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a b s t r a c t 

A novel phyto-conjugated magnetite nanoadsorbent with appreciable adsorption capacity, minimal ionic inter- 
ference, and economic reusability for the selective removal of Pb(II) in aqueous solutions have been proposed 
in this study. PXRD, SEM, surface charge analysis, XPS, TEM and vibrating sample magnetometry were used 
for the characterization of ultrasmall superparamagnetic magnetite nanoparticles (USMNs). The effect of contact 
time, adsorbent dosage, initial concentration of the pollutants, temperature, and pH on adsorption efficiency 
was investigated via adsorption batch experiments. It was observed that the pH of the medium controlled the 
adsorption process. The equilibrium for the adsorption of Pb(II) ions followed the Langmuir isotherm model. The 
maximum adsorption capacity recorded was 315.43 mg g − 1 for Pb(II) ions. The adsorption process conformed 
well to pseudo first order kinetics as revealed by the high R 2 value. The thermodynamic parameters revealed 
that the adsorption of Pb(II) ions onto the nanoadsorbents was spontaneous, feasible, and endothermic under the 
applied conditions. Exhausted USMNs were recovered by pH management and 92% efficiency was retained after 
5 consecutive cycles. 
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. Introduction 

The boom in anthropogenic activities and improper handling of re-
ources have caused an alarming hike of heavy metal ions in the ecosys-
em. The hazards caused by lead are more extensive than any other
ollutant out there. Though the use of leaded petrol has been restricted
n many countries, the metal is still found in several other products in-
luding paint, plumbing pipes, ceramics, pottery glaze, cosmetics, and
atteries. Reports have revealed the use of lead in food adulteration and
raditional medicines ( Kapoor and Singh, 2021 ; Obeng-Gyasi, 2019 ).
ead is a highly poisonous, cumulative contaminant that persists at the
isposal site as a source of exposure for long periods. Even the lowest
easurable blood lead levels can compromise the reproductive, neu-

ological, and cardiovascular systems of an adult. Chronic and high
ead exposure can cause hematological effects and neurological distur-
ances, lethargy, muscle weakness, ataxia, tremors and paralysis, and
ven death ( Wani et al., 2015 ). Compared to adults, children are more
ulnerable to the irreversible adversities of lead exposure. Neurological
isorders, retarded growth, and juvenile delinquency are closely associ-
ted with infantile lead exposure ( Naranjo et al., 2020 ). Lead is a recy-
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lable metal therefore the establishment of safe and efficient recycling
nfrastructures can help in regulating the lead levels in water and soil
 Reck and Graedel, 2012 ; Zhang et al., 2016 ). 

Recently, several physicochemical methods have been used for the
emoval of lead and other heavy metal ions from polluted water, such
s chemical precipitation ( Xu et al., 2021 ), ion exchange ( Murray and
rmeci, 2019 ), membrane filtration, reverse osmosis, coagulation, and
dsorption ( Khulbe and Matsuura, 2018 ; Fu and Wang, 2011 ). Among
hese techniques, the adsorption method is highly preferred due to its
ost-effectiveness, flexibility of materials, and easy execution. An effi-
ient adsorbent should possess appreciable selectivity, high adsorption
apacity, and be recyclable ( Bolisetty et al., 2019 ). Although adsorption
s widely used to remove lead ions from water, fabrication of promis-
ng adsorbent systems is very challenging due to multiphase synthesis
outes and the expensive chemicals involved. Another demerit of the ad-
orption process is the laborious separation of the exhausted adsorbent
t the end of the process. Usually, multiple centrifugations or filtration
teps are performed to separate the analyte free of the loaded adsor-
ent. In this regard, iron oxide nanoparticles are highly exploited for
heir magnetic properties which provide fast separation and easy re-
ember 2022 
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eneration under an external magnetic field ( Mehta et al., 2015 ). How-
ver pure iron oxide NPs are prone to agglomeration which decelerates
heir absorption capacity ( Muthukumaran and Philip, 2016 ). Surface
eformations using suitable surfactants, biomolecules, and polymers
re a viable approach to enhance the adsorption efficiency ( Ali et al.,
016 ). There are substantial reports on the use of crude phytoextracts
or the synthesis of iron oxide nanoparticles. The plant metabolites
polyphenols, amino acids, polysaccharides, alkaloids) present in these
hytoextracts act as effective reducing and capping agents. The incor-
oration of organic functional groups onto the phytogenic nanoparti-
le surface makes it a potential candidate for the recovery of aqueous
eavy metal ions ( Ali et al., 2017 ). Recently many researchers have re-
orted phytogenic synthesis of iron oxide nanoparticles using leaf ex-
racts ( Groiss et al., 2017 ), fruit peel extracts ( Yusefi et al., 2020 ), and
eed extracts ( Bibi et al., 2019 ). However, attaining desired particle size
nd monodispersed morphology remains the most challenging part of
hytogenic synthesis ( Roy et al., 2022 ). 

