241 Egypt.J.Chem. Vol. 63, No.9. pp. 3179- 3190 (2020)

-

b Egyptian Journal of Chemistry

—_—

= http://ejchem.journals.ekb.eg/

Removal of Methylene Blue from Aqueous Solutions by Magnetic
Acrylic Acid-co-butyl Methacrylate

R. E. Khalifa, A. Ghozlan?, H. Abd El-Wahab?®

'Polymer Materials Research Department, Advanced Technologies and New

Materials Research Institute (ATNMRI), City of Scientific Research and Technological
Applications (SRTA-City), New Borg El-Arab City, PO. Box.: 21934 Alexandria,

CrossMark

Egypt.

’Leader for Chemical Industries and Cosmetics Company
3Chemistry Department, Faculty of Science, Al-Azhar University, Egypt.

Introduction

N this study, a polyacrylic acid-co-butyl methacrylate/Fe,O, nanocomposite was prepared

using in-situ coprecipitation polymerization technique, for the adsorptive removal of
methylene blue (MB) dye from industrial wastewater. Chemical structure of the prepared
magnetic nanocomposite was confirmed using Fourier transform infrared spectroscopy
(FTIR). Thermal properties were studied using thermal gravimetric analysis (TGA), while the
morphological structure was examined using a scanning electron microscope (SEM). Different
parameters affecting the adsorption process, such as contact time, pH, adsorbent dosage,
agitation speed, and initial dye concentration, were also studied. This study indicated that the
percentage removal of MB dye has decreased with increasing initial dye concentration while
increased with raising the agitation speed from 100 to 300 rpm. Additionally, studying the pH
profile of the dye solution shows that the highest MB removal percentage (98%) was recorded
at pH 3.5. These results demonstrated that the prepared magnetic nanocomposite could be
considered as a promising adsorbent for the removal of MB dye from industrial wastewater.

Keywords: Polyacrylic acid, In-situ coprecipitation polymerization, Adsorption, Wastewater,
Removal percentage (%).

for dyeing cotton, silk, and wood. It can cause

severe problems as permanent injury to the

Up to date, water pollution considered one of
the worst environmental problems as a result of
the continual discharge of toxic and hazardous
chemicals to the environment [1]. The presence
of dyes residues in the effluents from many
industries such as paper, textile, plastics, leather,
rubber, pharmaceutical, food industries, and
cosmetics, has a primary environmental concern
[2, 3]. This discharge has adverse effects on health,
marine lives, global ecosystems, and microbial
population’s. Accordingly, the presence of little dye
concentrations (<lppm) in the industrial effluent
is highly undesirable and visible. Currently, there
are about 10,000 available commercial types of
pigments and dyes with annual production rate
over 7x105 tones worldwide [4, 5]. Methylene
blue (MB) is the most commonly used constituent

eyes, breathing difficulties, vomiting, nausea,
mental confusion, profuse sweating, and
methemoglobinemia [6]. Therefore, the treatment
of wastewater containing such dye is of a matter
of great interest [7].

During the past decades, several chemicals,
physical ~and  biological  decolourisation
techniques have been stated. Numerous treatment
processes have been used for removing dyes
from wastewater streams such as photo-catalytic
degradation, sonochemical degradation, and
electrochemical degradation. Besides, cation

exchange membranes, micellar-enhanced
ultrafiltration, electro-coagulation, adsorption
processes, integrated  chemical-biological

