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ABSTRACT: In this study, a straightforward, eco-friendly, and facile method for synthesizing iron oxide nanoparticles (IONPs)
utilizing Piper chaba steam extract as a reducing and stabilizing agent has been demonstrated. The formation of stable IONPs coated
with organic moieties was confirmed from UV—vis, FTIR, and EDX spectroscopy and DLS analysis. The produced IONPs are
sufficiently crystalline to be superparamagnetic having a saturation magnetization value of 58 emu/g, and their spherical form and
size of 9 nm were verified by XRD, VSM, SEM, and TEM investigations. In addition, the synthesized IONPs exhibited notable
effectiveness in the removal of Congo Red (CR) dye with a maximum adsorption capacity of 88 mg/g. The adsorption kinetics
followed pseudo-second-order kinetics, meaning the adsorption of CR on IONPs is mostly controlled by chemisorption. The
adsorption isotherms of CR on the surface of IONPs follow the Langmuir isotherm model, indicating the monolayer adsorption on
the homogeneous surface of IONPs through adsorbate—adsorbent interaction. The IONPs have revealed good potential for their
reusability, with the adsorption efficiency remaining at about 85% after five adsorption—desorption cycles. The large-scale, safe, and
cost-effective manufacturing of IONPs is made possible by this environmentally friendly process.

1. INTRODUCTION because of a variety of distinctive magnetic properties, such as
Nanotechnology deals with the observation, measurement, superparamagnetic properties, high coercivity, low Curie
manipulation, manufacture, and utilization of an object on an temperature, high magnetic susceptibility, etc. Due to these,
atomic or molecular scale, typically within the range of 1—100 magnetic NPs are of great interest to researchers in a range of
nm. These nanoscopic materials’ physical, chemical, optical, fields, including magnetic fluids, data storage, catalysis, and
and electrical properties are greatly influenced by their size, bioapplications.”' '~

shape, and surface morphology. The most important and Many methods, such as the template-assisted synthesis
fascinating characteristic of these tiny objects is their high method, hydrothermal synthesis, vapor—solid growth techni-
surface area to volume ratio, which endorse the nanomaterials ques, sol—gel process, chemical coprecipitation, thermal

to be widely used in many areas of engineering and material
science as well as electronics, optics, medicine, mechanics,
catalysis, and biotechnology.' ™ Metal oxide nanoparticles are
significant members of the nanomaterials family and usually
have enhanced chemical, thermal, optical, electrical, or
magnetic properties, making them appropriate for application
in electronic and biomedical devices as well as pigments,
coatings, and inks as well as catalysis.”*~"" Particularly, iron
oxide nanoparticles (IONPs) have drawn a lot of interest

decomposition, and ultraviolet radiation and aerosol, have
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been used in a huge number of studies on the development of
synthetic methods to produce IONPs.”'"'>'*'*=!7 The
synthesis process ought to be able to reduce toxicity and
increase the biocompatibility of the nanoparticles. In addition
to all of the ways discussed above, research is also being done
on IONPs produced biologically, such as by quick and simple
plant-mediated synthesis and microorganism-based pro-
cesses.'* % In addition to these characteristics, the duration
of the operation and the requirement for aseptic settings are
other constraints for microorganism-based procedures. IONPs
have recently been produced using a variety of plant-mediated
processes because extraction and separation are simple to scale
up for the large-scale synthesis of nanoparticles.'>'”*'~*
Additionally, the environmentally friendly IONPs have been
extensively used as an antibacterial agent,”"””*" an adsorbent
material for the removal of organic dyes”””' ™ and heavy
metal ions,””** organic dye degradation catalysts,””*”*" and in
many other applications. This motivates us to concentrate our
research on the environmentally friendly synthesis of IONPs
and their amazing applications.