Herein we report a facile green synthesis strategy for monodis-
ersed magnetite nanoparticles employing Chromolaena odorata (L) King

 Robins, commonly known as siam weed for the removal of Pb(II)
rom contaminated water. Siam weed is an invasive, allelopathic trop-
cal species that cause severe impacts on the eco-diversity during its
ropagation ( Aigbedion-Atalor et al., 2019 ). The plant was introduced
o tropical Asia, West Africa, and parts of Australia where it is consid-
red as a noxious weed and is listed in the 100 of the world’s worst
nvasive alien species by the Global Invasive Species Database (IUCN,
ISD) ( Lowe et al., 2000 ). The ability of the plant to thrive in a wide

ange of soils and habitats makes it a nuisance weed in agricultural and
ommercial plantations. Clearing out large bushes of siam weed has be-
ome an expensive annual ritual for land owners ( Cuthbert et al., 2022 ).
owever, most of the control methods are ineffective due to the high
ermination potential of the seeds. Therefore, a sustainable alternative
ould be exploring the plausible uses of the plant in different fields
 Sajeev et al., 2012 ). Siam weed extracts are reported to possess appre-
iable antioxidant properties, iron chelation ability, antimicrobial prop-
rties, and minimal cytotoxic effects. The plant is widely used in tradi-
ional medicine against several ailments and wound healing ( Eze and
ayeoye, 2021 ; Vijayaraghavan et al., 2017 ). However, there are no re-
orts on the reductive and capping abilities of the siam weed flower ex-
racts. Our work studies the simultaneous use of the siam weed flower
xtract (SWE) as a reductant and a capping agent in the synthesis of mag-
etite nanoparticles. Adsorptive properties of the obtained siam weed-
erived superparamagnetic magnetite nanoparticles towards Pb(II) con-
aminated water was extensively studied. Moreover, the foraging of the
owers can help in controlling the invasion of Siam weed to more areas.

. Materials and methods 

.1. Materials 

Analytical grade FeCl 3 .6H 2 O, (99.8% purity), NaHCO 3 (98% purity),
nd Pb(NO 3 ) 2 (98% purity) were purchased from Merck and used as
btained. Siam weed flowers were foraged locally from in and around
he University of Calicut, Kerala . For future reference, a voucher speci-
en was deposited in Calicut University Herbarium (CALI) (voucher ID
086). Fresh, healthy flowers were cleansed thoroughly under tap water
nd air-dried naturally, before extraction of the plant metabolites. 

.2. Synthesis of iron oxide nanoparticles 

To 350 ml of deionized water kept at 80 °C, 20 g of dried flowers were
dded and vigorously mixed using a magnetic stirrer. The temperature
f the system was maintained at 40 °C overnight for effective extrac-
ion of phytochemicals. The cooled mixture was then strained through
 two-fold muslin cloth to obtain the siam weed extract (SWE). Qualita-
ive phytoscreening of SWE was conducted and total phenolic content
2 
nd flavonoid content were estimated using standard analytical tech-
iques ( Ainsworth and Gillespie, 2007 ; Usman et al., 2009 ). To 50 ml
f the SWE, 30 ml of 0.032 M FeCl 3 solution was added under vigorous
agnetic stirring. The decline in the pH of the medium was adjusted by

he gradual addition of 0.52 g of NaHCO 3 . The resultant black solution
as homogenized using Branson 150 D Sonifier with an immersed ul-

rasonic probe (2.38 mm, 25 kHz) for 15 min and was then magnetically
tirred for 1 h at room temperature. The mixture was then exposed to hy-
rothermal treatment at 180 °C for 8 h in a teflon-lined autoclave. The
lack, solid product formed was magnetically separated, and sequen-
ially washed with ethanol and water to remove any adhered reactant
esidues. The slurry was then dried at 70 °C in an air oven to obtain
SMNs . The procedure excluding the ultrasonication step was repeated
n another set of reactants to study the effect of ultrasonic homogeniza-
ion on the formed superparamagnetic magnetite nanoparticles (SMNs).