degradation, integrated iron (III) photo-assisted
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biological treatment, and Fenton biological
treatment [8] were also used. Adsorption is well-
known effective separation methods for water
reuse applications [9]. Adsorption is superior to
other systems for water decontamination in terms
of cost, simplicity, flexibility, ease of operation
[10]. It also does not result in the formation of
harmful by-products. Recently, many approaches
have been focused on the development of non-
conventional, cheaper, and effective adsorbents,
including natural materials, bio-sorbents, and
waste materials from industry and agriculture
[11-12]. Using numerous polymers with different
functional groups has attracted considerable
attention because of their high adsorption
capacities, reuse for continuous processes and
regeneration abilities. Over the past decade,
organic-inorganic nanocomposite  polymers
have attracted extensive consideration owing
to their exceptional property with the grouping
of both inorganic nanoparticles and organic
polymer [13-16]. For magnetic adsorption, it
is critical to select the suitable nanoparticles
(NPs) with a high adsorption capability [17-18].
The incorporation of magnetic nanoparticles
such as iron oxide NPs into a polymeric matrix
can create tunable nanocomposite that can be
remotely controlled by a magnetic field. The
present work aims to study the applicability
of the synthesised poly (acrylic acid-co-butyl
methacrylate/Fe304) nanocomposite for the
adsorption of methylene blue from dying water.
Accomplished nanocomposite was characterized
by FTIR, TGA, and SEM analysis. The effect of
several factors affecting adsorption efficiencies
such as contact time, initial MB concentration,
agitation rate, pH, and adsorbent dose have been
studied.

Materials and Methods

Materials

Ferric chloride (Mw=162.2 g/mol; purity
99%) and hydrated ferrous chloride (purity 98%;
Mw=126.751g/mol) was obtained from LOPA
Chemi Mumbai (India). Ammonia solution
(Mw=35.04 g/mole; purity 33 %), Methanol
(purity 99%), 1-propanol (purity 99), and
2-propanol (purity 99%) were supplied from El-
Nasr company, Alexandria (Egypt). Citric acid
was purchased from Eastern fine chemicals Co
(Cambodia). Potassium persulphate (KPS; purity
99%) and acetone (purity99%) were purchased
from Sigma-Aldrich (Germany). Ethanol (purity
99.8%) was obtained from Labtech for chemical
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reagents (India). Butyl methacrylate, stabilized
(MW=142.2 g/mole; purity 99.8%; density=
0890 g/ml) and acrylic acid, stabilized (Mw=
72.06 g/mole; purity 99.5%; density= 1.05 g/
ml) were obtained from Acros organics, Geel
(Belgium). MB (basic blue 9, chemical formula,
C,H,CINS-3H,0; MW, 373.90 g/ mol) was
purchased from Carlo Erba. All chemicals were
used without further purification.

Methods

Preparation of iron oxide nanoparticles

Iron oxide nanoparticles were prepared using
the co-precipitation method [19]. In brief, 200 g
of FeCl,.6H,0 was dissolved in 1250 mL distilled
water, and 100 g of FeCl,.4H,0 was dissolved in
2500 mL distilled water. The two solutions were
mixed in a 5-litre beaker; then the temperature was
elevated to 80 °C under stirring in a free oxygen
atmosphere. 975 mL of ammonia solution 33 %
was added dropwise to adjust pH in the range of
8-9. After that; the solution kept under stirring for
2 hr. 500 mL citric acid solution (2M) was added
to the reaction mixture to prevent coagulation of
the formed magnetic nanoparticles, the settlement
was allowed to cool, and the precipitate was
settled in the bottom of the beaker. The produced
iron oxide nanoparticles were separated via
centrifugation at 4000 rpm and washed with
distilled water several times. The nanoparticles
were dried at 100°C for 2 hr.

Preparation of polymer nanocomposite

Poly (acrylic acid-co-butyl methacrylate/
Fe,O,) nanocomposite was synthesised by the
in-situ co-precipitation polymerisation method.
According to this method, butyl methacrylate
(BMA) was added to acrylic acid (AA) with
the composition of (70:30 %wt.). The two
monomers were dissolved in co-solvents of
ethanol and water with a solvent composition
of (50:50) in a conical flask. 2.5 mM K S O,
was added to the reaction mixture with 0.1g
of the prepared iron oxide nanoparticles. The
reaction mixture was then placed into a water
bath shaker at 60 °C and 100 rpm for 4 hr. A
white precipitate indicates the formation of
copolymers. The solution was then allowed to
cool for 24 hrs, washed three times with hot
distilled water, and then centrifuged at 4000
rpm to remove any unreacted monomers. The
precipitate was dried at 70 °C for 48 hrs. Finally,
the obtained nanocomposite was ground in a
blender and sieving using molecular sieves to
obtain a uniform particle size before use.
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Batch adsorption process