Piper chaba, also known as chui jhal or choi jhal, is a
common plant that is a member of the Piperaceae family. In
South and Southeast Asia, it is a widely available, inexpensive,
and edible plant. Beyond only eating, it has a variety of uses,
including analgesic, antibacterial, antioxidant, and hypotensive
ones. There are many different substances in P chaba, but
alkaloids and lignans, such as piperine, kusunokinin, and
piplartine are the most common.””~** These phytochemicals
have demonstrated their reducing and stabilizing ability to
reduce silver ions to form well-stable silver nanoparticles.’” We
believe that similar to silver nanoparticles, P. chaba will also
exhibit the same potential in the case of the formation of
IONPs, which has not been reported yet.

Organic pollutants are still being discharged as effluents
from many sectors and are hurting the environment,
particularly in water. These pollutants are bad for both
human and animal health since they can lead to a variety of
illnesses including poisoning of the central nervous system,
skin rashes, kidney and liver damage, and blood abnormalities.
The capacity of some processes, such as membrane separation,
coagulation, oxidative remediation, and adsorption, to remove
dyes from an aqueous medium makes them stand
out.”? 0% Gince there is a strong correlation between
the quantity of surface area and the volume of the adsorbent,
nanotechnology is effectively used in adsorption to purify
water, and different nanomaterials have been promisingly used
#4275 This results in a significant cost
reduction that is directly connected to the lesser amount of
adsorbent used. IONPs are one of the most often used
nanomaterials because of how simple they are to synthesize
and how many different chemicals they can uptake on their
surface or in combination with other adsorbents.”””'~**

In this study, magnetic IONPs were synthesized easily and
sustainably using the stem extract of P. Chaba as a green
reducing and stabilizing agent. Additionally, using Congo red
as a model dye, we examined the dye removal effectiveness of
the green synthesized IONPs to assess their potential as
adsorbents. The large-scale production of IONPs for the
removal of organic contaminants in wastewater treatment may
find this research work to be remarkable.

as adsorbents.
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2. RESULTS AND DISCUSSION

2.1. Characterization of Nanoparticles. IONPs were
synthesized by coprecipitation of iron salts in an alkaline
medium using P. Chaba plant extract as the reducing and
capping agents. Visual observation of color change by the
naked eye is one of the important approaches to forecasting
the formation of distinct metal nanoparticles. Here, the
formation of IONPs was also anticipated by changing the
color of the reaction mixture from brown to black (the inset
image in Figure 1), which was synthesized by reacting ferric
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Figure 1. Optical image and UV—vis spectrum of IONPs synthesized
using P. Chaba stem extract (conditions: 80 °C and 30 min).

chloride and ferrous sulfate with the stem extract of P. Chaba
at 80 °C for 30 min. By displaying the surface plasmon
resonance (SPR) band at the distinctive location, UV—vis
spectroscopy analysis was thought of as a key technique to
confirm the formation of various metal nanoparticles. As a
result, a broad absorption band serving as a representative SPR
band of IONPs at 390 nm (Figure 1), which is the
characteristic SPR region of IONPs, was demonstrated,
confirming the construction of the IONPs utilizing the stem
extract of P. chaba.”*

Powder X-ray diffraction analysis is key to determining the
phase and crystalline structures of the nanoparticles. The XRD
pattern of green synthesized IONPs is shown in Figure 2. The
pattern revealed six distinct diffraction peaks at 26 = 30.33,

Intensity (a.u.)
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Figure 2. Powder XRD pattern of IONPs synthesized using P. Chaba
stem extract (conditions: 80 °C and 30 min).

https://doi.org/10.1021/acsomega.3c09557
ACS Omega 2024, 9, 10727-10737


https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09557?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

35.54, 43.31, 53.78, 57.10, and 62.71°. These peaks can be
attributed to the lattice planes of (220), (311), (400), (422),
(511), and (440), which are well indexed to the crystalline
cubic phase of iron oxide (JCPDS card no. 019-0629). This
indicates that the obtained IONPs are primarily composed of
magnetite magnetic phases (Fe;O,), with the maghemite phase
(yFe,0;) contributing very little.””*>*” The average crystallite
size was calculated using the Scherrer formula

D =kA/p cos O (1)

where D represents the size of crystalline domains, k represents
the dimensionless shape constant (k = 1 for spherical
domains), A represents the X-ray wavelength (0.1541 nm),
represents the full width at half-maximum, and 6 represents the
diffraction angle corresponding to the lattice plane. All of the
mentioned lattice planes were used to calculate the average
crystallite sizes, which were determined to be 6, 9, 10, 8, 6, and
9 nm for (220), (311), (400), (422), (511), and (440) planes,
respectively. The values are very close to one another,
suggesting that monodispersed IONPs were formed.

