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Abstract

This study reports the synthesis of magnetic nanoparticles (MNPs) using the co-precipitation method with the support of
Vernonia Amygdalina (VA) (bitter leaf) extract for the efficient sequestration of rhodamine 6G dye (Rhd 6G) from a water-
soluble solution. The prepared MNPs were characterized using Transmission electron microscopy (TEM,) X-ray Diffrac-
tion (XRD), Fourier-transform infrared (FTIR) and Ultraviolet—visible (UV-Vis) spectrometry. The average particle sizes
from TEM and XRD analyses were 4.81 +2.2 nm and 5.61 nm respectively. The sorption of Rhd 6G dye to the MNPs was
pH-dependent, with ideal confiscation of dye molecules observed at pH 10 (~ 91.4%). The sorption process of Rhd 6G dye
was reported to follow the Freundlich (FRH) isotherm model, while the pseudo-first-order model (PFOM) best depicted
the sorption process of Rhd 6G dye to the MNPs from the non-linear modelling. The determined sorption capacity of the
MNPs was established to be 454 mg.g™!. Also, the sorption of Rhd 6G dye to the MNPs was observed to be thermodynami-
cally spontaneous, endothermic and with increasing randomness between the interface of the water-soluble solution and
the MNPs. Hence, the prepared MNPs have proven to be an effective potential magnetic sorbent for the removal of cationic
dyes from an aqueous solution.
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1 Introduction

The unwarranted dye utilization in contemporary times has
been a comprehensive concern owing to dye entry into the
ecosystem. It is estimated that nearly 7 million tons of dye
are globally used yearly, with around 10-15% of dyes being
discharged into the marine ecosystem without any control
[1]. Synthetic dyes are created to meet various industrial
requirements such as adhesives, glass for construction,
paints, paper and pulp, soap, polymers, cosmetics, bever-
ages, art supplies, food, and wax biomedicine. Due to dye’s
chemical stability, ease of synthesis, and colour variety, they
are generally used in fabric production [2, 3].

Rhd 6G dye is an azo dye with a single or added
—N =N- groups affixed to an aromatic structure (Fig. 1). Rhd
6G dye is a xanthene dye derivative, which is extensively
used in textile, paper, printing industries, and fluorescent
labelling owing to its extreme pink pigment. Owing to their
chromophoric features, they are chemically stable and per-
sistent. They are tremendously noxious and dangerous to
animals and humans. They can cause skin and respiratory
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tract inflammation and initiate allergic and asthmatic reac-
tions. However, due to their low-slung cost and colour rein-
forcement, this dye is regularly combined unlawfully with
food matrices as colourants to improve the graphical aesthet-
ics and stimulate sales [4, 5].

Their unwarranted releases into the environment pro-
duce a further source of probable hazards like bioac-
cumulation, tumour by chlorination results (SPC), and
environmental persistence. Discharging various dyes into
the ecosystem causes harmful effects like hypersensitive
reactions, hazardous impacts, dermatitis, rhinitis, indus-
trial asthma, and hypersensitive pink eye in living organ-
isms [3]. As the diversity of industrial goods grows, the
composition of various dye effluents is becoming progres-
sively intricate. Hence dye effluent treatment has become
an enormously complicated undertaking [7] by employing
the various available techniques [8]. An extensive array
of industrial methods used to treat dye wastes include
reverse osmosis, coagulation, electrolysis, adsorption,
ion-exchange, and ultrafiltration [9]. Nevertheless, most
of these traditional techniques suffer from field-scale
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Fig. 1 Chemical structure of Rhd 6G dye [6]

pertinence from the high cost of equipment, colossal time
utilization, and low technical viability of chemical sludge
creation [10, 11]. The sorption method has been a criti-
cal research motivation owing to its simplicity, ease of
operation, general use, minimal construction and cost of
maintenance, ample sorbent resources, effortless reusing,
and elevated productivity [3].

Metal oxide nanostructure is exclusively getting huge
consideration owing to their multi-functionality and produc-
tion ease [12—14]. In this background, nanoparticles (NPs)
are considered as an alternative for the sorption of noxious
or refractory effluents such as dyes owing to their physico-
chemical properties. NPs, due to their morphological char-
acteristics like extraordinary reactive sites, controlled size,
and superior surface area, have become a preferred sorbent
for dye over time. Despite the outstanding sorptive proper-
ties of NPs for dye molecules, a general concern has been
their toxicity [3, 8]. There has been an increased demand
for the production of non-noxious, eco-friendly NPs with
production expertise. Recently, various informal, reliable,
price-efficient, reproducible, and influential green fabrica-
tion techniques for NPs have been carried out, and the idea
of safety by design inspires this. As an outcome, various bio-
logical approaches and plant extracts are presently utilized in
the organic fabrication techniques to create NPs [15].

Over the past few years, there has been a swift increase in
the fabrication of NPs to produce innovative smart materi-
als at the nanoscale with distinctive features [16]. The most
widely studied NPs owing to its characteristic properties
is magnetite (Fe;O,). Fe;0, has been applied overwhelm-
ingly in multipurpose fields such as aerospace and defence,
biomedical, environmental redress, construction, textiles,
automotive, electronics, sensing and detection of contami-
nants, and agriculture and food. Fe;0, shows the sturdiest
magnetization of all the transition metal oxides and signi-
fies one of the utmost remarkable crystallographic phases of
iron oxide (10). Fe;0, has elevated magnetization which is
influenced by the magnetic field and is size dependent. To
make NPs with specific features, an effective technique for
Fe;0, fabrication is essential [17-20].

The key drawback of using chemical and physical fabri-
cation techniques for Fe;O, synthesis is that they are time-
intensive, have low fabrication rates, the cost of fabrication
is staggering, defective surface creation, enormous energy
requirements, creation of a massive quantity of resulting
waste materials and the utilization of noxious reducing
agents. To decrease the noxiousness, time and cost of pro-
duction of NPs, NPs fabrication using the biological pro-
cedure from the plant extracts has been shown as a supe-
rior substitute in comparison to the chemical and physical
techniques [16, 21]. Employing biosynthesis methods using
extracts of plants has gained enhanced attention. It is now
seen as a gold specification amongst the biological method
owing to their simplicity, effectiveness, cost efficiency, plant
multiplicity and viability of this method in NPs fabrication
[22, 23].

