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ABSTRACT

Studies on magnetic field exposure of congo red contaminated water employing polypyrrole mag-
netic nanocomposite is reported. Alternating magnetic poles as a function of time has been used
to move functionalized nanoparticles in congo red contaminated water. A maximum removal of
94% was observed for the adsorption of 100 mg/L of the adsorbate using 0.15 g of adsorbent at a
magnetic field and exposure time of 18.99 mT and 120 min. Percentage of congo red dye removed
increased with an increase in the magnetic exposure time of 10-120 min (79-94%). The magnetic
force exerted on the magnetic nanoparticles leads to increased adsorption of congo red owing to
increased velocity and reorientation of the charged particles. The Langmuir isotherm model had
the highest correlation coefficient value and fitted well with the experimental data. The maxi-
mum adsorption capacity of 119.76 mg/g was observed using this isotherm model.
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1. Introduction

Water is essential to every living being on earth and
an important resource for human development. Unfortu-
nately, civilization and industrialization affect the purity
of water due to the pollution by toxic substances, heavy
metals, pigments and dyes [1-3]. Synthetic dyes have
become inevitable in modern life. Though azo dyes are
known to be highly carcinogenic, their use has become
part of human life which is a major threat for ecological
concern as coloured wastes/effluents from manufactur-
ing and fabric industries released to the environment
[4-7]. An example of a benzidine-based anionic azo dye
having complex aromatic structure is congo red (CR) dye.

*Corresponding author.

Since congo red dye wastes are hazardous, toxic, non-bio-
degradable and carcinogenic to human, special attention
is given to remove these contaminants from the environ-
ment [8-11]. Removal of dyes from water has significant
environmental, technical, and commercial importance
and continuous efforts are going on to develop efficient
and cost-effective removal methods. These techniques
include adsorption of dye contaminants onto mineral or
carbon-based matrices, photo-catalysis or oxidation pro-
cesses, microbiological or enzymatic decomposition, etc.
Among all available techniques, adsorption is regarded as
more effective because of its simplicity and ease of oper-
ation [12-15].

On the other hand, owing to its broad spectrum of
applications, the magnetic field (MF) finds importance
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in the fields such as therapeutic and diagnostic medi-
cine, environmental management and industries over
the years. Addressing environmental problems using
magnetic technique has received substantial consider-
ation in recent times [16-18]. Application of the magnetic
field in water treatment has been known to be effective in
numerous instances, due to their ecological purity, safety,
and simplicity [19-21]. In continuation of our interest in
exploring magnetic techniques for the treatment of con-
taminated water, herein we report the studies employing
polypyrrole magnetic nanocomposite as an adsorbent to
evaluate magnetic field effect created by modified three-
phase induction motor for congo red dye adsorption.
Other parameters like magnetic exposure time, pH, initial
concentration and adsorbent dosage effects on congo red
adsorption have also been evaluated. The goal is to create
a water treatment technique, which would be useful for
further application in the removal of congo red dye from
wastewater effluents.

2. Experimental
2.1. Materials and methods

All chemicals were of analytic grade and used with-
out further purification. Ferric chloride, magnetite (Fe,O,),
pyrrole (Py), sodium hydroxide, hydrochloric acid and
congo red dye was purchased from Sigma-Aldrich, South
Africa.

2.2. Synthesis of adsorbent

In-situ chemical oxidative polymerization technique
was used for the preparation of polymer-based magnetic
nanocomposite (PPy/ Fe,O,) as described by [22]. 0.4 g of
magnetite (Fe,O,) was added to the 80-mL deionized water
in a 250 mL Erlenmeyer flask, which was sonicated for 30
min to have a proper distribution of the magnetite parti-
cles in the deionized water solution. Then, 0.8 mL of pyrrole
was injected into the ultra-sonicated colloid solution. Then,
6 g of FeCl, was added and the mixture was shaken man-
ually for 5 min. For complete polymerization reaction to
take place, the mixture was left to stand for three hours. The
black powder obtained was filtered, washed with deionised
water until the filtrate becomes colour less. To stop the reac-
tion within the filtrate, acetone was injected. The magnetic
nanocomposite was dried under vacuum at 60°C for 24 h to
obtain a constant mass of the product.

2.3. Characterization of adsorbent

The synthesized PPy/Fe,O, nanocomposite was char-
acterised using the X-ray diffractometer to determine
the XRD diffraction patterns using the SmartLab X-ray
diffractometer operating at 45 kV/200 mA with Cu-Ka
radiation (wavelength (L) =1.540593 ). The FTIR spectra
were obtained using a Perkin-Elmer Vertex 70 Spectrome-
ter with a wavenumber range of 500-3000 cm™. A high-res-
olution transmission electron microscopy (JEOL JEM-2100)
and scanning electron microscopy (Leo-Zeiss), which was
coupled with energy dispersive X-ray (EDX) were used to

determine the size morphology and elementary composi-
tion of the adsorbent. To determine the surface area and
pore diameter of the adsorbent, the Brunauer Emmett-
Teller (BET) was used at low-temperature nitrogen adsorp-
tion-desorption technique on a Micromeritics ASAP 2020
gas adsorption equipment (Micromeritics USA). The mag-
netic properties of the adsorbent were determined at room
temperature using Bruker-Electron Spin Resonance (ESR)
spectrometer and vibrating sample magnetometer (VSM)
of the physical property measurement system (Quantum
Design).