All batch adsorption experiments were carried
out using a pre-weighed sample of the synthesized
nanocomposite adsorbent in addition to a known
volume of MB solution. The dye solution was
prepared by dissolving specific weight of MB in
distilled water. Then, the mixture was shacked at
a shaking rate of 120 rpm/min. All experiments
were conducted using different contact time (10,
20, 30, 40, 60, 90, 150 and 210) min, adsorbent
dosages (0.25, 0.4, 0.8 and 1) g/50 mL of dye
solution, initial MB concentration (10, 25, 50,
60, and 100) mg/L, temperature (25, 35, 45 and
55) °C, agitation rate (100, 200, 300 and 400)
rpm, and pH of the solution (3.5, 7, 9 and 11).
The pH was adjusted by adding aqueous solutions
of HCI or NaOH (0.1 mol/L). The remaining
dye concentration was determined at A~ =
668 nm using UV-visible spectrophotometer
(Pharmacia Biotech). The removal percentage
(%) and adsorption capacity of dye molecules was
calculated according to the following equation
[20]:

%Removal = C“C;C =< 100 (1)

(c.—c W
7= @
Where C | is the initial dye concentration (mg/L)
and C, is the residual dye concentration (mg/L). V
is the solution volume (L) and W is the adsorbent
weight (g).

Characterization

Superconducting quantum interference device
(SQUID) magnetometer was used to determine
magnetic properties of the prepared iron oxide
nanoparticles and polymer nanocomposite.
Chemical characteristics of the fabricated poly
(acrylic  acid-co-butyl =~ methacrylate/Fe,0,)
nanocomposite were investigated by Fourier-
transform  infrared (FT-IR)  spectroscopy
(Shimadzu FTIR - 8400 S- Japan). While,
the surface morphologies of the synthesised
nanocomposite were observed with a scanning
electron microscope (SEM, Joel Jsm 6360LA-
Japan). Also, the thermal stability was also studied
in a temperature range of 20-600 °C using thermo
gravimetric analyzer (ShimadzuTGA-50, Japan
under nitrogen at a flow rate of 20 mL/min and at
a heating rate of 10 °C/min.

Results and Discussion

Magnetic properties analysis
The super paramagnetic behavior is an

important feature of the prepared nanocomposite
Fe,O, nanoparticles. Figs.1a&b. show the matter
magnetization variations forthe preparedironoxide
nanoparticles and the polymer nanocomposite.
Magnetic field of the Fe O, nanoparticle, magnetic
features such as magnetization saturation (M),
field reversals (H ), and residual magnetization
(M) depend on a magnetic nanoparticle’s size
and shape. The magnetization curve of Fe,O,
nanoparticles, which were obtained in isothermal
magnetic conditions at room temperature, is
illustrated in Fig. la. It is clear from the figure
that Fe O, nanoparticles have super paramagnetic
properties due to the small amount M_ present.
The hysteresis loops show super paramagnetic
behavior for Fe,O, nanoparticles. The saturation
magnetization (M) values were 65.11 emu-g’
Fe,O,. Fig.1b. show the matter magnetization
variations based on the magnetic field of the
Fe,O, nanoparticle. Magnetization curve shown
in Fig.1b confirm that the polymer nanocomposite
have magnetic properties due to the presence of
magnetic Fe,O,. Table 1 shows comparing M, M,
and H_ in iron oxide nano particles and polymer
nanocomposite.

Fourier transforms infrared spectroscopy (FTIR)

The FT-IR spectrum of the prepared
nanocomposite was presented in Fig.2. It was
observed from the figure that the broadband
appears at 3292 cm™! was related to the stretching
vibration of OH. Also, Methyl groups were
identified by the weak peak at 2958.90 cm™.
The typical broadband appears at 1728.28
cm™' may be attributed to carbonyl-stretching
vibration. Additionally, the absorption band at
1161.19 cm™ was assigned to the characteristic
vibration of C=0O group in the carboxylic acid.
Further, an absorption peak appeared at 532 cm™,
indicated Fe-O stretching vibration in the Fe,O,
nanoparticles [21].