However, there has been recently increased use of plants,
mainly plant extracts, in the fabrication of various NPs,
owing to these extracts having the capability to create NPs
with specified composition, shape, and size. Also, a vast col-
lection of phytochemicals in the extracts of plants may act as
reducing agents or organic stabilizers for the fabrication of
NPs [24]. Plant extracts also contain polyphenols (secondary
metabolites), which have a massive value of standard reduc-
tion capability sufficient for metals reduction to their cor-
responding NPs. They also serve as capping agents, thereby
reducing/increasing the accumulation/stability of NPs. This
characteristic excludes the distinct addition of stabilizing
agents during NPs fabrication [17, 25, 26].

Diverse plant parts such as barks, extracts, exudates, and
tissues have emerged as efficient substitutes for NPs fab-
rication [20]. Various studies based on the fabrication of
Fe;O4 NPs using different extracts of plants were reported
in the works of Elizondo-Villarreal et al., [27], Vinayagam
et al. [28], Das et al. [29], Sivakami et al. [30], Parajuli et al.
[31], and Mohammadi et al. [32]. Plants-derived NPs show a
superior natural capability in environmental issues, agricul-
ture, bio-engineering, nanomedicine, human health safety,
and food science and technology [24]. Plants have a broad
diversity of genetic variants in biomolecules and metabo-
lites (proteins, carbohydrates, vitamins, phenols, flavonoids,
sterols, alkaloids, and intermediates), with these metabolites
having various functional groups (hydroxyl (OH), carbonyl
(C=0), and amine (NH,)) that reacts with metal ions to
reduce their size to the nanoscale [33].

Vernonia amygdalina (VA), generally acknowledged as
a bitter leaf (BL) is a herbaceous plant physically located
in West Africa and is a part of the Asteraceae species
with green leaves, a distinctive odour, and a pungent taste
[34]. It is a plant that develops up to 3 m in height in the
tropics of Africa and other areas, especially in Nigeria,
Zimbabwe, and Cameroon. It is believed to have numer-
ous health advantages [35]. Their leaves are loaded with
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several functional groups like carboxylic acids, ethers,
alcohols, phenol, etc., which are effective in dye molecule
sorption [36]. The utilization of the VA leaf extract as a
reducing agent to prime the NPs was due to their high
possible application as a resource for green procedure
processes, improving NPs’ surface area owing to the phy-
tochemical coating and NPs’ biocompatibility. Also, their
usage in the NPs fabrication reduces energy requirements,
labour, and chemical waste [37]. For Fe;0, to be utilized
in polluted water with different contaminants remediation,
it must possess a strong magnetic response, be chemically
stable, have low toxicity and be swiftly reused [19]. But
published works relating to the green fabrication of Fe;O,
NPs using VA leaf extract and their application in waste-
water treatment are very few. The most application of the
fabrication of NPs using the extract of VA leaves has been
on antimicrobial activity and biomedical performance [38,
39]. The current study aims for the sustainable fabrication
of MNPs from the aqueous extract of VA leaf (bitter leaf),
their characterization and the study of the impact of the
prepared NPs in the treatment of Rhd 6G dye.

2 Materials and Method

The entire chemicals utilized in this study were of ana-
lytical grade and were prepared prior to further usage. All
chemicals used (ferrous-sulphate (FeSO,.7H,0), ferric-
chloride (FeCl;.6H,0), sodium chloride-NaCl, sodium
hydroxide-NaOH, Rhd 6G dye, and hydrochloric acid-
HCl,) were acquired from Merck (Sigma-Aldrich), South-
Africa. Rhd 6G dye (95%) stock-solution (1000 mg L")
was prepared by dissolving 1 g of Rhd 6G dye in a litre (L)
of deionized water. Subsequently, desired concentrations
of Rhd 6G dye were prepared from the stock solution by
dissolving measured volumes using deionized water.

2.1 VA Leaves Extract Preparation

Fresh VA leaves were collected from a house in High-
veld Centurion, Tshwane municipal area (—25,882,195,
28,194,262) and severely washed with deionized water to
remove dust and sand. The washed VA leaves were subse-
quently dried under sunlight for three days. To prepare the
aqueous extract, 30 g of the dried VA leaves were weighed
and added to 100 mL of deionized water, which was heated
at 80 °C for 1 h. The extract from the leaves was allowed
to cool down and filtered using the Whatman filter-paper
(No. 42). Ultimately, the resulting leaf extract was stored
at 4 °C for further usage.
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2.2 Green Synthesis of MNPs

The MNPs were fabricated based on the technique used by
Dhar et al. [40] with slight modifications. To fabricate the
MNPs, the co-precipitation technique was applied. In a 1:2
ratio, FeSO,.7H,0 (2 g) and FeCl;.6H,0 (4 g) were dis-
solved in 100 mL of deionized water under continuous stir-
ring for 30 min at 80 °C using a magnetic stirrer (separation-
MR Hei-Tec). Subsequently, 15 mL of the leaf extract was
added to the solution dropwise while stirring. 5 M of NaOH
(50 mL) was then added dropwise while stirring at 80 °C
for 30 min until the solution pH was 11 for a homogenous
solution and reaction completion. The obtained solution was
centrifuged at 5000 rpm for 20 min utilizing a pro-analytical
centrifuge. The obtained material was subsequently washed
three times using deionized water and centrifuged under
the same process above to remove impurities. The obtained
product was dried in an oven at 70 °C for 24 h utilizing
a scientific oven. The obtained material was stored in an
airtight vial to avoid contact with air moisture. The overall
chemical reaction for the preparation of the MNPs is given
by Egs. 1 and 2. Figure 2 shows the schematic diagram for
preparing the MNPs using VA extract as reducing and sta-
bilizing agents.

