticles, it was clear that the net
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Fig. 5. TGA curves of bare magnetic nanoparticles (BMNPs) and
Meldrum’s acid coated magnetic nanoparticles (MA-MNPs)

weight loss for Fe3O4 and MA coated Fe3O4 nanoparticles was
11.67 % and 14.12 %, respectively.

Adsorption studies of Meldrum’s acid (MA) coated Fe3O4

with variation in different parameters: The influence of
different adsorption parameters i.e. the effect of the dosage,
contact time, effect of pH and effect of dye initial concentration
on the removal of methylene blue dye was investigated by synthe-
sized MA-Fe3O4.

Effect of MA coated Fe3O4 MNPs dosage: The effect of
the adsorbent dosage on the adsorption of methylene blue dye
was examined using different amounts of adsorbent (5-30 mg)
as shown in Fig. 6. Adsorption percentage was increased with
increase in the amount of adsorbent due to the availability of
many adsorption sites. When the amount of adsorbent was
increased from 5 to 30 mg, methylene blue dye removal percen-
tage was increased up to 98.74%. The removal efficiency MA-
Fe3O4 nanoparticles is higher than Fe3O4 nanoparticles because
the coating material provides extra binding sites through the
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Fig. 6. Effect of adsorbent dosage on the removal efficiency

electrostatic attraction between the functional group of
Meldrum’s acid and the dye molecule.

Effect of contact time: The influence of contact time on
the removal efficiency of methylene blue dye was studied using
the optimal conditions i.e. adsorbent dosage (30 mg) and concen-
tration of methylene blue (50 ppm) at different times (10-80
min) as presented in Fig. 7. The maximum adsorption of the
methylene blue dye appears at 60 min which is rapid equilibrium
rate.

Effect of pH: To investigate the effect of pH on methylene
blue adsorption, 30 mg of adsorbent was added to methylene
blue dye solution (50 ppm) at various pH values (pH = 3-7) as
shown in Fig. 8. The acidic and basic solutions were attained by
adding dilute solution of HCl and NaOH, respectively. Removal
percentage (%R) was increased by raising the pH of the solution
because the strong electrostatic interaction between molecule of
methylene blue dye (a cationic dye) and the carboxylate group
(with anionic charge) of MA coated Fe3O4 nanoparticles.

Fig. 4. FESEM image of bare magnetic nanoparticles (BMNPs) [1 division = 20 nm] and Meldrum’s acid coated magnetic nanoparticles
(MA-MNPs) [1 division = 30 nm]
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Effect of initial concentration: The influence of initial
concentration of methylene blue (10-50 ppm) on the adsorption
capacity of Meldrum’s acid coated magnetic nanoparticles was
investigated under the specific conditions i.e. contact time (60
min) and amount of adsorbent added (5 mg) at room temper-
ature. The removal efficiency was dependent upon the initial
concentration of methylene blue as an increase in the removal
efficiency was noticed with the decrease in the dye initial concen-
tration as shown in Fig. 9.

Adsorption kinetic study: Adsorption kinetics is a signi-
ficant parameter for designing adsorption systems [27]. The
kinetic mechanism of adsorption was also investigated using
the pseudo-first order kinetic model and the pseudo-second
order kinetic model. The pseudo-first order kinetic model
equation can be written as follows [28]:

1
e t e
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− = − (5)
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Fig. 9. Effect of initial concentration

where, qe is the adsorption capacity at equilibrium time in mg/g,
qt (mg/g) is the adsorption capacity at time t (min) and k1 is
the rate constant of pseudo-first order kinetic model [29].

The pseudo-second order kinetic equation is calculated
by using eqn. 6 [30]:

2
t 2 e e

1 1 t

q k q q
= + (6)

where k2 is the rate constant of pseudo-second order. The order
of kinetic model can be determined by plotting the graphs of
log (qe – qt) versus t for pseudo-first order and t/qt versus t for
pseudo-second order as presented in Fig. 10. Moreover, the
correlation factor (R2 = 0.994) calculated from pseudo-second
order kinetic model was higher than that of pseudo-first order
kinetic model (Table-1). This suggested that the experimental
data were in accordance with the pseudo-second order model.
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Adsorption isotherms: The isotherm study describes the
interactions between adsorbate and adsorbent. Langmuir,
Freundlich and Tempkin isotherms were discussed in this study

Vol. 34, No. 3 (2022) Isotherm and Kinetic Parameters for Efficient Adsorption of Methylene Blue Dye  623



TABLE-1 
CALCULATED KINETIC PARAMETERS FROM THE KINETIC GRAPHS FOR THE ADSORPTION OF METHYLENE  

BLUE DYE ONTO THE SURFACE OF MELDRUM’S ACID COATED IRON OXIDE NANOPARTICLES 

Pseudo-first order kinetic model Pseudo-second order kinetic model 

R2 k1 (min–1) qe (mg/g) R2 k2 (g mg–1 min–1) qe (mg/g) 

0.986 0.058 15.240 0.994 0.00375 19.833 

 

[31]. The Langmuir theory describes a homogenous adsorption
which reveals that when a molecule of dye occupies an adsor-
ption site then no additional adsorption can take place at that
site. The Langmuir model equation can be given as [32]:

e e

e m L m

C C1

q q K q
= + (7)

where Ce is the equilibrium concentration, qm is the maximum
adsorption capacity, qe is adsorption capacity at equilibrium
and KL is the Langmuir constant. Langmuir isotherm graph
was plotted between Ce/qe and Ce as presented in the Fig. 11.
Langmuir isotherm parameters i.e. qm and KL can be calculated
with the help of slope and intercept as mentioned in Table-2.
From the graph, the correlation coefficient (R2) for Langmuir
isotherm was found to be 0.942.
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Fig. 11. Langmuir isotherm