2.4. Experimental setup and method

The experimental setup is made up of a 1.1 kW
three-phase induction motor having a stator winding of
internal thickness and height of 14.39 x 160 mm, a rotor
modified to hold an open-top toroidal cleaning chamber
made from perspex plastic (internal, external and height
diameters of 66 x 100 x 25 mm), a 10 A variable power
source used as an AC power supply to the three-phase
induction motor and a 220 V, 34 W fan mounted on a
retort stand to maintain a uniform temperature within
the system. Rotating magnetic field generated in the air-
gap by the stator windings was measured using a digi-
tal gaussmeter (GM07/GMO08 model), with a maximum
magnetic field of 26.94 mT generated. The graphic repre-
sentation of the magnetic field adsorption experimental
setup is shown in Fig. 1.

To study the effect of pH on congo red adsorption onto
magnetic nanocomposite influenced by a rotating magnetic
field, 0.15 g adsorbent dosage was added to 50 mL congo red
solutions (100 mg/L) with varying pH of 2-10 using 0.1 M
NaOH/HCI solutions and spun in an anti-clockwise rotat-
ing magnetic field of 18.99 mT (The anti-clockwise mag-
netic field generated from the three-phase induction motor

AC power supply
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+ manocomposite

—

——>
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\ Field directiop /

Fig. 1. Schematic diagram of magnetic adsorption device.
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was used to physically stimulate the nanocomposite for
CR adsorption, as it causes relative motion of the adsorp-
tion medium and the magnetic flux lines. It provides also
more extensive use due to a possible variation of their fre-
quency and exposure-time of the anti-clockwise rotating
magnetic field). After the adsorption experiment, samples
were centrifuged at 4000 rpm for 20 min using Lasec Hemle
centrifuge to separate the dye solution from the adsorbent.
The equilibrium congo red concentration was evaluated
from a calibration curve using a UV /Vis spectrophotometer
(PerkinElmer Lambda 1050) at an absorption wavelength
of 497 nm. The removal efficiency was determined by com-
puting the percentage sorption from Eq. (1). To determine
the reproductivity of results reported, three independent
sets of experiment were performed for each sample with
their standard deviation reported. The standard deviation
of the data is represented by errors bars incorporated in the
figures.

% Removal = CDC_ C. x 100 (1)

e

where the initial and equilibrium concentrations of congo
red are represented by C and C,(mg/L). The effect of adsor-
bent dosage on congo red adsorption influenced by a mag-
netic field was evaluated by contacting varying amounts
of adsorbent dose (0.05-0.20 g) with 100 mg/L/50 mL of
congo red solution adjusted to pH 4 and spun at a fixed
magnetic field of 18.99 mT. The initial concentrations effect
and adsorption isotherm on congo red adsorption were
obtained by adding 0.15 g adsorbent dosage to 50 mL of
initial congo red concentrations (100400 mg/L) under the
influence of a magnetic field of 18.99 mT for 24 h. The equi-
librium adsorption capacity was evaluated using Eq. (2)
below:
G -C

L — xV ()

where g, (mg/g), V (L) and m (g) represent the amount of
congo red absorbed per unit mass of the adsorbent, the vol-
ume of the sample and the adsorbent mass. Effect of the
magnetic field applied on congo red adsorption was stud-
ied by contacting 0.15 g of adsorbent dosage with 50 mL
of 100 mg/L congo red solution spun in varying magnetic
field intensity of 11.84-26.94 mT. The magnetic exposure
time effect on congo red adsorption was evaluated by con-
tacting 0.15 g with 100 mg/L/50 mL of adsorbate which
was exposed to a magnetic field at a fixed magnetic field
of 18.99 mT for 10-120 min. For control purpose, magnetic
exposure time experiments were also performed without
magnetic field applied. The adsorption kinetics experi-
ments were performed by contacting a fixed adsorbent
dosage of 0.05 g with 50 mL congo red solution of initial
concentrations (20-80 mg/L) at exposure time intervals
of 10-120 min. The time-dependent amount of adsorbate
adsorbed by a unit mass of adsorbent at the varying time
was determined using Eq. (3):

Co_cf
=—-X
m

i 14 ®)

where g, is the time-dependent amount of adsorbate
adsorbed per unit mass of adsorbent (mg/g), C, is the bulk

phase concentration (mg/L) at any time t, V is the sample
volume (L) and m is the adsorbent mass (g). To evaluate the
adsorbent regeneration and recycling for congo red adsorp-
tion, adsorption-desorption experiments were performed.
For the adsorption cycle study, 0.15 g adsorbent dosage was
contacted with 100 mg/L of congo red solution at pH 4 and
spun at a magnetic field of 18.99 mT. After the adsorption
experiments, desorption experiments were performed to
desorb the congo red from the adsorbent, by contacting 0.1
M of NaOH solution with the spent adsorbent, spun in the
magnetic field of 18.99 mT for 60 min. To regenerate adsorp-
tion sites on the adsorbent after the desorption process, the
adsorbent was treated with 2 M HCl spun in a magnetic field
intensity of 18.99 mT for 60 min. Three successive adsorp-
tion-desorption experiments were performed to test the
potential of re-using the adsorbent for congo red adsorption.