Analysis using vibrating sample magnetometry (VSM) is a
crucial method for assessing the magnetic behavior of IONPs.
Figure 3 shows the findings of the VSM study of greenly
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Figure 3. Optical image and magnetization curve of IONPs
synthesized using P. Chaba stem extract (conditions: 80 °C and 30
min).

produced IONPs. The saturation magnetization (Ms) of the
green synthesized IONPs was found to be 58 emu/g according
to the magnetic hysteresis curve, whereas negligible coercivity
(Hc) and no remanence magnetization (Mr) indicate that the
synthesized IONPs by the P. chaba stem extract were
superparamagnetic. By removing the resulting IONPs from
the dispersion medium using an external magnet, the magnetic
properties of the IONPs could also be seen visually (the inset
image in Figure 3).

To confirm the presence of Fe;O, and organic capping
moieties on the IONPs’ surface driven from the phytochem-
icals present in P. chaba stem extract, FTIR analysis was carried
out. The FTIR spectra of the solid content of the P. chaba stem
extract and IONPs that were prepared using the extract are
shown in Figure 4. The FTIR spectrum of IONPs showed two
peaks at 450 and 580 cm™', which were inconsistent with the
FTIR spectrum of the solid content of the extract and
suggested the presence of a Fe—O bond.””*® In addition,
IONPs show a broad peak at 3447 cm™" for O—H and N—H
bond stretching, a strong signal at 1607 cm™! for C=0
stretching of the amide group in P. Chaba, and a minor signal
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Figure 4. FTIR spectra of the solid content of P. Chaba stem extract
and IONPs synthesized using P. Chaba stem extract (conditions: 80
°C and 30 min).

at 2925 cm™' for C—H bond stretching."”"” Some additional
bands were observed around 1300—1420 cm™" assigned to C—
O-H, O—C—-H, and C—C-H bending, around 920—-1110
cm ™' due to C—C and C—O stretching indicating the presence
of polysaccharides, which are typically a significant component
of plant sources, as capping molecules on the surface of
IONPs. By comparing the FTIR spectrum of the green
synthesized IONPs with the solid content of P. Chaba stem
extract, it is simple to conclude that in addition to their
reducing ability, some of the phytochemicals present in P.
Chaba stem extract also possess promising capping abilities.

Electron microscopy analysis was carried out to investigate
the size and morphology of the green synthesized IONPs. FE-
SEM image (Figure Sa) shows that the particles are almost
spherical with some rodlike structure in a highly aggregated
form. Although high aggregation prevents the measurement of
the particle sizes from the SEM image, we predicted the
approximate size of the particles in the range of 26 to 50 nm.
The stable water dispersibility of IONPs with an average
hydrodynamic diameter (D,) of 155 nm, which was examined
by dynamic light scattering (DLS), suggested that such
aggregation may have been caused by drying during sample
preparation for SEM analysis (Figure Sb). The swollen
phytochemicals adhering to the IONPs’ surface and surround-
ing the hydration layer could be the reason for the larger Dy,
than was determined by SEM analysis. Silver nanoparticles
synthesized using P. chaba stem extract showed a comparable
difference too.”

We also performed TEM measurements to gain a better
understanding of the size and morphology of the obtained
IONPs. The TEM image (Figure 6a) reveals that the IONPs
had an average 9 nm grain size and were spherical. Moreover,
distinct lattice fringes that are visible in the HRTEM image
(Figure 6b) support the formation of crystalline IONPs. The
(311) and (220) planes correspond to an interplanar spacing
of 0.258 and 0.278 nm, respectively.