Thermal gravimetric analysis (TGA)

The thermal stability of the prepared
magnetic nanocomposite was illustrated in
Fig 3. It was demonstrated that there are three
decomposition steps for the thermal degradation
of poly (acrylic acid-co-butyl methacrylate/
Fe,0,) nanocomposite, namely; dehydration,
decarboxylation and chain scission [22]. In the
first stage (26.97 -100.04 °C), there was a small
decrease in the polymer nanocomposite weight
about 0.202 %, due to the evaporation of the
adsorbed moisture. The slow rate of evaporation
may be attributed to the presence of magnetic
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iron nanoparticles which shift the dehydration
temperature to higher temperature in the range of
100.04 to 293.74 °C. In the second stage (100.04-
293.74 °C), a weight loss of 4.224% was occurred
due to the evaporation of the weak physically
and strong chemically bounded water. On the
other hand, the third step (293.75-436.20 °C)
exhibited a significant decrease in the polymer
nanocomposite weight (88.320 %); this may be
regarded to the decarboxylation reaction throw
the thermal degradation and also for the formation
of anhydrides which take place between 293.75
and 350 °C. The majority of these anhydrides
involve the formation of six-membered glutaric
anhydride rings by the reaction of adjacent acid

groups [23]. Besides, the decomposition of the
carboxylic group to carbon dioxide becomes
increasingly important above 350 °C, and both
water and carbon dioxide continues to be evolved
on heating up to 500 °C. Chain scission occurred
at a temperature above 350-436.20 °C, where
the formation of necessary amounts of cold ring
fraction consisting of the dimer, trimer, etc. was
possible owing to the release of fragments with
short sequences of acrylic acid. Finally, about
1.635 % depression in poly (acrylic acid-co-
butyl methacrylate/Fe,O,) nanocomposite weight
occurred in the fourth stage between 436.20
and 599.89 °C owing to the evaporation of the
reminder amounts of CO, and water. The results

8ow & B &8

(b)

Fig. 1. magnetization variations for the Fe304 nanoparticles and prepared nanocomposite at room temperature.

TABLE 1. Comparing Ms, Mr, and Hc for iron oxide nano particles and the prepared nanocomposite.

Sample Ms Mr He

P (emu/g) (emu/g) (Oe)
Magnetic iron oxide 65.113 6.455 72.547
Magnetic nanocomposite 1.725 0.189 61.814

Egypt. J. Chem. 63, No. 9 (2020)
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Fig. 2. FTIR spectra of poly (acrylic acid-co-butyl methacrylate/Fe304) nanocomposite.

Wt, (%)

E T T
0 100 200

T T T T
300 400 500 600

Temperature, (°C)

Fig. 3. TGA of poly (acrylic acid-co-butyl methacrylate/Fe,O,) nanocomposite.

also indicated that the T, % where the fabricated
magnetic nanocomposite loss their half weight is
383.39 °C, which confirms the thermal stability of
the prepared magnetic nanocomposite.
Scanning electron microscope (SEM)
Morphological analysis of the synthesized
magnetic nanocomposite was described in
Fig 4. The images show a regular distribution
of spherical particles of the copolymer of the
hydrophilic AA which obtained easily without
the use of any cross-linker as an advantage of the
precipitation polymerization technique [24] with
the almost homogenous distribution.

Factors affecting adsorption process

Effect of contact time

The impact of contact time was evaluated to
establish the equilibrium time for the maximum
MB removal using the prepared magnetic

nanocomposite adsorbent as shown in Fig 5. The
results illustrated that there was an increase in the
removal % by increasing contact time starting
from 10 min till the maximum value of 96.44 % at
210 min. However, the removal efficiency remains
constant with further increase in time. This effect
may be initiated due to, the large concentration
gradient between the liquid phase and the solid
surface besides; more active sorptive sites are also
available. Thus, the diffusion onto the external
surface, which is followed by pore diffusion into
the intraparticle matrix, is faster up to attain the
equilibrium at 210 min [25]. Eventually, when
the time goes by, binding sites in the adsorbent
are not available for further adsorption of the dye
molecules due to the deposition of dyes on the
available active sites on the adsorbent [26, 27].
At this point, the amount of dye desorbing from