The pHpzc of the magnetic nanocomposite was deter-
mined by adjusting the pH value of 50 mL of 0.1 M NaCl
solution in a series of Erlenmeyer flasks. The pH value was
adjusted from 2-12 using either 0.1 M HCI or 0.1 M NaOH
solution. Then 0.01 g of the magnetic nanocomposite was
added to each flask and rotated at 18.99 mT for 120 min at
room temperature. At the end of all experiments, the final
pH was measured. The plot of final pH against initial pH
was used in determining the pH  _of the adsorbent, where
the values of the final pH and initial pH were constant. The
effect of ionic strength on the adsorption of CR dye onto
magnetic nanocomposite was evaluated by adding a vary-
ing concentration of NaCl salt (0.01-1 M) to 100 mg/L CR
solution. 0.15 g of adsorbent was subsequently added and
rotated in a magnetic field of 18.99 mT for 90 min. For co-ex-
isting anions effect on CR adsorption, 1 M of NaCl, Na,So,
and Na,CO, were added to 100 mg/L CR solution. 0.15 g
of adsorbent was then added and spun in a magnetic field
of 18.99 mT for 90 mins. At the end of all experiments, the
removal efficiency was determined by computing the per-
centage sorption using Eq. (1).

3. Results and discussion

The XRD patterns of the adsorbent (PPy/Fe,O,) before
and after adsorption, magnetite (Fe,O,) and PPy which
were normalised are shown in Figs. 2a—c. Diffraction peaks
observed at 20 value of 18.35(111), 30.14(220), 35.54(311),
43.18(400), 53.62(422), 57.06(511) and 62.68(440) corresponds
to the cubic Fe,O, phase (Fig. 2a), which was confirmed by
the JCPDS file database (PDF No. 75-0449) [23,24]. A broad
diffraction peak located at 26=24.5 degree, which is a char-
acteristic peak of amorphous PPy is observed in Fig. 2b [25].
It is also observed from the XRD result in Fig. 2c, that the
Fe,O, particles exist and was incorporated into the nano-
composite. The XRD pattern of the nanocomposite before
and after adsorption of congo red dye was observed not to
be affected by the induced magnetic field on the nanocom-
posite, as the nanocomposite crystalline structure did not
change graphically after congo red adsorption.

FTIR spectra before and after adsorption of congo red
by PPy/ Fe304, Fe,O,, and PPy are shown in Fig. 3. The
spectra of the magnetic adsorbent have characteristic peaks
of the oxidised PPy and Fe,O,. Characteristic adsorption
peak observed at 554 cm™ was due to the vibration of the
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Fe-O band, which is a characteristic peak of Fe,O, (Fig.
3a) [26]. Adsorption peaks observed at 1543, 1458, 1290,
1173, 1034, 968 and 787 cm™ were the characteristic peak
of PPy in the nanocomposite before congo red adsorption
(Fig. 3b). A shift to low adsorption values of the character-
istic peak of PPy was observed after adsorption of congo
red onto the PPy/Fe,O, nanocomposite, with the PPy char-
acteristic peaks shlftmg to 1537, 1454, 1286, 1159, 1030, 957
and 785 cm™. The adsorption peaks of PPy before and after
adsorption of congo red corresponds to C=C stretch, C-N
stretch, C-H or C-N in-plane deformation, C-C vibration,
C-H in-plane deformation, C-C out of plane deformation
vibration and out of plane C-H vibration of pyrrole. From
the FTIR analysis, it is confirmed that PPy moiety is incor-
porated into the PPy/Fe,O, nanocomposite. Reduction in
the intensity of the adsorption peaks was observed after

Wavenumber ( em! )

2000 2500 3000 S[lll lO(lll 1 ‘00 20Ill) 2500 3000
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, (b) PPy and (c) PPy/Fe,O, nanocomposite before and after adsorption.
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adsorption, which was due to CR adsorption onto the
nanocomposite [25,27,28].