Freundlich theory assumes a heterogeneous adsorption,
which implies that various sites with different adsorption
energies are involved. It is the relationship between the concen-
tration and the amount adsorbed at equilibrium. The Freundlich
isotherm equation is written as follow [33]:

e F e

1
logq logK logC

n
= + (8)

where KF is the Freundlich constant and 1/n is a constant which
represents the adsorption intensity. Freundlich isotherm graph
was plotted between log qe and log Ce as shown in the Fig. 12.
The Freundlich parameters i.e. KL and n were calculated with
the help of slope and intercept as presented in Table-2. From
the graph, the correlation coefficient (R2) for Freundlich
isotherm was found to be 0.997.
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Fig. 12. Freundlich isotherm

Tempkin isotherm supposes that the adsorption heat of all
molecules reduces in a linear manner in the layer due to the
interactions between adsorbent and adsorbate. In addition, the
adsorption is identified by the homogenous distribution of
binding energies. Tempkin isotherm equation can be given in
the following form [34]:

e T e

RT RT
q lnK lnC

b b
= + (9)

where KT is the Tempkin isotherm constant and RT/b is equals
to B that is a constant which represents the heat of sorption.
Tempkin isotherm graph was plotted between qe and ln Ce as
shown in Fig. 13. The Tempkin isotherm parameters i.e. KT

and b were calculated with the help of slope and intercept as
presented in Table-2. From the graph, the correlation coefficient
for Tempkin isotherm was found to be 0.776. From the above

TABLE-2 
ISOTHERM PARAMETERS CALCULATED FROM THE ISOTHERM GRAPHS FOR THE  

ADSORPTION OF METHYLENE BLUE DYE ONTO THE SURFACE OF MODIFIED SPIONs 

Langmuir model Freundlich model Tempkin model 

R2 qm (mg/g) KL R2 KF n R2 KT B = RT/b 

0.942 129.032 0.179 0.997 21.232 1.606 0.776 28.216 12.365 
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results, it was concluded that the adsorption isotherm best fitted
with Freundlich model with high correlation coefficients (R2

= 0.997). Also, the high value of R2 for Freundlich model
suggested the heterogeneous adsorption through a monolayer
over the adsorbent surface. Moreover, adsorption of methylene
blue dye from aqueous solution on the surface of MA-Fe3O4

nanoparticles was physisorption in nature.
Desorption study: The reusability is a crucial factor to

judge the applications [35]. Meldrum’s acid modified nano-
particles desorption data were obtained by performing the
experiments in batch mode. Numerous solvents such as 0.1 M
HCl, 0.1 M NaOH, 0.1 M HNO3, 0.1 M H2SO4 and ethanol
were used for the desorption of methylene blue dye from the
surface of the modified nanoparticles. From the results, one
can conclude that HCl shows better elution than the rest of the
solvents and the percentage of desorption of methylene blue
dye by hydrochloric acid solvent was about 92% (Fig. 14).
These results are in good agreements with the effect of pH
because the methylene blue dye shows the highest removal
efficiency at basic pH. As the pH of the system decreases, the
availability of positively charged sites on adsorbent was incre-
ased and an adsorbent having positively charged sites favours
desorption of cationic dye by virtue of the electrostatic repulsion
between the cationic dye and the positively charged adsorbent.
Therefore, Meldrum’s acid modified nanoparticles exhibit
magnificent adsorption capacity and regeneration. Also, their
further applications can be expanded for wastewater treatment
from various industries.

Comparative study of removal of methylene blue dye
by Meldrum’s acid modified SPIONs with other reported
adsorbents: The maximum percentage removal used in this
study along with other reported adsorbents for the removal of
methylene blue dye were summarized in Table-3. It can be
observed that other reported adsorbents were less effective for
removal of methylene blue dye in comparison of Meldrum’s
acid modified nanoparticles. Hence MA-Fe3O4 nanoparticles
have been found as a potential adsorbent tool for the removal
of methylene blue dye from aqueous solution.
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TABLE-3 
COMPARING THE PERCENTAGE REMOVAL OF  

METHYLENE BLUE DYE BY THE ADSORBENT USED  
IN THIS STUDY WITH OTHER REPORTED ADSORBENTS 

Adsorbent Removal (%) Ref. 
Lemon grass leaf activated carbon 64.36 [10] 
Lead sulphide nanoparticles 75.90 [11] 
Sand 92.00 [12] 
EDTA-modified bentonite 40.00 [13] 
Polyaniline nanofiber base 91.00 [14] 
Sludge ash 80.00 [15] 
Acid-factionalised biomass 83.00 [16] 
Silica coated soya waste 97.10 [17] 
Periodate-modified nanocellulose 78.10 [18] 
Meldrum’s acid modified SPIONs 98.74 This study 
 

Conclusion

Meldrum’s acid modified Fe3O4 (MA-Fe3O4) and bare Fe3O4

nanoparticles were synthesized by the chemical co-precipitation
process and used for adsorptive removal of cationic methylene
blue dye. Various physico-chemical characterizations suggested
the effective coating on the surface of Fe3O4 nanoparticles. Batch
adsorption studies revealed that adsorption of methylene blue
dye varies with change in different parameters such as adsor-
bent dose, contact time, pH and initial concentration of dye.
Adsorption kinetics results suggested that the methylene blue
adsorption over the surface of MA-Fe3O4 nanoparticles obeyed
pseudo-second order kinetics. Further, the adsorption isotherm
data best fitted with the Freundlich isotherm model. The desor-
ption study was also performed with different solvents. Hence,
from the present study it can be concluded that MA-Fe3O4

nanoparticles can be used as a potential adsorbent tool for the
removal of methylene blue dye from aqueous solution.
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