.3. Characterization of USMNs and SMNs 

The powder X-ray diffraction patterns of USMNs and SMNs were
easured (PXRD) on a Malvern-PanAnalytical X-ray diffractometer. The

cherrer equation was used to compute the crystallite size of the par-
icles from the PXRD profile. Fourier transform infrared spectroscopy
easurements were performed (JASCO FTIR- 4600 spectrophotometer)

or primary assessment of functional groups in SWE and obtained prod-
cts. The morphology of both USMNs and SMNs was inspected under
 Carl-Zeiss (Sigma) field emission scanning electron microscope

nd high-resolution transmission electron microscope (Jeol/JEM 2100).
he magnetic properties were examined using Lakeshore VSM 7410 vi-
rating sample magnetometer at 298 K. Zeta potential measurements
Brookhaven PALS zeta potential analyzer Ver.5.60) were conducted to
stimate the surface charges on formed nanoparticles. X-ray photoelec-
ron spectroscopy (Omicron Nanotechnology) and EDX analysis (Bruker,
ano XFlash Detector) were used for an in-depth investigation of surface
lemental composition, valence state, and mechanism of lead removal
y USMNs. 

.4. Adsorption batch experiments 

A stock solution of Pb(NO 3 ) 2 (500 mg L − 1 ) was prepared. Effluents
or the study were simulated by diluting the stock solution with known
olumes of deionized water. Adsorption batch studies were conducted
n glass vessels kept on a platform shaker. The adsorption experiments
ere performed by dispersing USMNs/SMNs (1.5 g L − 1 ) into 20 ml of
b(II) solution (100 mg L − 1 ). The adsorbents were separated using an
xternal magnet and supernatant solution was retrieved at regular con-
act intervals. The procured sample was analysed using atomic absorp-
ion spectroscopy (Shimadzu AA 7000) for residual Pb(II) concentration
nd for iron leaching . The contact time for USMNs and SMNs was op-
imized to identify the most suitable adsorbent for aqueous Pb(II) re-
oval. The effect constraints including pH, temperature and initial con-

entration of Pb(II) on the adsorption capacity of both adsorbents were
lso investigated. The effect of pH was studied in the range of pH 2-7. A
ettler Toledo pH meter was used for pH measurements throughout the

tudy. Aqueous lead solutions ranging from 50 mg L − 1 to 500 mg L − 1 

ere studied to evaluate the effect of initial pollutant concentration on
dsorption capacity. The effect of temperature on adsorption efficiency
as analysed in the temperature range of 30-60°C. The equilibrium ad-

orption capacity (q e, mg g − 1 ) was calculated as 

 𝑒 = 

(
𝐶 0 − 𝐶 𝑒 

)
𝑣 

𝑚 

(1)

here C 0 and C e are the initial and equilibrium concentration of Pb(II)
ons in mg L − 1 , respectively. Here v is the volume of pollutant (ml) con-
idered and m denoted the mass( mg) of the adsorbent taken ( Chen et al.,
019 ). All experiments were carried out in triplicates and the mean val-
es were considered. 
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Fig. 1. (a) PXRD pattern of SMNs and USMNs (b) FTIR spectra of SWE and USMNs. 
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Though an adsorbent display superior adsorption capacity towards
imulated target solution, the adsorption efficiency might get compro-
ised when applied to real effluents due to the coexistence of differ-

nt ions. The effect of different competing cations on the adsorption of
b(II) by USMNs, owing to its superior performance, was investigated
o ensure the unhindered efficacy of the adsorbent. The effluents for the
tudy were simulated using equimolar solutions of Pb(II) and an addi-
ional cation. All other experimental constraints were kept optimal. 