To determine the elemental composition of the produced
IONPs, EDX spectroscopy was used. The representative EDX
spectrum of IONPs is shown in Figure 7, and the presence of
the Fe (23%) and O (25%) signals indicates that the IONPs
were formed, while the C (52%) signal may have arisen from
the organic moieties that were present on the surface of IONPs
originated from the P. chaba stem extract.

https://doi.org/10.1021/acsomega.3c09557
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Figure S. (a) Field emission scanning electron microscopy (FE-SEM) image and (b) DLS curve in the water of IONPs synthesized using P. Chaba

stem extract (conditions: 80 °C and 30 min).
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Figure 6. (2) TEM and (b) HRTEM images of IONPs synthesized using P. Chaba stem extract (conditions: 80 °C and 30 min).
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Figure 7. EDX spectrum of IONPs synthesized using P. Chaba stem
extract (conditions: 80 °C and 30 min).

The qualitative analysis of the phytochemicals capped on the
surface of IONPs is provided by FTIR, DLS, and EDX. On the
other hand, the organic moieties capping the IONPs” surface
were quantitatively analyzed by TGA. From the TGA curve
(Figure 8), two phases of weight loss were seen. The
physisorbed water on the surface of the IONPs evaporates,
causing the initial 2% weight loss below 130 °C. The primary
cause of the second phase, almost 9% weight loss that occurred
at 190—360 °C, is the decomposition of the organic moieties
that were capped on the surface of the IONPs.,

2.2. Adsorption Studies. The study of CR adsorption
onto the surface of IONPs dispersed in aqueous solvents was
performed in batch mode. The adsorption properties of IONPs
are strongly dominated by the pH of the solution. Thus, in the
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Figure 8. Thermogravimetric analysis (TGA) curve of IONPs
synthesized using the P. Chaba stem extract (conditions: N, and 10
°C/min).

beginning, the effect of pH was investigated on the dye
adsorption removal efficiency (RE%) in a pH range from 2 to
12 as shown in Figure 9. At constant absorbent mass (20 mg)
and initial dye concentration C, (20 mg/L), the point charge
value of IONPs was found to be 7.05. The positively charged
IONPs absorbed the highest amount of negatively charged CR
dye at lower pH values. When the pH value increases above
the point zero charge, the surface charge of IONPs becomes
negative and the electrostatic repulsion induces a desorption of
CR. This allows the conclusion that electrostatic interaction is
dominant over other possible.’’ The maximum dye adsorption
on the IONPs’ surface occurred at lower pH, such as pH 2 and
4.

https://doi.org/10.1021/acsomega.3c09557
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Figure 9. Effect of pH on the adsorption efficiency. C, = 20 mg/L, w
=20 mg and v = 0.1 L.

2.2.1. Kinetics Studies. The kinetics of adsorption is a
crucial component in determining its efficacy. Various kinetic
models have been offered by different researchers.’’™>* Three
important kinetic models were employed in the current
investigation, namely, pseudo-first-order, pseudo-second-
order, and intraparticle diffusion (IPD) kinetic models. The
time-dependent adsorption of CR was performed at pH 4
using 20 mg/L CR and 20 mg of IONPs in 0.1 L volume. The
adsorption of CR was moderately faster within 15 min; after
that, the rate was slowed. The adsorption reaches equilibrium
in 125 min (Figure 10) with a removal efficiency of 90% and
an adsorption capacity of 88 mg/g. Thus, for further study, we
fixed the investigation of the adsorption process for 125 min.

The experimental data were fitted to three kinetic models,
namely, pseudo-first-order, pseudo-second-order, and IPD
kinetics models”**° as shown in Figure 11, and the obtained
parameters of the adsorption kinetics of CR on IONPs are
summarized in Table 1.