Stirring

VA + Fe** + Fe** + H,0—— [VA-Fe’*/Fe**] (1)

Stirring

[VA — Fe** /Fe™] + 8OH——— [VA ~ Fe;0,] | +4H,0
@

2.3 Spectroscopy and Microscopic Investigation
of MNPs

The synthesized MNPs were characterized using TEM
(JEOL 2010, 200 kV, Tokyo, Japan)) to determine their sur-
face morphology and size distribution. To assess the mag-
netic properties of the MNPs, an XRD diffractogram was
utilized (Bruker D8 advance diffractometer). The functional
groups of the prepared MNPs were established using FTIR
spectrometry (Perkin Elmer Spectrum Two UATR). While
the optical properties of the MNPs were assessed utilizing
UV-Vis spectrometry (Perkin Elmer Spectrum spectrome-
try-SP-UV 500 spectrophotometry).

2.4 Point of Zero Charge (pHp;c) Determination

The pHp, of the MNPs was determined by varying pH
(2-12) of 0.1 M NaCl (25 mL) with 0.05 g of the MNPs
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Fig.2 The schematic diagram for preparing MNPs using VA extract as support and reducing agent

for 24 h. The final pH of the NaCl solution was assessed
after 24 h utilizing a pH meter. The change in pH (ApH =
pH;pH;) was determined by deducting the obtained values
of the initial pH from the established final pH values. The
pHp, of MNPs was established from the plot of the ApH
versus pH;.

2.5 Sorption Experimental Investigation

Sorption experiments were carried out to establish the pH
effect on the adsorption of Rhd 6G dye to the MNPs, by
varying the pH (2-10) of 100 mg.L~! of Rhd 6G dye solu-
tion (50 mL) utilizing 0.1 M of HCI or NaOH and contacting
it with 0.05 g of MNPs at a stirring speed of 200 rpm (scien-
tific shaker) for 2 h. At the end of the batch experiment, solu-
tions were withdrawn using a syringe and filtered through a
syringe filter of 0.2 uM. The final concentration of dye left in
the solution was revealed by employing UV—Vis spectrom-
etry at a wavelength of 525 nm. The percentage of Rhd 6 g
dye removed (% removal) and the sorption capacity (q,-mg.
g~ 1) of the MNPs were determined using Eqs. 3 and 4.
Successive experiments were carried-out to test the influ-
ence of varying dosage (0.02-0.07 g), initial Rhd 6 g dye
concentration (50-400 mg.L‘l) and time (20-100 min) on
the sorption of the Rhd 6 g dye molecules to the prepared
material at a stirring speed of 200 rpm, and pH 10. The
influence of temperature was also evaluated by contacting
100 mg.L~! of Rhd 6G dye with 0.06 g sorbent dosage for
40 min at a stimulating speed of 200 rpm, pH 10 and vary-
ing temperature of 25-45 °C. After all the experiments, the

equilibrium concentration of the dye left was determined
using UV spectrometry. The percentage of dye confiscated
(% removal), the sorption capacity (q.-mg.g~"), and the
quantity of dye sorbed by unit mass of the MNPs at the time
(t) was determined by employing Egs. 3, 4 and 5.

c,-C

%removal = —2——< % 100 3)
_ C,—-C, <V
qe - M (4)
Ca - Ct
q, = M xV 5

C,» Ce, V. Mand C, signify the initial and final concentra-
tions of Rhd 6G dye, the solution volume (L), the mass of
the sorbent (g) and the dye concentration at time (t) left in
the solution.

2.6 Desorption Studies

The recycling of MNPs was considered in successive sorp-
tion—desorption experiments. For the desorption experi-
ments, hitherto sorbed Rhd 6 g dye to MNPs were contacted
with 50 ml of 0.1 M HCI and NaOH for 1 h at a stirring
speed of 200 rpm. At the end of the desorption experiment,
the solution was withdrawn using a syringe and filtered.
The MNPs left were dried in an oven for 2 h and reused
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for another sorption process. The desorption-sorption pro-
cess was repeated for four successive cycles. The % of Rhd
6 g dye desorbed from the MNPs was assessed using Eq. 6,
which is the ratio of the quantity of contaminant desorbed
to the amount of contaminant sorbed.

. Concentration of contaminant desorbed
% of desorption =

x100  (6)

Concentration of contaminant sorbed

2.7 Error Analysis

A critical part of any systematic research is process mod-
elling. The sorption isotherm and kinetic studies give an
understanding of the sorbate-sorbent interaction nature and
the time dependency of the sorption structure. Owing to
the characteristic preference resulting from the lineariza-
tion, different factor sets are assessed by the non-linear
regression. This offers a meticulous statistical technique for
assessing factors employing the unique form of the models’
equations. As various forms of the sorption models equa-
tions impact the values of R? during the linear scrutiny,
the non-linear study is the key approach to avoiding such
errors [41].

Also, a key drawback linked with the linear regression
technique is its inadequate applicability in approximating
just two variables in an experimental equation. Hence, it
is deemed an unsuitable procedure for assessing sorption
kinetic and isotherm parameters. The non-linear method of
optimization offers a more intricate and meticulous proce-
dure for the assessment of kinetic and isotherm parameters
with an error evaluation to assess the ideal fit of the sorption
parameters to the experimental findings [42].

To assess the appropriateness of a model calculation
to the experimental findings, error function evaluation is
generally considered necessary. Error functions are numer-
ical equations employed to assess the variation between
the hypothetically predicted data from the estimates of
real experimental data [43]. The key usefulness of error
functions is to measure the sorbent distribution and offer
mathematical evaluation of the result; most critically is the
authentication of the reliability of the experimental out-
comes, which have led to the creation of sorption isotherm
and kinetic [44].