. Results and discussion 

.1. Characterization of USMNs 

The PXRD analysis confirmed the formation of inverse spinel mag-
etite nanoparticles. Fig. 1 a depicts PXRD patterns of the formed USMNs
nd SMNs. All diffraction patterns of both USMNs and SMNs match well
ith the normal diffraction patterns of inverse spinel Fe 3 O 4 and can be

ndexed to PDF no. 19–0629 ( Cui et al., 2013 ). The width of the peaks
epicts the ultrafine nature of the formed USMNs. Crystallite size was
alculated using Scherrer’s equation using the line broadening of the
ntense (311) diffraction plane using the equation 

 = 

𝑲 𝝀

𝜷 𝒄 𝒐 𝒔 𝜽
(2)

here D is the crystallite size, k is known as the Scherer’s constant
 K = 0.94) which denotes the shape of the particle, 𝜆 is the X-ray
avelength (1.54178 Å), 𝛽 is full width at half maximum (FWHM) of

he diffraction peak, and 𝜃 is the angle of diffraction ( Holzwarth and
ibson, 2011 ). The Scherrer equation accounts for the broadening of

he diffraction peaks solely due to crystallite size. The crystallite size
as calculated to be ∼6.1 nm and 16.2 nm for USMNs and SMNs,

espectively. The computed lattice parameter of 8.39 and 8.37 Å for
SMNs and SMNs, respectively, also correlates well with the reference
le ( de Carvalho et al., 2013 ). The evident difference in the crystal-

ite size originated from the ultrasonic assistance in the case of USMNs.
TIR spectra of SWE and USMNs illustrated in Fig. 1 b indicate the pres-
nce of several functional groups. The strong peak around 3435 cm 

− 1 

n SWE is attributed to hydroxyl groups from polyphenols. The peaks
t 2927 cm 

− 1 and 1630 cm 

− 1 refer to C-H, and C = C, stretching vibra-
ions, respectively while the peaks at 1378 cm 

− 1 and 1058 cm 

− 1 cor-
espond to –OH and C-O bending vibrations of the plant metabolites
 Ricci et al., 2015 ). The reoccurrence of the peaks along with a distinct
3 
eak at 575 cm 

− 1 corresponding to the metal-oxygen vibrational band
Fe–O) at the tetrahedral site verifies the formation of magnetite con-
ugated with active phytochemical fragments derived from the extract
 Wang et al., 2018 ). 

The HR-TEM micrograph ( Fig. 2 a) exhibits nearly spherical and
ell-resolved monodisperse particles in the case of USMNs while SMNs
 Fig. 2 b) displayed larger particles and agglomerated morphology. This
ubstantiates the effective surface refinement achieved through ultra-
onic assistance and reduced magnetic dipolar interaction between par-
icles. The estimated average particle diameter for USMNs and SMNs us-
ng the size distribution analysis was approximately 3.14 ± 0.25 nm and
1.03 ± 0.64 nm, respectively ( Fig. 2 c,d). the variation in size obtained
rom PXRD analysis is attributed to the capping of plant metabolites
round the magnetite core. The interplanar spacing of approximately
.18 nm observed for USMNs and 0.24 nm for SMNs concurs well with
he lattice spacing of the (422) and (311) planes in crystalline Fe 3 O 4 .
oreover, the selected area electron diffraction (SAED) pattern of the
SMNs and SMNs ( Fig. 2 e,f) in the selected area exhibits five distin-
uishable crystal planes of (440), (511), (400), (311), and (220) which
grees with the PXRD results ( Rajan et al., 2020 ). It indicates that the
recursor was fully converted to Fe 3 O 4 . The SAED pattern shows that
he prepared sample is polycrystalline with a cubic inverse spinel crystal
tructure. 

.2. Mechanism of USMNs formation 

Siam weed is a natural reservoir of polyphenols and flavonoids in
ddition to other active secondary metabolites. The plant is reported to
ontain complex mixtures of flavonoids and other phenolic compounds
ike salvigenin, sakuranetin, protocatechuic acid, p-hydroxy benzoic
cid, ferulic acid, luteolin and vanillic acid. The aqueous flower extract
lso contains 

3,5,4’-trihydroxy-7-methoxyflavanone, and 3,5,7-trihydroxy-4’-
ethoxyflavanon ( Haji Jasnie, 2009 ). These phytochemicals have a