TEM and SEM images of the PPy /Fe,O, nanocomposite
are shown in Fig. 4. The SEM image shows spherical shape
particles with a smooth uniform morphology caused by the
deagglomerating effect of the polymer coating the nanopar-
ticles. The diameter of particles ranges from 10-50 nm, with
an average particle size distribution of 10.3 + 8 and 10.4
+ 10 nm for TEM and SEM images analysis shown in Figs.
4a and b. The average particle size distribution obtained
was fitted with the Gaussian function using the Image J soft-
ware. From TEM image, Fe,O, nanoparticles were observed
to be encapsulated by the polymer matrix PPy, with the
PPy /Fe,O, nanocomposite being poly-dispersed. The mor-
phology of the adsorbent also shows a core-shell structure
with the Fe,O, crystalline magnetic core being covered by
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Fig. 4. (a) TEM of polypyrrole magnetic nanocomposite, with histogram obtained from the TEM showing the size distribution of the
MNC fitted with a Gaussian fitting (b) SEM of polypyrrole magnetic nanocomposite, with histogram obtained from TEM showing
the size distribution of the MNC fitted with Gaussian fitting (c) EDX spectra of PPy/Fe,O, nanocomposite before adsorption.

the PPy shell (Fig. 4a). The EDX spectra (Fig. 4c) confirms
the existence of C, O, N, Cl and Fe as the predominant ele-
ments in PPy/Fe,O, nanocomposite with peaks observed
at 0.27, 0.51, 0.36, 2.6, 0.69 and 6.39 keV. This confirms the
incorporation of Fe O, into the polypyrrole polymer. The
EDX analysis also shows that the PPy/Fe,O, structure is
composed of 58.54% carbon, 14.55% nitrogen, 5.71 chloride,
10.35% oxygen and 10.85% iron.

The nitrogen adsorption-desorption isotherm of PPy/
Fe,O, is shown in Fig. 5. The curve of the magnetic nano-
composite is a characteristic type-IV nitrogen adsorp-
tion-desorption isotherm, which describes a mesoporous
material as categorized by IUPAC. The PPy/Fe,O, nano-
composite has a hysteresis loop that closes at the relative
pressure of 0.88 P/P_. The BET surface area, BJH cumu-
lative volume of pores and BJH average pore diameter of
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the magnetic nanocomposite were found to be 28.77 m?/g,
0.06 cm®/g and 15.82 nm. The tabulated values from the
BET analysis is shown in Table 1 for polypyrrole magnetic
nanocomposite [23,29,30].

The ESR spectra for magnetic nanocomposite before
and after adsorption of congo red evaluated at room tem-
perature are shown in Fig. 6. The line shapes are observed
to be symmetrical, while the resonance signal is wide and
broad with a line width value of approximately 1400 Gauss.
The g-factor measurement of the unknown signal can be of
valuable help in identifying a signal. For Fe* the g-factor is
determined to be 1.4-3.1 for low spin and 2.0-9.7 for high
spin complexes. The g-factor of the synthesized magnetic
nanocomposite was found to be 2.25 Gauss, which was due
to Fe** low spin interactions using Eq. (4);

o
BH,
where h is the Planck constant (6.626, x 10 ere/s) B is a
universal constant (9.274 x 102 Erg/G), v is frequency
(9.44 x 10° Hz) and H, is the resonance of magnetic field
(3000 G). Such interactions show a super paramagnetic
behaviour characterised by the presence of clusters. The
shapes and the field location are identical to standard mag-
netic nanoparticle suspension and are consistent with ESR
spectra of super paramagnetic iron oxide nanoparticles
[31-34]. The line shape of the adsorbent before and after
congo red adsorption was simulated using the Gaussian
and Lorentzian functions. The line shape of the adsorbent
was observed to fit well with Gaussian function (67%) than
with Lorentzian function (31%) (Figs. 6b and c). This was a
characteristic of ferromagnetic resonance (FMR) due to the
dominant Gaussian function fitting (Fig. 6b) [35,36].

A plot of magnetisation (emu/g) vs magnetic field (Oe)
measured at 300 K (Fig. 7) shows a magnetisation hysteresis
loop with a zero-remanence magnetisation (H,), coercivity
field (H ) and a saturation magnetisation (M) of 23 emu/g.
The absence of hysteresis loops, remanence, and coercivity
confirms that the polypyrrole magnetic nanocomposite is
super paramagnetic. The saturation magnetisation of the

)

Table 1
Surface parameters of PPy/Fe,O, nanocomposite

Sample BET surface BJH cumulative BH]J average
area (m*g™) Pore of volume pore diameter
(em’-g™) (nm)
PPy/Fe,O, 28.7688 0.063102 15.8235
nanocomposite

nanocomposite is lower than those of magnetite, as the
surface magnetic anisotropy is changed by the polypyrrole
acting as a surfactant, which leads to an increase of the sur-
face spins disorientation resulting in a decrease of the mag-
netic moment. This change is due to quantum size effects
and increases in the surface area of the nanosized magnetite
particles create super paramagnetic [37-39].