The best fitting for the isotherm and kinetic models
were authenticated using two statistical error functions. To
assess the association between the model calculated data
and the experimental data, the non-linear chi-square test
(X?) and residual sum of squares (RSS) were implemented
in this study using Originlab software (Egs. 7 and 8). Using
this error model, the various error values obtained for the
isotherm/kinetic models forecast are further normalized
[45].
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X2 = i (qe(exp) - qe(cal))2 %
i=1 qe(cal)
ul 2
RSS = Z (Qe(exp) - qe(cal))i (8)

i=1

N, g.(exp) and q.(cal) represent the number of experi-
ments carried out, the numerical values of the experimental
data and the calculated data by the model [46].

3 Results and Discussions
3.1 Optical and Structural Characterization
3.1.1 FTIR Analysis

FTIR studies were carried-out to ascertain the functional
groups existing in the VA leaf extract, and the prepared
MNPs before and after sorption of Rhd 6G dye using an
array of wavenumber (400-4000 cm™h) (Fig. 3). The FTIR
spectra in Fig. 3a show distinctive peaks of the VA leaf
extract. The VA extract shows vibrational peaks at 3275,
2934, and 1051 cm™! ascribed to the uniqueness of O-H
stretching of inter-molecular bonded alcohol, C-H stretch-
ing alkanes, and C-N stretching vibration, respectively.
The peaks at 1526-1597, 1402, 1261, and 866 cm™! were
ascribed to N-O stretching of the aliphatic-nitro group,
C-H bending of the methylene group, C-O ester stretching
of carboxylic acid and C-H deformation ring respectively
[47-51]. After the synthesis of the MNPs, a new adsorption
peak was noticed at 547.29 cm™! and was attributed to the
Fe—O vibration band, which is the distinguished spectra of
Fe;0, (Fig. 3b) [52, 53]. Before the sorption of Rhd 6G to
MNPs, the observed spectra of the MNPs were 3372, 1611,
1352, and 1104 cm™", which were ascribed to the unique-
ness of O-H stretching of inter-molecular bonded alcohol,
C=C stretching of aromatic C=C group, OH stretching of
OH group (alcohol) and C-N stretching vibration. After the
Rhd 6G dye sorption, a blue shift in the MNPs wavenum-
ber (hypsochromic shift) was observed, suggesting the dye
molecules’ sorption to the MNPs after treatment (Fig. 3b).
The presence of O—H in the VA extract and the prepared
MNPs improved the dye molecules’ sorption and could act
as antimicrobial and antioxidant inhibitions [45, 48].

3.1.2 TEM Analysis of MNPs

The morphology of the prepared MNPs is shown in
Fig. 4a. The TEM image of the MNPs shows that they
are spherically shaped. Almost all of the particles show
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Vernonia Amygdalina Leaf Extract

Transmittance %
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Fig.3 FTIR spectra of a VA leaf extract and b MNPs before and after adsorption of Rhd 6G

Fig.4 a TEM image of MNPs and b particle size distribution of MNPs

minor particle aggregation, which might have resulted
from the VA thickening properties or OH™ groups from
the VA extract [54] The particle size distribution shows the
particles are within the range of 2—13 nm with an average
particle diameter of 4.81 +2.2 nm employing the ImageJ
software and the Gaussian function in OriginLab software
(Fig. 4b).

3.1.3 XRD Analysis
The XRD diffraction pattern of the prepared MNPs

(Fig. 5) shows diffraction peaks at 262 value of 30.28°
(220), 35.57° (311), 43.17° (400), 53.93° (422), 57.19°

Frequency

b ® o 0 Before Adsorption
[ -
n o= S —— After Adsorption
S w =
— n o
p— —
B
3
<9
£
=
£
£
>
£
=
-
[
>
e
a
<
w)
1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'l)
b [l size Distribution of MNPs

e Data Fitted to Gaussian Function
Average Particle Size = 4.81+2.25 nm

6

8 10

Diameter (nm)

(511), and 62.85° (440), corresponding to a faced centred
cubic spinel crystalline structure of magnetite (Fe304)
(JCPDS no. 19-0629) [55, 56]. To determine the MNPs’
regular crystalline size (DMNPs), the Debye—Scherrer
equation was applied to a matching peak value of 35.57°
(311) (Eq. 9).

kA
Dynp, = —2—
MNPs ﬂcose

©)
k, A, 0, and P signify the grain shape factor, the incident
X-ray wavelength of Cu—Ka radiation, the Bragg’s angle,
and the full-width half-maximum (FWHM) (radians),
respectively. The determined particle size was 5.61 nm,
which was consistent with the TEM result. The calculated
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After Sorption of Rhd 6g Dye
Beore Sorption of Rhd 6g Dye

511

Intensity (a.u)

30 40 50 60 70
20 (Degree)

Fig.5 XRD pattern a after sorption of Rhd 6G to MNPs and b before
sorption of Rhd 6G dye to MNPs

interplanar spacing (d) and lattice parameters were 2.519 A
and 8.355 A, which was determined using Eqs. 10 and 11.
The determined lattice parameter was close to the Fe;0, NPs
standard [17, 25, 26, 28]. A slight shift and modification in
the distinctive XRD peaks of the MNPs to higher intensity
were noticed after the sorption of Rhd 6G dye. This indi-
cates slight modification in the crystal structure of the MNPs
without any physical change in its crystalline structure after
Rhd 6G dye was sorbed. The shift in XRD peak after sorp-
tion was based on the size of the dye molecules sorbed. The
size of dye molecules is lesser than the base metal, thus,
the interstitial position was inhabited by the dye molecules
leading to the lattice structure modification and smaller

Absorbance (a.u)

200 300 400 500 600 700 800

Wavelength (nm)

(ahv)’ (eV cm™)

d-spacing between the atoms. Hence, an intensification in
the XRD results in above-average angles. Also, when the
dye molecules are larger than the base-metal, lower angles
are achieved with enhanced d-spacing [20].

ni

~ 2sind (10)
1 RR+k2 P
2= 2 ‘a (v

a and d represent the lattice parameter, and the interplanar
spacing matching to Miller indices h, k, 1 [57].