ariety of active sites like 6,7- di-hydroxy moieties, B-ring catechol, and
,3 double bonds to strongly chelate with iron ( Eze and Jayeoye, 2021 ).
rimary phytoscreening of SWE revealed the presence of saponins, tan-
ins, polyphenols, flavonoids, alkaloids, and glycosides in the aqueous
xtract. The total phenolic content (TPC) and total flavonoid content
TFC) were estimated to be 175.69 ± 1.21 mg GAE/g and 24.72 ± 0.87
mg QE/g), respectively. The high amount of TPC and TFC approves
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Fig. 2. HRTEM images of (a) USMNs (b) SMNs (c) SAED pattern of USMNs, (d) SAED pattern of SMNs (e) size distribution analysis of USMNs (f) size distribution 
analysis of SMNs 
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he effective extraction procedure adopted. The brown transparent
WE rapidly changed to dirty green precipitate upon the addition of
eCl 3 solution indicating the complexation of Fe 3 + ions with polyphe-
ols/flavonoids ( Elhabiri et al., 2007 ). NaHCO 3 acts as neutralizing
nd electrostatic stabilizing agent in the reaction system enabling SWE
o reduce Fe 3 + ions as the hydrothermal treatment progresses. It is
lausible that NaHCO 3 provides heterogeneous nucleating cores during
he hydrothermal treatment. The local temperature gradient formed on
he surface of the primary nanoparticles accelerates hydroxide to oxide
onversion. The plant metabolites in the medium significantly reduce
he collisions between the formed nuclei. As the frequency of collisions
eclines, the oriented attachment, and Ostwald ripening rate diminish,
esulting in finer crystallite sizes. Surface reformations attained from
he self-capping of phytometabolites prevented agglomeration and
rovided stability to the USMNs. 

.3. Adsorption batch experiments 

The difference in the optimal contact time for Pb(II) ions removal
y USMNs and SMNs is presented in Fig. 3 . USMNs (1.5 gL − 1 ) dis-
layed enhanced removal of Pb(II) ions (100 mgL − 1 ) in under 10 min
hereas SMNs (1.5 gL − 1 ) took 20 min to attain 96.5% removal at inher-

nt pH(5.7) and temperature. The increase in the optimal contact period
or the adsorptive removal by SMNs is correlated to the agglomeration
f nanoparticles and the increased particle size. The resultant reduction
n the surface area decreases the adsorption efficiency of SMNs. The
dsorption capacity of USMNs and SMNs were recorded at equilibrium
s 66.43 and 64.32 mgg − 1 , respectively at an initial concentration of
00 mgL − 1 Pb(II). 
4 
.4. Effect of pH and competing cations 

It was observed that the pH of the medium controlled the efficiency
f the adsorptive process. USMNs and SMNs displayed appreciable re-
oval capacity at the pH range of 4–7. At and above pH 7 the adsorbate

olution contained solid Pb(OH) 2. However, at pH values below 4 ad-
orption capacities dropped to 34.72 and 30.51 mg g − 1 for USMNs and
MNs, respectively. Fig. 3 b illustrates the change in Pb(II) equilibrium
oncentration with a change in pH for both adsorbents. The pH pzc of the
dsorbents was determined using the pH drift method to understand the
urface electrostatic interactions of the adsorbent ( Faria et al., 2004 ).
ig. 3 c shows that at pH above 4 the surface of both the adsorbents are
egative and can attract positively charged contaminants like lead ions
nto it. 

Industrial effluents are laden with several metal ions along with the
arget metal ion. The selectivity and efficiency of USMNs and SMNs to-
ards Pb(II) removal were studied in the presence of metal ions includ-

ng Cu + 2 , Co + 2 , Ni + 2 , Hg + 2 , and Cd + 2 ions. The results of the study are
ompiled in Fig. 3 d. It was confirmed that USMNs and SMNs exhibited
elective and appreciable adsorption towards Pb(II) ions. The selective
dsorptive removal is attributed to the combined effect of the size of
ydrated ions and hydration energy. The metal ions with high free en-
rgy of hydration tend to remain in the aqueous phase reducing the
ossibility of interaction with the adsorbent surface. The free energy of
ydration follows the order, Ni + 2 > Cu + 2 > Hg + 2 > Co + 2 > Cd + 2 > Pb 2 + 

 Smith, 1977 ) .The lower free energy of hydration of Pb 2 + ions, com-
ared to the other divalent cation of choice, resulted in a lower hydrated
adius, thereby enhancing the chances of reaching the adsorbent surface
or adsorption ( Cheng et al., 2012 ). Moreover, the larger ionic radius of
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Fig. 3. (a) Adsorption Pb(II) on SMNS and USMNs (b) Effect of pH on adsorption (c) Surface charge analysis of USMNs (d) Selective adsorption of Pb(II) by USMNs 
in presence of competing cations. 
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b + 2 ion makes it fit the active sites and facilitates binding to several
urface groups simultaneously. 