3.1. Effect of pH on congo red adsorption influenced by
magnetic field

The key factor affecting the adsorption process is pH,
as wastewater from textile industries has a range of pH
values. The degree of ionisation of dye is also affected by
pH. At pH 7, the colour of congo red in aqueous solution
is solid red. This changes to blue-black and red at acidic
and alkaline pH respectively [10-12]. This red colour is
slightly different from the original red colour of congo
red dye at neutral pH [40-42]. The point of zero charge
(pH,,) of the polypyrrole magnetic nanocomposite was
determined to be approximately 3.1 from Fig. S1. The sur-
face charge of the adsorbent was positive at pH < pH_ |
and negative at pH > pH [43]. The point of acid constant
(pKa) and the isoelectric pomt of CR were 4.1 and 3.0 at
maximum adsorption wavelength (Amax) of 497 nm. At
pKa of 4.1, CR molecules are negatively charged in the pH
range of 5-10. CR is a dipolar molecule, which exist in cat-
ionic form at acidic pH and anionic form at basic pH. The
adsorption of cation is favourable at pH > pH _while the
adsorption of anions is improved at pH < pH_ [1,44-48].
The percentage of congo red dye removed was observed
to increase as the pH value of congo red dye solution was
increased from 2-4. A decrease in the amount of congo
red dye removed was observed subsequently as the pH
was increased from 6-10 (Fig. 8a). At pH 2, increase con-
centration of hydrogen ions in the solution promotes the
build-up of ions on the nanocomposite adsorption sites
(PPy/Fe,O,). This increase in protonation caused a strong
repulsion between H* ions on the surface of PPy/FeO,
and the protonated congo red. Competition between pro-
tons (H*) from the aqueous medium and congo red species
for the adsorption site of PPy/Fe O, led to a suppressed
removal of congo red at pH 2 [49,50]. The optimal pH for
adsorption of congo red onto PPy/Fe,O, nanocomposite
from aqueous solution influenced by a magnetlc field was
determined to be pH 4. The adsorption of congo red dye
onto the magnetic nanocomposite at pH attributed to the
electrostatic attraction between the negatively charged
adsorbent surface with the positively charged congo red
dye (adsorbate), which exist in the cationic form in acidic
medium. With increased pH (above pH 4),an increase
OH- ions on the adsorbent surface resulted in electrostatic
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repulsion between the negatively charged adsorbent with
the negative congo red ions, as congo red has the property
to aggregate in aqueous and organic solution. The aggre-
gation phenomenon is important for high congo red con-
centrations at low pH. This is responsible for restriction of
protonation of the functional groups from congo red at a
low pH [51,52].

3.2. Effect of adsorbent dosage on congo red adsorption under
magnetic field influence

A vital parameter that ascertains the capacity of an
adsorbent for a given initial concentration of an adsorbate
is adsorbent dosage. The adsorbent dosage is the most crit-
ical parameters for rapid and efficient dye removal [13,41].
It is observed from Fig. 8b, that the amount of congo red
adsorbed by the adsorbent increased from 7-99% as the
adsorbent dosage is increased from 0.05-0.20 g. Increased
removal efficiency was related to the availability of extra
active adsorption sites for congo red adsorption, which is
directly related to the adsorbent mass. At low adsorbent
dosage, the active adsorption sites are insufficient for the
adsorbate to occupy. At high adsorbent dosage, the active
adsorption sites are sufficient for the adsorbate to occupy,
which leads to an increase in adsorption attributed to the
increased adsorbent surface area and adsorption sites
available.

3.3. Effect of initial concentration on congo red adsorption
under magnetic field influence

The initial concentration effect on congo red adsorption
under the influence of a magnetic field was examined at five
different concentrations. As shown in Fig. 8¢, increased in
the initial congo red concentration (100-400 mg/L) leads to
a decrease in the adsorption efficiency (100-88%). The ratio
of available surface area to initial concentration of congo
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Fig. 8. (a) pH effect on congo red adsorption under the influence of MF (experimental parameters: adsorbent dosage 0.15 g, solution
volume 50 mL, initial concentration of congo red solution 100 mg/L, pH 2-10, magnetic field 18.99 mT and magnetic exposure time
90 min), (b) Adsorbent dosage effect on CR adsorption under MF influence (experimental parameters: adsorbent dosage 0.05-0.20 g,
solution volume 50 mL, initial concentration of congo red solution 100 mg/L, pH 4, magnetic field 18.99 mT and magnetic exposure
time 90 min), (c) Initial concentration effect on CR adsorption under MF influence (experimental parameters: adsorbent dosage
0.15 g, solution volume 50 mL, initial concentration of congo red solution 100-400 mg/L, pH 4, magnetic field 18.99 mT and mag-
netic exposure time 1440 min), (d) Effect of magnetic field intensity on the adsorption of CR (experimental parameters: adsorbent
dosage 0.15 g, solution volume 50 mL, initial concentration of congo red solution 100 mg/L, pH 4, magnetic field 11.84-26.94 mT,
and magnetic exposure time 90 min) and (e)(a) Effect of magnetic exposure time on adsorption of CR and (b) without field applied
on adsorption of CR (experimental parameters: adsorbent dosage 0.15 g, solution volume 50 mL, initial concentration of congo red
solution 100 mg/L, pH 4, magnetic field 11.84 mT, and magnetic exposure time 20-120 min ).

red is high at low concentrations; thereby adsorption effi-
ciency tends to increase as the initial concentration of the
adsorbate is inversely related to the adsorption efficiency.
As the initial concentration increases, efficiency decreases.
The quantity of congo red absorbed per unit mass of the
adsorbent increased from 33-117 mg/g as the equilibrium
concentration of the adsorbate increased from 0.3-50 mg/L
for initial concentrations of 100-400 mg/L. The high driving
force for mass transfer in high dye concentrations causes an
increase in the adsorption capacity as the initial concentra-
tion is increased [52].