Egypt. J. Chem. 63, No. 9 (2020)
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Fig. 4. SEM image of poly (acrylic acid-co-butyl methacrylate/Fe,O,) nanocomposite.
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Fig. 5.Effect of contact time on the MB removal % using 0.25g of poly (acrylic acid-co-butyl methacrylate/
Fe304) nanocomposite, 25 mg/L, agitation rate 300 rpm, at 25 °C.

the adsorbent is in a state of dynamic equilibrium
with the amount of dye being adsorbed onto the
adsorbent. These observations agreed with the
other published results [25,28 ].

Effect of initial dye concentration

The initial adsorbate concentration in the
solution provides an important driving force in
overcoming mass transfer resistance between the
aqueous and the solid phases [29]. Equilibrium
adsorption studies was performed to determine the
removal percentage % of the adsorbent, and the
equilibrium is established when the concentration
of adsorbate in the bulk solution is in dynamic
balance with that on the surface [30]. Fig 6 shows
the effect of inititial MB concentration on the
removal efficeny onto poly (acrylic acid-co-butyl
methacrylate/Fe,O,) nanocomposite. It was clear
that there was a decrease in the MB removal %
with increasing the initial dye concentration, this
result was expected as at lower concentration
large surface area was available for MB cations
but, as the concentration increased the active sites
become blocked and saturated. This trend may be
due to the electrostatic repulsive forces between
the solid and bulk phase[31-33].

Egypt. J. Chem. 63, No. 9 (2020)

Effect of agitation rate

Fig. 7 shows the impact of agitation rate on the
removal of MB molecules onto the synthesiesd
nanocomposite. It was indicated that increasing
the agittaion speed from 100-300 rpm resulted
in an increase in the adsorption effiecncy. This
observation may be regarded to the improve in
the collisions between dye molecules and the solid
particles with the raise in the agiation rates, which
lead to an increase in the amount of dye adsorbed on
the binding sites of the adsorbent [25]. In contrast,
raising the speed above 300 rpm has not significant
effect on the removal % due to the saturation of
active sites, also the desorption begins to take place
and dye ions begins to transport slowly from the
solid phase into the liquid [34].

Effect of adsorbent dosage

Figure 8 domenstrates the effect of adsorbent
dosage on the adsorption process of MB dye at
fixed initial dye concentration with shaking until
equilibrium [35]. The figure reveals that increasing
the adsorbent dose from 0.1 to 0.4 g has a positive
effect on the % removal. These results may be
due to the increase in the adsorption surface
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Fig. 8. Effect of adsorbent dosage on the MB removal %, (25 mg/L, agitation rate 300 rpm, at 25 °C for 4 hr).
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area along with the presence of more active sites
[36,37]. While there is no signeficant increcrase in
the removal % above 0.3 g owing to the saturation
of the vacnt active sites till the plateau.

Effect of pH
One of the most important factors affecting the

efficency of adsorbent in wastewater treatments
is the solution pH. The efficiency of adsorption
should be depends on the solution pH, since
variation in pH leads to the variation in the degree
of ionization of the adsorptive molecule and the
surface properties of adsorbent [38]. Fig. 9 shows
that the the highest MB removal % was at pH 3.5
due to the electrostatic interaction between the
cationic dye molecules and the negative charges
on the surface of adsorbent. Additionally, at pH 7
the MB removal % reduced while a insignificant
increase was observed at pH 9. This behaviour
occurred beacuse with increasing the pH above
the pKa of the poly(acrylic acid) (pKa=4.2), the
excess H' ions present in the solution began to
compete with dye molecules for the adsorption
sites [39,40]. Hence, again at pH 11 the MB
removal % decline due to the saturation of
adsorbent sites and the occurrence of desorption
of adsorbed ions.