3.1.4 UV-Vis Analysis of MNPs

To confirm the creation of the MNPs in an aqueous col-
loidal solution, a UV spectral assessment of the solution
was carried out at a wavelength of 200-800 nm. The UV
spectra of the VA extract-synthesized MNPs revealed
absorption peaks at 227 and 298 nm. This is attributed
to the existence of poly-phenolic compounds and other
phytochemicals responsible for Fe;O, fabrication and sta-
bilization (Fig. 6a) [40]. The optical direct bandgap (E,)
of the MNPs was calculated using equation 12.

(ahv)* = A(hv — E,) (12)

a,A, h,and v, signify the sorption coefficient, a constant,
Plank’s constant, and frequency, respectively [58]. Figure 6b
shows the Tauc plot of (ahv)* against hv and the E, was
approximated by extrapolating the linear plot to the x-axis
and the estimated E, of the MNPs was approximately 3.6 eV.

2000

1000

Fig.6 a UV spectra of the prepared MNPs and b bandgap of the prepared MNPs
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Fig.7 a The pHpy of the MNPs, b the impact of solution pH on the
sorption of Rhd 6G dye to the MNPs and ¢ graphic representation of
the electrostatic interaction between Fe;O4 and Rhd 6G dye (Condi-

The increase in the bandgap of the prepared MNPs was
attributed to quantum confinement, where the confinement
of electrons and holes leads to the energy bandgap increas-
ing between the valence and conduction band with particle
size decreasing [59, 60].

3.2 Influences of pH on Rhd 6G Dye Sorption

The pH is an important factor that regulates the sorption of
dye molecules in a sorption medium to the sorbent surface
active sites. The sorption medium’s initial pH is a critical
element in defining the sorption mechanism and significantly
and sensitively influences the sorption molecular particle
ionization of the dyes and the sorbent surface charge [61,
62]. Hence, the uptake rate of pollutants may be improved
or decreased based on the preliminary solution pH value.
Consequently, hydrogen (H*) and hydroxyl (OH") ions are
sorbed effectively, thereby improving the sorption process
as the functional groups of the sorption sites are fragmented,
leading to the reaction of kinetics and equipoise attribute
variations. Generally, cationic dyes’ uptake is impacted
and sorption is reduced at the low solution pH value. While

OH™

94 |-
()2 .
o
«
2 _,_———n/
E sl
-7
X
86
84
82 1 1 1 1 1
2 4 6 8 10
pH

OH™

tions: initial concentration-100 mg.L~!, sorbent dosage-0.05 g, stir-
ring speed-200 rpm and time of interaction-120 min)

for anionic dyes, the uptake of dyes is improved with an
increased solution pH value [63]. To ascertain the precise
sorption mechanism, the pHp, of the sorbent is assessed.
For cationic and anionic dyes sorption on any solid surface
of a material, sorption is favourable when the pH > pHp,
and pH < pHpy [45]. The determined pHp,- of the MNPs
was 9.1 (Fig. 7a). As noticed in Fig. 7b, the sorption of
Rhd 6G to the MNPs improved as the solution pH value
increased from pH 2—10, with optimum sequestration of Rhd
6G dye observed at pH 10 (~ 91.4%). The reduction in the
% of Rhd 6G dye eliminated in acidic pH was attributed
to the electrostatic repulsion between the protonated H*
sites on the sorbent and the cationic dye molecules in the
acidic medium. With the subsequent increase in the solution
pH (basic medium), there was a reported increase in the %
of Rhd 6G dye confiscated onto the MNPs. This could be
attributed to the electrostatic attraction taking place between
the deprotonated sites on the MNPs sites and the cationic
dye molecules in the basic medium. As reported in the study
by Kumar et al. [64] and El-Nemr et al. [65] the sorption of
Rhd 6G dye may have arisen from the ionic process (electro-
static interaction) and chemical interaction corresponding to
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Fig.8 Impact of MNPs dosage on Rhd 6G dye sorption to MNPs
(Conditions: initial concentration-100 mg.L~!, pH-10, stirring speed-
200 rpm and time of interaction 120 min)

the columbic force (attraction and repulsion), which signifi-
cantly varies depending on the types of interactions between
the sorbate molecules and sorbent binding sites. These two
factors were accountable for the sorption of Rhd 6G dye to
the MNPs [45]. Figure 7c depicts the electrostatic interaction
between Rhd 6G dye and Fe;O, NPs.

3.3 Influence of Dosage on Rhd 6 g Dye Sorption

The impact of sorbent dosage is a critical factor that is
measured as it enhances the treatment process’s effective-
ness. Optimizing the sorbent dosage is crucial to estimate
the least amount of sorbent dosage required to achieve
ideal sorption [63, 66]. At a fixed Rhd 6G dye concentra-
tion (100 mg.L™!), the Rhd 6G dye removal was observed
to increase from 86.8-92.6%, as the sorbent dosage was
enhanced from 0.02-0.06 g (Fig. 8). The increase in the
Rhd 6G dye % confiscated as the dosage of MNPs was
enhanced was attributed to enhanced sorption surface and
sorption sites available [52]. With the successive inten-
sification in the dosage of MNPs from 0.06-0.07 g, no
significant change in the % of Rhd 6G dye removed was
observed. This was possibly due to the increased compe-
tition between the compounds released from the MNPs
into the water-soluble solution and dye molecules, thereby
hindering the sorption process. This could also be attrib-
uted to the decline in the diffusion of dye molecules owing
to sorbent binding capacity or pore volume and the sur-
face becoming saturated due to the aggregation of sorb-
ent particles as the dosage increased from 0.06-0.07 mg
[11, 46, 67, 68]. The sorption capacity declined from
217.05-65.98 mg.g™! as the dosage of the MNPs was aug-
mented from 0.02-0.07 g. This reduction in the sorption
capacity was due to the drop in the active surface area or
the inverse association between sorbent dosage and the q,
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(mg.g™"), according to Eq. 2 [69, 70]. Hence 0.06 g sorb-
ent dosage was chosen as the optimum dose for subsequent
experiments.