3.4. Effect of magnetic field and exposure time on congo red
adsorption

Results from the adsorption of congo red dye onto poly-
pyrrole magnetic nanocomposite influenced by the magnetic
field of different intensity and magnetic exposure time are
shown in Figs. 8d, e. Increased percentage of congo red ions
adsorbed onto polypyrrole magnetic nanocomposite under

the influence of increasing magnetic field was observed, with
55-94% removal attained with an increase in magnetic field
intensity of 11.84-26.94 mT, the maximum removal of congo
red observed at 18.99 mT. From the magnetic exposure time
result, 79-94% of congo red dye was observed to be removed
with an increased magnetic exposure time of 10-120 min at
a constant magnetic field of 18.99 mT. When no field was
applied (control), the amount of congo red dye adsorbed
onto the adsorbent was observed to be 5-15%. Increase in
the percentage removal under the influence of magnetic field
was ascribed to the improved size of particles aggregates as
the magnetic field influence on the magnetic nanocomposite
was increased from low magnetic field to high magnetic field
intensity. The aggregates size was observed to depend on the
magnetic velocity, with fast moving even particles aggregates
with a large surface area observed at high magnetic field.
Small non-uniform particles aggregates travelling with slow
point velocities was observed at low magnetic field, with a
reduced surface area. Chain breakage in the aggregates was
noticed to meaningfully reduces the swimming efficiency of
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the particles at low magnetic field, leading to the reduced
surface area for the adsorption. The lateral binding of chains
driven into contact by magnetic manipulations substantially
increases the chain polydispersity, hence increased chain col-
lision and area of particle interaction [22,53].

3.4.1. Adsorption isotherms

The interaction between the adsorbate molecules and
the adsorbent surface is best described by adsorption
isotherm models. To optimise the design of adsorption
systems, a suitable correlation for equilibrium curves is
essential [52,54]. Thus, congo red adsorption onto polypyr-
role magnetic nanocomposite was ascertained as a function
of congo red equilibrium concentration (C) and the related
adsorption isotherm plotted in Fig. 9. To study the adsorp-
tion of the adsorbate, Langmuir and Freundlich isotherm
models were adjusted with the isotherm data. The Lang-
muir adsorption isotherm model assumes that the adsorp-
tions occur at specific homogeneous sites on the adsorbent.
It is successfully used in many monolayer adsorption pro-
cesses. The non-linear and linearize forms of the Langmuir
equation are represented by the following equations:

—_ qmbce 5
g4 = 1+ bCL ( )
& = 1 . + C" (6)
e qgm 4,

The maximum mono layer adsorption capacity, the
equilibrium dye concentration and the Langmuir isotherm
constant related to the affinity of the binding sites are repre-
sented by g, (mg/g), C (mg/L) and b (L/mg). An additional
analysis of the Langmuir equation is made on the funda-
mentals of a dimensionless equilibrium parameter (R,), also
known as separation factor, which is defined as:

R, = !
1+bC,

@)

0 10 20 30 40 50
C, (mg/L)

where C| is initial adsorbate concentration (mg/L), R, val-
ues indicate whether the adsorption process is irreversible
(R, =0), favourable (0 < R, < 1), linear (R, = 1), or unfavour-
able (R, > 1) [55]. Freundlich isotherm is an empirical model
based on the assumption of the heterogeneous surface with
anon-uniform adsorption heat distribution over the surface
of the adsorbent. The non-linearize and linearize form of
Freundlich isotherm is given by the following equations:
1

q,=k,C! ®)