Equilibrium study

Adsorption isotherms are used to explicate
the nature of adsorption and interaction between
quantity adsorbed and initial dye concentrations,
as well as the existing equilibrium between
adsorbent and adsorbate [26]. Therefore,
adsorption isotherms are critical in optimizing

120 -

100 ~

Removal percentage, (%)
g

20 A

the use of adsorbents. In this research, two well-
known adsorption isotherm shapes have used to
fit the experimental data. The linear equation of
Langmuir (Eq.3) and Freundlich (Eq.4) are given
as [30]:

c,_ 1 N C. ©)
e quxKL AQmax

] @)
hg. =h K, +—h C,
n

Where q  (g/g), C, (g/L), and K, (L/g) are
the saturated adsorption capacity, the dye
concentration at equilibrium, and the Langmuir
isotherm constant, respectively, 1/n and K, are
the Freundlich constants belonged to adsorption
intensity and adsorption capacity.

The two isotherms are portrayed in Fig.10 a&b,
the isotherm constants whose values signify the
perceptivity of the adsorbate toward the surface
of adsorbent are shown in Table 2. The values
of g, and the low values of K, obtained from
the linear plot of the Langmuir model (Fig. 10a),
illustrates that the synthesized nanocomposite
have a high affinity for MB dye molecules [41].
Otherwise, the values of the dimensionless
separation factor (R ) are mentioned in Table 3,
which outline the fundamental characteristics of
the Langmuir isotherm were 0 < R, <1 and the
values of n were greater than 1, demonstrating
the favorable adsorption of MB dye on the
synthesized adsorbents. This suggests that the
prepared nanocomposite is a suitable adsorbent for
dye molecules. In addition, the R? values for both
the Langmuir and the Freundlich isotherms are

6 8 10 12
pH

Fig. 9. Effect of pH on the MB removal % using 0.25g of poly (acrylic acid-co-butyl methacry-
late/Fe304) nanocomposite, 25 mg/L, agitation rate 300 rpm, at 25 °C for 4 hr.
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Fig. 10. Equilibrium isotherm for the adsorption of MB onto poly (acrylic acid-co-butyl
methacrylate/Fe304) nanocomposite; (a) Langmuir and (b) Freundlich isotherm.

TABLE 2. Langmuir parameters for the adsorption of MB on acrylic acid-co-butyl methacrylate/Fe,O,) nanocomposite

Isotherm model Parameters Values
Qs (mg/g) 12.00
Langmuir K, (L/mg) 0.18
R? 0.89
K, (mg/g) 3.53
Freundlich 1/n 0.30
R? 0.89

TABLE 3. the dimensionless separation factor (R)) for acrylic acid-co-butyl methacrylate/Fe,O,) nanocomposite
at different MB initial concentrations,

MB initial concentration

(mg/L) R
10 0.003309
25 0.001326
50 0.000663
60 0.000553
100 0.000332

Egypt. J. Chem. 63, No. 9 (2020)
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similar and close to 1, describing that monolayer
and multilayer adsorption played a very important
role in the dye removal process. The maximum
monolayer adsorption capacity was obtained to be
12.9 mg/g.

Conclusion

Adsorption study had been carried out for
the removal of the methylene blue dye (MB)
from wastewater using poly (acrylic acid-co-
butyl methacrylate/Fe,O,) nanocomposite
which synthesized by in-situ co-precipitation
polymerization method via free radical
polymerization. The prepared adsorbent was
characterized by VSM, FTIR, TGA, and SEM.
The effect of numerous factors on the removal
% was also investigated. The results revealed
that the equilibrium is prictaclly achieved at 210
min. It was also indicated that the MB removal
(%) decreased with the increase in the initial
MB concentration, and increase with raising the
agitation speed from 100 to 300 rpm. Additionally,
studying the pH effect shows that the highest
MB removal percentage (%) was occurred at pH
3.5. In addition, the equilibrium study confirms
that the adsorption of MB onto the prepared
nanocomposite followed both Langmuir and
Freundlich isotherm with maximum monolayer
adsorption capacity 12 mg/g. The separation factor
(RL) of the Langmuir and the exponent (n) of the
Freundlich indicated the favorability of adsorption
of MB from aqueous solution. In conclusion, the
fabricated magnetic nanocomposite could be used
efficiently in the adsorption of the methylene blue
dye from wastewater.
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