3.4 Impact of Initial Concentration on Rhd 6G Dye
Sequestration

The initial concentration presents a crucial dynamic drive to
enhance the bulk transfer challenge of pollutant molecules
between the water-soluble solution and the solid phase.
Hence, a more initial pollutant concentration improves the
rate of sorption and requires an extended equilibrium time
[63]. The result of the impact of initial dye concentration
on the sorption capacity of MNPs is reported in Fig. 9. It
was observed that the sorption capacity and the % of Rhd
6 g dye sequestered to MNPs improved and decreased with
intensifying Rhd 6G dye concentrations (40-283 mg.g~! and
97-85%). This was ascribed to the enhanced driving force
due to the mass transfer that happens along with the varia-
tion from the solution phase to the solid phase or the capabil-
ity of the dye molecules to be dispersed faster to the sorb-
ent surface as the dye concentration improved. At low Rhd
6G dye concentrations, the accessible surface area or active
sites were relatively high and hence the increased % removal
with increased concentrations. But the ratio of accessible
surface area or active site tends to reduce as the initial dye
concentration is increased, and could be attributed to the
active sites’ saturation at elevated dye concentrations, hence
decreased % removal of Rhd 6 g dye molecules [46, 71, 72].
At higher initial dye concentration, there was an increased
chance of dye molecules colliding with the sorption sites
on the sorbent surface, thereby leading to increased sorp-
tion capacity. Furthermore, the driving force for the mass
transfer of dye to the sorption sites on the sorbent surface
was improved at elevated initial dye concentrations, which
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is favourable to decreasing the mass transfer resistance and
improving the sorption capacity. The possibility of dye
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3.5 Effect of Time and Kinetic Studies

A critical parameter for the treatment of system design is
the sorption rate [11]. The sorption kinetics varies with the
interface of the solid-liquid interaction and the process of
diffusion [45]. The sorption kinetics studies of Rhd 6G dye
to MNPs were explored at two different preliminary con-
centrations (50 and 100 mg.L_l), and the results are pre-
sented in Fig. 10. There was rapid sorption of Rhd 6G dye
to the MNPs as time progressed (20 min), with sorption
equilibrium obtained in 40 min for both concentrations.
The time needed to achieve sorption equilibrium is noted
to be contrary relative to the preliminary dye concentra-
tion. Hence, the solution with a lesser concentration will
attain equilibrium than that with a comparatively elevated
concentration, owing to the presence of sturdy sorption
driving forces in solutions with a lesser concentration.
The decreased sorption after 40 min was suggestive of an
absence of accessible active sites for the sorption of dye
molecules after achieving equilibrium (Fig. 10a) [45, 78].
To study the rate of sorption and understand the mecha-
nism of sorption involved in the sorption process of Rhd
6G dye to the MNPs, the PFOM, pseudo-second-order
model (PSOM) and intra-particles diffusion (INT) models
were explored using their non-linear and linear forms as
given by Eqgs. 13-17, and their fitting results are depicted
in Fig. 10b-e. The determined parameters of the various
linear and non-linear kinetic models are also depicted in
Tables 1 and 2.

d

Ect] =k (qe - qt)(non — linear form (NLF) of PFOM) (13)
log g, — q, = log q, — kt(linear form (LF) of PFOM) (14)
dq 2

- = k> (g, — g,) (NLF of PSOM) (15)
Lo L iFofPSOM) 1
a ka4 (16)

Table 1 Calculated parameters of the LF of kinetic models

q, = Kjnr1°> + C(LF of INT) A7)

ky, k,, Kinyr and C signify the rate constants of PFOM and
PSOM models, INT rate constant (mg.g~'.min’3) and the
boundary layer thickness respectively [79]. Comparing the
R? of the PFOM, PSOM and INT, it was observed that the
PSOM model (R>=0.9999 and 0.9999) best depicted the
sorption of Rhd 6G dye (50 and 100 mg.L™!) to the MNPs
using the linear fitting (LFG) in comparison to the PFOM
and INT models (Table 1).

The kinetic model that best described the sorption pro-
cess was determined by the highest values of the coefficient
of regression (R?) and lowest values of X* and RSS. A high
value of X and RSS was suggestive of a high bias between
the calculated and experimental model values [43, 43]. The
ideal model for the sorption of Rhd 6 g dye was assessed
using the NLFG of the models, and the ideal model was one
with the highest values of R? and the lowest values of X> and
RSS values. The parameters determined from the non-linear
fitting (NLFG) of all models showed that the PFOM model
best described the sorption process of dye molecules of Rhd
6G dye, which was closely trailed by the PSOM model and
the INT model, with the calculated parameters of R?, X?
and RSS determined to be 0.9999/0.9999, 0.0178/0.0090
and 0.0711/0.0359 (PFOM), 0.9583/0.9567, 1.8883/6.8242
and 1884.5328/6810.5555 (PSOM) and 0.5201/0.5032,
21.7748/78.3399 and 21,704.6532/78183.2168 (INT) for 50
and 100 mg.L~! concentrations of Rhd 6G dye respectively
(Table 2). The values of q, (mg. g'l) of the PFOM and PSOM
models for the LFG and NLFG were relatively close to the
experimental values. The plots of the INT model of the sorp-
tion process of Rhd 6G dye were not rate controlling and dif-
fused through the liquid film of the MNPs, as the straight line
did not pass through the origin of the plot, and the R? values
were relatively poor. Hence, the sorption of Rhd 6G dye to
MNPs was centred on physisorption, which further collabo-
rates with the findings from the study of Hashem et al., [45].