Ing, = Ink, +lInCe )
n

The adsorption capacity and intensity of adsorption con-
stants are associated with k. and 1/ [20,56]. Fig. 9a, b shows
the linearized forms of Langmuir and Freundlich isotherms
models. Parameters for Langmuir and Freundlich isotherms
models were estimated from plots for C /g, vs C,. and In g,
vs In C,. respectively at a solution temperature of 31 + 1°C.
Based on the correlation coefficient values for the two mod-
els, the higher correlation coefficient value for the Langmuir
isotherm model (R*=0.99977) fitted well to the experimen-
tal data very well when compared to Freundlich isotherm
model (R?=0.85488). This indicates a homogeneous distribu-
tion of the active sites on the surface of the polypyr role mag-
netic nanocomposite and the chemical adsorption between
congo red and the nanocomposite. The values of the Lang-
muir equilibrium coefficient, ‘0’, Langmuir maximum mono
layer adsorption capacity and the dimensionless separation
factor ‘R, were estimated to be 0.72 L/g, 119.76 mg/g and
0.014 respectively, with the dimensionless separation factor
‘R, signifying that the adsorption process is favourable. The
Freundlich parameters k. and n values are 52.52 and 4.34.
The intensity of adsorption constant (1) from the Freundlich
isotherm is greater than 1, which shows a favourable adsorp-
tion. The Langmuir and Freundlich isotherm parameters cal-
culated from the slope and intercept of the linear equations
are shown in Table 2. The maximum adsorption capacity (g, )
of congo red onto PPy /Fe,O, nanocomposite was calculated
from the Langmuir isotherm to be 119.76 mg/g. This was

Fig. 9. (a) Fit of equilibrium data to the Langmuir isotherm model (b) Fit of equilibrium data to Freundlich isotherm model.
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Table 2
Langmuir and Freundlich isotherm constants for adsorption of
congo red dye on 0.15 g PPy/Fe,O, nanocomposite

Temperature Langmuir constant Freundlich constant

31+ 1°C q, b R R k n R?

L 2 f

119.76 0.72 0.014 0.99977 52.52 4.34 0.85488

Table 3
Comparison of congo red adsorption capacity of PPy/Fe,O,
nanocomposite with other reported adsorbents

Adsorbent g, (mg/g) Optimum pH Reference
SPS/MNPs 714 7 57
PAn/TiO, 80.7 6 58
nanocomposite

Iron oxide/carbon 105.3 - 59
nanocomposites

Leucaena leucocephala 4.4 5 13
(Subabul)

seed pods

AlLO,/Ni, Zn  FeO, 75.5 6.5 60
Microfibers

Magnetic iron oxide 54.5 6 61
nano powder

Chitosan/ 54.5 4 62
montmorillonite

nanocomposite

PPy/ Fe3O A 119.8 4 Present
nanocomposite study

compared with other reported magnetic adsorbents shown
in Table 3. The maximum adsorption capacity of the PPy/
Fe,O, nanocomposite was observed to be significantly higher
than the capacity of other adsorbents. Hence, owing to PPy /
Fe,O, nanocomposite high adsorption capacity, simple syn-
thesis process and magnetic properties makes PPy /Fe, O, NC
a promising adsorbent for CR adsorption.

3.4.2. Adsorption kinetics

The rate of solute uptake governs the adsorption reac-
tion residence time, best described by the adsorption kinet-
ics [63]. The exposure time was varied from 10-120 min
with initial congo red concentrations of 20-80 mg/L. The
congo red dye uptake was analysed at different magnetic
exposure time intervals as shown in Fig. 10a. Congo red
adsorption was fast and improved with an increase in
magnetic exposure time and initial concentration, with
equilibrium attained at 40-120 min under the influence of
a magnetic field. To understand the mechanism of congo
red adsorption onto the adsorbent, the pseudo-first-order
and pseudo-second-order model were used to fit the kinet-
ics data. The linearize forms of the pseudo-first-order and
pseudo-second-order kinetics equations are:

k, ;
2.303

log(q, —q,)=logq, - (10)

t 1 1

—=—+—t (11)
0 kg q.

The congo red uptake at time ¢, the pseudo-first and sec-
ond order rate constants are represented by g,(mg/g), k, and
k,(1/min). The linear plot of Egs. (10) and (11) are shown in
Figs. 10b, c. From the plot, the rate constants and the cor-
relation coefficients were determined given in Table 4. The
correlation coefficients of the pseudo-second-order model
gave a better explanation of the congo red dye adsorption
onto PPy/Fe,O, (R? = 0.99959, 0.99936 and 0.99347) when
equated to the pseudo-first-order model (R, = 0.96798,
0.95031 and 0.95280), which indicates that the kinetics of
congo red dye adsorption onto PPy/Fe,O, was governed
by this model (pseudo-second order), with the rate con-
stants (K?) decreasing from 0.024-0.003 g-min/mg with an
increase in congo red dye initial concentration. The equi-
librium sorption uptake were 18.66, 29.79 and 39.05 mg/g
for the linear pseudo-second-order model under a magnetic
field applied influence. Thus, the adsorption capacity (q,)
from the experimental values fits very well with the theo-
retical adsorption capacity (g, cal) values calculated from
the pseudo-second-order model. The trend of equilibrium
sorption uptake (q,) values obtained from the linear fit of
the pseudo-second-order model showed an increase with
an increase in initial concentration, which is attributed to
adsorption being a passive process, driven specifically by
concentration gradient as a driving force [64]. These results
confirm that congo red adsorption kinetics can be better be
defined by the pseudo-second-order model.