The higher correlation coefficients (R?) above 0.9859
demonstrate that the experimental data are more closely fitted
to the pseudo-second-order model (Figure 11 b) than to the
pseudo-first-order model (Figure 11a). Further evidence that
the adsorption kinetics obeys the pseudo-second-order kinetic
model indicates that the adsorption of CR on IONPs is
primarily controlled by chemisorption comes from the
calculated q, (cal) values from the pseudo-first-order model
(72.44 mg/g), which was lower than the experimental data
(88.4 mg/g). On the other hand, the values from the pseudo-

second-order model (95.08 mg/g) agreed well with the
experimental data.

Using the intraparticle diffusion (IPD) model developed by
Weber and Morris,”® the mass transport mechanism during dye
adsorption onto IONPs is identified. Figure 11c shows the IPD
model in its linearized version. The initial portion of the curve
makes it evident that dye permeates the solution and adsorbs
onto the surface of IONPs. The progressive adsorption shown
in the second section of the curve is linked to intraparticle dye
diffusion on the IONPs’ surface. Pore diffusion is not the only
element influencing the rate, though, as evidenced by the line
intercept’s failure to pass through the origin.

2.2.2. Adsorption Isotherm Studies. The relationship
between the amount of adsorbate absorbed per unit weight
of adsorbent (g, mg g~') and the adsorbate concentrations in
the bulk solution (C, mg L7') was investigated using
adsorption isotherms.””>**” The Langmuir, Freundlich, and
Temkin adsorption models, which are frequently used to
explain how organic dyes adsorb onto various adsorbents, have
been employed, among other adsorption isotherm mod-
els.””*%*>7=>” The adsorption isotherms of CR onto the
surface of IONPs are shown in Figure 12, and the resulting
data are presented in Table 2. The weight concentration of
IONPs (5—40 mg in 100 mL) and the measurements were
carried out at a pH value of 4 for which adsorption is the most
efficient. In this case, the amount of IONPs increases with
constant concentration of dye until reaching a plateau, which
corresponds to the maximum adsorption capacity of IONPs.
This maximum is explained by a definite quantity of active
sites. In this study, we applied three isotherm models, namely,
the Langmuir, Freundlich, and Temkin models.”” The
experimental data are satisfactorily fitted by the Langmuir
isotherm model. The C,/q, vs C, plot for the adsorption of CR
on IONPs shows a linear relationship with a good correlation
coefficient (R*) of 0.9594. The maximum adsorption capacity
(gm) corresponds to the plateau of the adsorption isotherm, C,
is the concentration of the dye in the solution at equilibrium
and K is the Langmuir constant. In addition, the Langmuir
constant was calculated, and the obtained values were between
0 and 1, indicating a favorable adsorption isotherm.
Furthermore, the calculated maximum amount of dye per
unit weight of adsorbent value was comparable to the
experimental values, indicating the applicability of the
Langmuir isotherm model. However, the plots of the
Freundlich and Temkin models, typically suitable for systems
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Figure 10. Time dependence of the adsorption of CR onto IONPs. Left-hand side: adsorption capacity and right-hand side: removal efficiency

(condition: Ccgo = 20 mg/L, V = 100 mL, and Wionps = 20 mg).
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Figure

11. Fitted plots of (a) pseudo-first-order, (b) pseudo-second-order, and (c) IPD kinetics model for the adsorption of CR on IONPs.

Table 1. Parameters Obtained from Kinetic Models for CR Adsorption on IONPs

model and equations parameters
K; (x107*/min) e (Mg/g) Jexp (Mg/8) S
pseudo—first order 1.35 72.44 88.4 0.9505
K
log(q, — q,) =logq, — 35t
K, (x10™ g/(mg-min)) qea (mg/g) qexp (mg/g) R
pseudo-second order 3.51 95.08 88.4 0.9859
LA . 3
4 kzq: + 9
kg (mg/(g-min''?)) R, C (mg/g) R
intraparticle diffusion 7.26 0.93 5.89 0.9728
q, = kdiftl/z +C
N
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Figure 12. Fitted plots for (a) Langmuir, (b) Ry vs C,, (c) Freundlich, and (d) Temkin isotherm model for the adsorption of CR on IONPs.
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Table 2. Constant Parameters and Correlation Coeflicients Calculated for Different Adsorption Isotherm Models for CR