3.6 Isotherm Studies
The sorption isotherm signifies the sorbent interaction with

the sorbate at a fixed temperature and the viability of various
sorption processes to sorb certain sorbate. It also shows the

Conc. (mg.L™}) PFOM PSOM INT

LFG

k; (min™") q, (cal) (mg.g™") R? k, (g/mg~'.min"") q, (cal) (mg.g™) R? Kint C,(mgL™") R?
50 0.0047 1.2412 02132  0.0529 40.1281 0.9999 3.8395  8.9307 0.6804
100 0.0182 0.9412 0.0699 0.0437 76.2195 0.9999 7.2924 17.2794 0.6718
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QxR sorption molecules’ distribution between the solid and liquid
2 5 phases when the equilibrium state is achieved [45]. Sorption
2 § g isotherm guarantees that various basic physicochemical data
~ a = assess the sorption processes application. The sorption iso-
§ % therm is considered by particular coefficients whose values
o = specify the surface features and sorbent affinity and deter-
" o mine the sorptive capacity of a mass [69, 71]. In this study,
§ § the Langmuir (LNR), FRH and Temkin (TKN) models were
o 22 employed to quantify the sorption process taking place using
o MNPs for the removal of Rhd 6G dye.
) =2 The LNR model envisages the presence of monolayer
EH ﬁ % coverage of the sorbate molecules over a consistent sorbent
© o surface with no critical interface among the sorbed species.
o £ g g This model adopts that the surface of the sorbent comprises
4 M IS of only a binding site, hence the sorption energy is continu-
A ous. The non-linear and linear forms of this model are given
s by Egs. 18 and 19.
] & =S
gé = % KLQm Ce
o o 9, = =~ (NLF of LNR) (18)
2 & 1+C,
| =8
DS C 1 1
. 2 R == (—)Ce+ (LF of LNR) (19)
- S S 9. m 9K
v K; and q,, refer to the LNR constant associated with
) - o the sorption capacity (mg.g~') and the maximum sorption
E R capacity (q,) (L.g™) [69].
g = The FRH model adopts a diverse sorption surface with
active sites having various energy measures grounded on
) multi-layer sorption. The model’s non-linear and linear
Top forms are described by Eqgs. 20 and 21.
= Eolg 2
2 2913 S —k 1/n
% TElS S q, = k(C,)""(NLF of FRH) (20)
=2
2 |58 |
~ © e Ing, = Ink; + ~InC,(LF of FRH) @1
g K "
% = = § k; and 1/n refer to the sorption capacity in ((mg.g~")(L/
E 22 mg)/") and the sorption intensity, which indicates the rela-
‘é %Y § § tive distribution of energy and sorbate site diversity [80].
= While the TKN model presumes that the sorption heat
o i of all molecules in the sorbed layers reduces linearly with
2] %D contact from the sorbent/sorbate interaction [6]. The model’s
§ :8\ lz= NLFG and LFG are presented by Eqgs. 22 and 23.
o | 28 RT
é ~ q, = TanTCe(NLF of TKN) 22)
EX b R q, = %anT + %lnCE(LF of TKN) (23)
3|7
S gb B (RT/b) and K relate to the TKN constant, which is
O It associated with the sorption heat (J/mol) and TNK constant
218 g 8 (L/mg) [81-83].
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Table 3 Calculated parameters of LF of isotherm models
LNR FRH TKN
K; (L.mg™) qy, (cal) (mg.g™) R? k; (mg.g~)(L/mg)"'m) n R? K; (L.mg™) B (J/mol) R?
LFG
0.0398 400.0000 0.8797 28.9584 1.7970 0.9724 0.74284 66.7598 0.8593

To understand the mechanism of sorption involved in the
Rhd 6G dye sorption to MNPs, the LNR, FRH and TNK
models were explored using their linear and non-linear forms,
and their fitting results are depicted in Fig. 11. Tables 3 and
4 show the determined parameters of the LFG and NLFG of
the various isotherm models, with their equivalent RZ, X?
and RSS describing the best perfect model that describes
the sorption of Rhd 6G dye to MNPs. It was observed from
the calculated parameters of the LFG and NLFG of all mod-
els (highest and lowest values of R? and X? and RSS) that
the sorption of Rhd 6G dye was best described by the FRH

@ Springer

model (0.9724, 0.9844, 156.8812 and 470.6434) in compari-
son to the LNR and TKN models. The obtained optimum
sorption capacity from the LNR model was 400/454 mg.g~!,
and the dimensionless constant (R; ) was determined to be
0.0591-0.3345/0.0828-0.4193 (LFG/NLFG), which was in
the array of O and 1, which was suggestive of a positive sorp-
tion process. There was a considerable difference between the
calculated and experimental sorption capacity, which could
be due to the absence of attraction or repulsion between the
sorbent and sorbate in the case of the LNR assumption, hence
causing a high sorption capacity. On the other hand, the
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experimental sorption capacity was impacted by the electro-
static interaction and possibly repulsion between the sorbate-
sorbate and sorbent-sorbent, hence restraining the interaction
between the dye molecules and MNPs and causing a reduc-
tion in the sorption capacity [36]. The n values from both
fittings were 1.7970 and 1.7429, which were greater than 1,
suggesting the suitability of the MNPs for the sorption of Rhd
6G dye. The sorption of Rhd 6G dye to MNPs shows sorp-
tion with multilayer sorption on a distinct surface with vari-
ous active sites and energy distribution using the MNPs. The
sorption mechanism is attributed to the electrostatic interac-
tion between the cationic Rhd 6G dye and negatively charged
sites on the sorbents as well as hydrogen bonding attraction
between the molecules of Rhd 6G dye and the surface of the
MNPs or the surface-to-dye molecules pore diffusion [84].
Table 5 compares the sorption capacity of MNPs with other
magnetic sorbents employed for the sequestration of Rhd 6G
dye. The table shows that the sorption capacity of the MNPs
was comparative with that of other sorbents employed for
Rhd 6G dyes confiscation.

RSS
1414.4076 4243.2227

X2

0.8593

Kp (L.mg™) B (J/mol) R?
66.7598

TKN

RSS

3.7 Thermodynamics

156.8812 470.6434 0.7428

X2

Temperature variation has a key impact on the rate of sorp-
tion as it improves the sorbent molecules’ diffusion rate via
the exterior layer and the sorbent’s inner pores, in recog-
nition of the reduction in the solution viscosity. Also, the
tendency of sorbent deagglomeration for a certain sorbate
is increased due to temperature variations [63]. To ascer-
tain the viability, spontaneity and heat transformation of the
sorption process, thermodynamic factors like change in the
Gibbs free energy (AG®), enthalpy (AH®) and entropy (AS°)
were used [69]. For substantial sorption to take place, the
AG of the sorption process must be negative and it is defined
by Eq. 24.