3.5. Effect of ionic strength

An important parameter that controls the electrostatic
and non-electrostatic interactions between the adsorbate
(CR dye) and the adsorbent surface is the ionic strength
of the solution [65]. The effect of ionic strength on the
adsorption of CR dye onto PPy/Fe,O, was investigated by
adding a varying concentration of NaCl to 100 mg/L of
CR solution at pH 4. The result shown in Fig. S2 shows
an increase in the removal of CR dye with increased con-
centration of NaCl from 0.01-1 M. Usually, increase in the
ionic strength decreases the percentage removal due to the
presence of electrostatic screening. But the experimental
data did not follow this tendency, as this was ascribed
to induced aggregation of the molecules of CR induced
by NaCI ions enhancing the extent of adsorption by the
adsorbent [66].

3.6. Effect of co-existing anions

Considering natural water sources intricacy, several
anions exist with CR in wastewater and might affect the
removal efficiency of an adsorbent to remove CR [67].
Selected anions CI, SO,*, and CO> were analyzed to
evaluate their effect on the removal of CR onto polypyr-
role magnetic nanocomposite (Fig. S3). The result shows
that co-existing mono or divalent anions did not have any
significant effect on the adsorption of CR dye onto poly-
pyrrole magnetic nanocomposite. It was observed that the
presence of CI', SO,*, and CO,* increased the percentage
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Fig. 10. (a) Kinetics data for CR adsorption onto PPy/Fe,O, (b) Pseudo first order model for adsorption of CR onto PPy/Fe O, (c)
Pseudo-second order model for adsorption of CR onto PPy/Fe,O, .

Table 4

Kinetics parameters for adsorption of congo red ions from aqueous medium

Pseudo-second order model

C,mg/L  Pseudo-first order model

K, (1/min) g, (mg/g) R? k,(g/mg/min) q,(mg/g) R?
20 0.076 11.34 0.96798 0.024 18.66 0.99959
60 0.034 18.31 0.95031 0.004 29.79 0.99936
80 0.027 22.67 0.95200 0.003 39.05 0.99347

of CR dye removal to 97.7%, 96.4% and 95.9%. This may be
attributed to an increase in the ionic strength of the solution.
CR removal in the presence of anions increased in the order
of CI"'>SO,* > CO,>.

3.7. Reuse of pre-treated PPy/Fe O,

The potential for recycling of adsorbent is a very import-
ant parameter to assess their practicability. If a strong base
such as NaOH can desorb the dye, it can be said that the
attachment of the dye to the adsorbent is ion exchange [68].
NaOH was used for the elution of congo red dyes from

PPy/Fe O, for three cycles to desorb congo red adsorbed
on the surface of PPy/Fe,O, after adsorption. To regen-
erated adsorption sites after desorption of congo red dye
with NaOH, the adsorbent is subsequently treated with 2
M HCI. The results of the adsorption-desorption process
using NaOH is shown in Fig. 11. It is observed that congo
red removal remains constants (96%) up to the second cycle
and that there is a slight drop in the congo red removal at
the third cycle (94%). The slight decrease in removal may
be due to breakage of the polymer chain by repeated acid/
base treatment of the nanocomposite during the regenera-
tion process [69].
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Fig. 11. Adsorption-desorption cycles (experimental parame-
ters: adsorbent dosage 0.15 g, initial concentration of congo red
solution 100 mg/L, pH 4, magnetic field 18.99 mT and magnetic
exposure time 60 min).

4. Conclusions

We used the newly developed purification technique
based on the motion of functionalized magnetic nanopar-
ticles in the congo red contaminated water by the time
alternating magnetic poles in a modified electric motor.
Enhanced removal of congo red from aqueous solutions
onto polypyrrole magnetic nanocomposite under the influ-
ence of magnetic field and magnetic exposure time was
observed, with percentage removal of 94% under the influ-
ence of magnetic field. The increase in removal efficiency
was due to the magnetic force applied when a charged
particle passed through a magnetic field, thereby realign-
ing the magnetic moment of either the adsorbent or adsor-
bent for quick adsorption. From kinetics and adsorption
isotherm models, it is observed that there was significantly
enhanced adsorption of congo red, as the initial concentra-
tion is increased. The pseudo-second model best describes
the adsorption of congo red onto the adsorbent. The equi-
librium adsorption capacity obeys the Langmuir isotherm
with a maximum adsorption capacity of 119.76 mg/g. The
maximum adsorption capacity of PPy/Fe,O, was observed
to be significantly higher than the adsorption capacity of
other magnetic adsorbents reported by other researchers
due to its low cost, simple synthesis process, high uptake
capacity, and unique magnetic property that allows for the
adsorbent to be simulated physically by the rotating mag-
netic field for CR dye adsorption, making it a unique adsor-
bent for CR adsorption.
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Fig. S3. Effect of co-existing anions on the adsorption of CR by

Fig. S1. Point of zero charge of PPy/Fe,O, nanocomposite. polypyrrole magnetic nanocomposite under the influence of
magnetic field.
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Fig. S2. Effect of ionic strength on the adsorption of CR by poly-
pyrrole magnetic nanocomposite under the influence of mag-
netic field.