Adsorption on IONPs

model and equations constants
Langmuir qm (mg/g) 108.10
Ry (Cy = 5 mg/L) 0.6802
Cp = 10 mg/L 0.0961
Co = 20 mg/L 0.0505
% =5+ qc—m Ro= e Co = 30 mg/L 0.0342
Cp = 40 mg/L 0.0259
b (L/mg) 0.94
R 0.9726
Freundlich n 0.2369
Ing =lnKF+ ‘InC, K (mg/g(L/mg)"") 5170
N n R 0.7650
Temkin br 67.71
Ar (L/g) 36.59
q,=BInAg + BIn C,; considering B = % B (J/mol) 83.45
R 0.5702
with heterogeneous surface and adsorption-adsorption inter- 200 ; T /_ [ 100
actions, respectively, are not linear with low R? values. 180.] "

It is quite difficult to make a comparison because there has 1604 i / L 90
been little research on CR adsorption on green synthesized — 1401 leo &
IONPs. Finally, take note of the fact that the maximum Eg 1201 = e~ Adsorption capacity ]
adsorption capacity for CR was determined to be 88 mg/g in = —m—Removal efficiency [ 70 &
this work that is higher than magnetite iron oxide kaolinite < 1001 6o =
nanocomposite for a maximum adsorption capacity of 45.59 801 \
mg/g°" guar gum-coated iron oxide nanocomposite of 62.24 601 T~ %
mg/g,°> M-cell/Fe;0,/ACCs of 66.09 mg/g,°" and compara- 40 20

ble with iron oxide-BC of 104.17 mg/g,s‘ and lower than
amine-functionalized magnetite IONP of 183 mg/g.(’4
Although amorphous iron nanoparticles offer a higher
adsorption capacity of 1735 mg/g for CR, the IONDPs
synthesized in this work could be a prominent adsorbent for
CR removal.

The adsorptive process can be directly impacted by pH since
the adsorption processes are often characterized by z—x
interactions, hydrogen bonding, electrostatic interactions, and
pore/size-selective adsorption.””*® The adsorption process in
this work was carried out at pH 4, which resulted in the surface
of the IONPs being positively charged. However, intraparticle
diffusion (IPD) is not the rate-determining step of this
adsorption process; therefore, the electrostatic interaction
between the positive surface of IONPs and SO, ions of CR as
well as the hydrogen bonds between different phytochemicals
on the IONPs surface and NH, groups of CR might be
considered the probable interaction among IONPs and CR. A
similar adsorption mechanism was also proposed for the
adsorption of CR onto IONPs in the reported work.”

2.2.3. Effect of Adsorbent Dosage. The maximum
efficiency of the adsorptions of CR over IONPs was
investigated using different amounts of IONPs (S to 40 mg)
at a fixed CR concentration (20 mg/L). The effect of different
amounts of the IONPs on the adsorption of CR is shown in
Figure 13. The removal efficiency of CR increased from 48 to
100% by increasing the amount of IONPs from S to 40 mg due
to increasing adsorption sites. However, the adsorption
capacity decreased from 194 to 59 mg/g as the mass of
IONPs increased from 5 to 40 mg due to the increase in the
unutilized adsorption sites.

2.2.4. Effect of the Initial Dye Concentration. The effect of
the initial concentration of CR dye on the adsorption onto

0 5 10 15 20 25 30 35 40 45
Amount of IONPS (mg)

Figure 13. Effect of the dosage of IONPs on the adsorption process
(Ccr = 20 mg/L and V = 100 mL).

IONPs is shown in Figure 14. The experiment was carried out
using 10 mg of IONP absorbent using S to 25 mg/L of CR in
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Figure 14. Effect of the initial concentration of CR on the adsorption
process (Wignps = 10 mg, V' = 100 mL).