R2
1.7429 0.9844

k (mg.g"H(L/mg)"™) n

FRH

AG" = —RTInkK (24)

RSS

R, T and Ky, signify the gas constant (8.314%107° kJ.
mol~! K71), the absolute temperature and the equilibrium
constant which is given by K, = 7.

172.7613 518.2838 27.0145

X2

The AH® and AS° were assessed (using the following asso-
ciation (Egs. 25 and 26). Their values are estimated from the
intercept and slope of the plot InK, versus 1/T as observed
in Fig. 12 [71].

0.9828

AG°® = AH® — TAS® (25)

InK, = -
nKp R RT (26)

453.7462

According to Table 6, the negative values of AG ° show
that the sorption of Rhd 6G dye to the MNPs was sponta-
neous and reasonable thermodynamically. The decrease in

0.0277

Table 4 Calculated parameters of the NLF of isotherm models

K. (L.mg™") g, (cal) (mg.g™") R?

LNR
NLFG
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Table 5 Assessment of optimum sorption capacities of Rhd 6G dye to various sorbent

Sorbent q, (mg.g™h References
MNPs 454 This study
Mixed hemi/ad-micelle SDS-coated MNPs 323 [85]
Hexadecyl functionalized magnetic silica NPs 35.60 [86]
Magnetic manganese graphene oxide 24.96 [2]
MNPs-Fe;0, 150.00 [8]
Fe;04-composited biochar derived from rice husk 9.42 [87]
Coconut shell-derived nanomagnetic adsorbent composite (Cs-Nmac) 32.02 [4]

Humic acids on composite bentonite—alginate in single and binary systems 429.49 [88]
Nickel sulphide incorporated polyacrylamide grafted gum karaya bionanocomposite 124471 [45]
Magnetic Co-Fe bimetallic NPs containing modifiable microgels 89.9 [89]
AIPO4-5 molecular sieves 208.61 [90]

= 218 |

216 1 1 1 1 1
0.00315 0.00320 0.00325 0.00330 0.00335

Temperature' (K")

Fig. 12 Van’t Hoff plot for the sorption of Rhd 6G dye to MNPs

the value of AG® from -3.88 to -4.14 as the temperature
increased shows that the sorption process was favourable at
elevated temperatures. While the positive changes in the AH®
(1.58 kJ/mol) and AS° (13.03 kJ/mol.K) states show that
the sorption of Rhd 6G dye to MNPs was endothermic and
growing randomness at the interface between the MNPs and
the water-soluble solution. AH® value smaller than 40 kJ/
mol indicated a physisorption process and endothermic reac-
tion [70, 91]. Hence, the magnitude of AH® shows that the
sorption type was physical sorption, as the equilibrium was
generally swiftly achieved and was effortlessly reversible
owing to the energy requisite being low [69].

3.8 Adsorption-Desorption Studies
The desorption research is performed to restore the expended

sorbent to its prior feature. In large-scale practice, the res-
toration process plays a key part in the viable treatment

@ Springer

Table 6 Parameters of thermodynamic calculations for the sorption
of Rhd 6G dye to MNPs

Dye Tem- AG(KJ/ AH'(KJ/ AS'(KJ/ R?
perature mol) mol) mol.K)
X)
Rhd 6G 298 —3.88 1.58 13.03 0.9929
dye 308 -4.01
318 —-4.14
100
Adsorption
Desorption
S
=
2
2
]
g
a
=
2
=
s
<
<«
2 3 4
Cycles

Fig. 13 Adsorption—desorption cycle using MNPs for Rhd 6 g con-
fiscation

process thereby reducing the volume of resulting waste [92].
The desorption process was carried out to desorb Rhd 6 g
dye molecules from the exhausted sorbent using 0.1 M HCl
and NaOH. After four cycles of the adsorption—desorption
process (Fig. 13), the study shows that HCI1 was effective in
desorbing the dye molecules from the sorbent surface. By
utilizing acidic eluent as a desorbing facilitator, the sorbent
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surface gets more H* ions from the solution, thereby lead-
ing to a cationic exchange occurring more instinctively, and
resulting in the release of Rhd 6 g dye from the sorbent
surface. The adsorption—desorption process shows a reduced
elimination of Rhd 6 g dye as the cycle is repeated, with a
drastic reduction in the % of Rhd 6 g dye eliminated noticed
at the fourth cycle. This was ascribed to the loss of NPs after
each adsorption—desorption cycle or the possibility of HCI1
acid destroying the structure of MNPs when used as an elu-
ent for the desorption process [93].

4 Conclusion

In treating industrial effluents, the sorption process is a well-
thought-out promising technique using especially MNPs cre-
ated with the support of plant extracts. In this study, VA leaf
extract was employed as a reducing and stabilising agent in
the fabrication of MNPs. This was then used to confiscate
Rhd 6G dye molecules owing to the metabolites found in
VA leaf extract. The Rhd 6G sequestration to the MNPs
hugely depended on the solution pH, with optimum confis-
cation of the dye molecules at pH 11. The sorption process
of Rhd 6G dye to MNPs was ideally described by employ-
ing the FRH and PFOM models, with the optimum sorption
capacity established to be 454 mg.g~". The thermodynamic
process was spontaneous, endothermic, and with increased
randomness for Rhd 6G confiscation. The sorption mecha-
nism was attributed to the electrostatic interaction between
the cationic dye and negatively charged surface sites on the
MNPs, as well as the hydrogen bonding between the dye
molecules and the MNPs’ surface sites. Also, the Rhd 6 g
dye molecules effectively desorbed from the spent sorbent
using 0.1 M HCI for four adsorption—desorption cycles.
Hence, the results from this study show that MNPs synthe-
sized with the support of VA leaf extract (bitter leaf) via the
green synthesis route were effective for confiscating Rhd 6G
dye and can be harnessed and employed for the treatment of
industrial wastewater containing dye.
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