100 mL solution. The dye removal efficiency of the IONPs
decreased with an increase in the CR concentration. The CR
removal efficiency decreased from 98 to 81%. At lower
concentrations of CR, a sufficient amount of IONPs leads to
more active sites available for adsorption and causes higher
efficiency. On the other hand, higher concentration CR leads
to saturated active sites, resulting in lower dye removal
efficiency despite the increasing of g.. The effect of the initial
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adsorbate concentration on adsorption has been well studied
and reveals that concentration and adsorption efficiency are
inversely related, which also funds CR absorption on IONPs.

2.2.5. Reusability. The reusability of dye adsorbents is one
of the key factors for evaluating the performance. The
reusability performance was investigated by five successive
adsorption/desorption cycles using an initial concentration of
20 mg/L of 100 mL of CR solution with 10 mg of IONPs.
Adsorption was performed at pH = 4 and desorption was
performed at pH = 12 using hydrochloric acid and sodium
hydroxide to maintain the pH. Figure 15 shows that during the

100 4 [ % Adsorption
1% Desorption

80
60 ~

40 -

% Adsorption/ % Desorption

20 +

1 2 3 4 5
Adsorption/desorption cycles

Figure 15. Recycling performance of IONPs for capturing CR up to S
cycles.

first to fifth cycles the quantity of CR adsorbed ranged from 92
to 85%, whereas the quantities of CR desorption varied within
the same cycle from 89 to 75%. The slight decrease in
adsorption might have resulted from both partial CR
desorption and the loss of a trace amount of IONPs during
washing. Conversely, a shorter desorption time might have
resulted from the application of less time for the desorption
process. Nonetheless, it could be claimed that IONPs’ notable
reusability indicates their potential for removing different types
of dyes during wastewater treatment.

3. EXPERIMENTAL SECTION

3.1. Chemicals. Analytical grade ferrous sulfate heptahy-
drate, ferric chloride, sodium hydroxide, hydrochloric acid, and
congo red were purchased from Merck India and used without
any prior purification. Stock solutions of dye were obtained by
dissolving the powder in deionized water, followed by an
orbital shaker stirring for 30 min. All of the reagents were used
directly without further purification. Deionized water was used
throughout the study.

3.2. Collection of Plant Materials. The stem of P. chaba
was freshly collected from Gollamari Bazar, Khulna District,
Bangladesh. The stem was thoroughly washed with deionized
distilled water, cut into small pieces, and air-dried at room
temperature.

3.3. Preparation of Plant Extract. Finely cut stems
(approximately 30 g) were placed in a round-bottomed flask
containing deionized distilled water (200 mL) and boiled for
40 min. The extract was cooled, filtered using filter paper, and
stored at 4 °C for further use.

3.4. Synthesis of IONPs. The IONPs were synthesized
according to the literature with slight modifications.””*° Ferric
chloride and ferrous sulfate heptahydrate were mixed in a 2:1

ratio in water. The yellow solution mixture was heated to 80
°C for 30 min. Then, 1 mL of extract was added dropwise and
continued heat for another 1 h. Following this, 1 M NaOH was
added dropwise until pH reached 11 and heat continued for
another 15 min. At this time, black precipitation was observed
from the brown solution mixture. Finally, magnetite IONPs
were washed with distilled water several times and adjusted to
pH 7. The resulting IONPs were vacuum-dried at 60 °C for 24
h and stored for further study.

3.5. Measurements. UV—vis spectroscopic analysis was
carried out on a SHIMADZU UV-1900i UV—vis spectropho-
tometer. Absorption spectra were recorded at a resolution of 1
nm within 200—800 nm. The hydrodynamic size was measured
through DLS analysis conducted on a Malvern (Malvern, UK)
Zetasizer Nano ZS instrument. FTIR spectra were recorded on
a SHIMADZU (Tokyo, Japan) IRSpirit Fourier transform
infrared spectrophotometer using a KBr pellet with a scan rate
of approximately 4 cm™ s! at 25 °C. SEM measurements and
EDX analysis were conducted on a Hitachi SU-8000
microscope at accelerating voltages of 10 and 15 kV. TEM
measurements were conducted on a TEM-2100F (JEOL,
Tokyo, Japan) field emission electron microscope. XRD
analysis was conducted on a Rigaku SmartLab spectrometer
with Cu-Ka radiation. Magnetic behavior was examined by a
VSM 8604, Lakeshore Crytronics Inc.,, USA at room
temperature. TGA was carried out on a SHIMADZU
(Tokyo, Japan) TGA-SO at a heating rate of 10 °C min™"
under N,.

3.6. Zero-Point Charge (ZPC). Zero-point charge (ZPC)
is the pH of a solution at which the net charge on the surface
of IONPs becomes neutral (pHzpc). This was measured by the
well-established pH drift method.”” 15 mL of 4 mM sodium
chloride was taken in a specific number of containers, and the
pH was adjusted using 1 M NaOH or 1 M HCl acid between 2
and 12 with increments of 1. To all of the beakers, 20 mg of
IONPs was added and kept at room temperature for 48 h for
the stabilization of pH. Each beaker’s final pH was measured
after 24 h, and the initial pH and the difference between the
initial and final pH values were used to display the results on a
graph. Now, the intersection of this curve where it crosses the
initial pH and the difference between the initial and final pH
lines is known as pH,.

3.7. Adsorption of CR on IONPs. Batch adsorption
experiments were carried out at room temperature to evaluate
the adsorption kinetics and the effect of pH (batch test).
Adsorption of CR was carried out by adding 20 mg of IONPs
into 100 mL of 20 mg/L CR solution in Erlenmeyer flasks. The
resulting mixture was stirred at 200 rpm using a shaker for up
to 3 h at different pH (2, 3,4, 5, 6,7, 8,9, 10, 11, and 12) to
optimize the pH. At the specific time, IONPs were precipitated
by centrifugation at 10,000 rpm for 4 min, and the final
concentration of CR in the supernatant was determined from
optical absorption at 498 nm.

After optimizing the pH value at 4, the effect of the contact
time (batch) experiment was carried out by adding 20 mg of
IONPs into 100 mL of 20 mg/L CR solution for the
adsorption kinetics study. Similarly, adsorption isotherm was
obtained by batch experiments by adding 20 mg of IONPs in
100 mL of CR solution with different concentrations in the
range of 5—100 mg/L. The dependence of removal of CR on
the mass of IONPs was determined by using different adding
masses of IONPs (20—100 mg) into a series of Erlenmeyer
flasks, which contain 100 mL of 20 mg IONP solution.
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The adsorption capacity (g, the amount of adsorbed CR per
unit mass of adsorbent) of IONPs was calculated by the
following equation”

_ (CO - Ct)V
L= @)

where C, and C, are the concentrations (mg/L) of CR at initial
and at time t, respectively; V represents the volume of the
solution (L); W is the adsorbent mass (g). C, (mg/L) and g,
denote the equilibrium concentration and equilibrium
adsorption capacity, respectively. The removal efficiency (RE
%) was calculated by the following equation®’
RE% = M X 100
Co 3)

4. CONCLUSIONS

In summary, we successfully synthesized magnetite IONPS via
a green approach utilizing P. chaba stem extract as reducing
and capping agents. Spectroscopic methods and DLS and TG
analysis validate the formation of stable IONPs capped by
organic moieties derived from P. chaba stem extract. The
formation of spherical IONPs with a crystalline nature and an
average size of 9 nm was confirmed by XRD, SEM, and TEM
analyses. In addition, the produced IONPs have a super-
paramagnetic nature confirmed by VSM measurement. The
point charge value of IONPs was 7.0S, indicating that
positively charged IONPs can adsorb the highest amount of
negatively charged dye. Using Congo red (CR) as a model, the
use of the resulting IONPs as an adsorbent for organic
contaminants was examined. The isotherm and kinetics
analysis demonstrated that chemisorption and the develop-
ment of a monolayer on the homogeneous IONPs’ surface via
adsorbate—adsorbent interaction were responsible for the
adsorption of CR onto IONPs. Overall, as it is safer and less
harmful to the environment than chemical approaches, simple
green synthesis of IONPs may be an expectative alternative
and obtained IONPs may also be used for a variety of
applications.
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