.5. Adsorption equilibrium studies 

The effect of the initial concentration of Pb(II) on the adsorption ca-
acity of USMNs and SMNs was investigated to determine the maximum
oading capacity of the adsorbents. Three adsorption isotherm models,
1) Langmuir, (2) Freundlich and (3) Temkin adsorption models were
dopted for the Pb(II) adsorption equilibrium studies ( Dada et al., 2012 ).
angmuir’s model explains monolayer adsorption on a finite number of
dentical active sites. According to the Langmuir model, for homogenous
ystems, 

 𝒆 = 

𝒒 𝒎 𝒃 𝑪 𝒆 

1 + 𝒃 𝑪 𝒆 

(3)

here q e is the amount of Cr(VI)/Pb(II) adsorbed at equilibrium, q m 

s the maximum amount of Cr(VI) adsorbed per unit weight of the ad-
orbent (mg g − 1 ), C e is the residual Pb(II) concentration and K L is the
angmuir adsorption isotherm constant. The linear form of the equation
s given by 

𝒄 𝒆 

𝒒 𝒆 
= 

1 
𝒒 𝒎 𝑲 𝑳 

+ 

𝒄 𝒆 

𝒒 𝒎 
(4)
g  

5 
The Freundlich model can account for multilayer and non-equivalent
dsorption sites and is given by the equation, 

 𝒆 = 𝑲 𝑭 𝑪 

1 ∕ 𝒏 
𝒆 (5) 

Where K F and n are Freundlich adsorption isotherm constants and n
s the measure of the heterogeneity of the system. The linearized equa-
ion is expressed as, 

 𝒏 𝒒 𝒆 = 𝒍 𝒏 𝑲 𝑭 + 

1 
𝒏 
𝒍 𝒏 𝑪 𝒆 (6)

Temkin adsorption isotherm equation, which considers both mono-
ayer and multilayer adsorption, is given as 

 𝒆 = 

𝑹 𝑻 

𝑩 𝑻 

𝒍 𝒏 𝑲 𝑻 𝑪 𝒆 (7) 

here B T is the Temkin isotherm constant and K T is the Temkin isotherm
quilibrium binding constant. The linearized form is given below, 

 𝒆 = 𝑩 𝑻 𝒍 𝒏 𝑲 𝑻 + 𝑩 𝑻 𝒍 𝒏 𝑪 𝒆 (8)

The obtained plots are presented in Fig. 4 . The model with an
 

2 value close to one and predicts q m 

comparable to the experimen-
al adsorption capacity was considered the best fit. Both USMNs and
MNs followed the Langmuir model of adsorption ( Fig. 4 b). This indi-
ates monolayer coverage of the adsorbate on a homogeneous surface
f the adsorbent, where all the active sites maintain equivalent ener-
ies. It also suggests negligible interaction between adsorbed moieties
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Fig. 4. (a) Nonlinear adsorption isotherm fit for Pb(II) adsorption on SMNS and USMNs, the linear fit of (b) Langmuir isotherm (c) Freundlich isotherm (d) Temkin 
isotherm 
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 Maiti et al., 2017 ). The dimensionless separation factor R L is a mea-
ure of the affinity between the adsorbent and adsorbate, given by the
quation 

 𝐿 = 

1 
1 + 𝑏𝐶 0 

(9)

here C 0 is the highest initial adsorbate concentration. Generally, for
avorable adsorption R L ranges between 0 to 1, and for unfavorable ad-
orption R L > 1 or R L = 1. The values obtained for adsorption of Pb(II)
n SMNs and USMNs were 0.064 and 0.0025, respectively. From the
btained R L value a favorable parameter K C0 was derived. 

 𝐶 0 
= 

1 
𝑅 𝐿 

− 1 (10)

The adsorption is considered favorable when the K C0 value is be-
ween 1 and 10. K C0 values higher than 10 denote spontaneous and
ighly probable adsorption ( Joshy et al., 2021 ). The calculated value
f K C0 for SMNs and USMNs is 14.625 and 394.25, respectively. The
arameters derived from the Langmuir adsorption indicated the highly
avorable nature of the adsorption of the target metal ion on prepared
agnetite nanoparticles. Table 1 summarises the adsorption isotherm
odelling equations used, and the results obtained from the study. The
etails of the adsorption batch experiments using different initial con-
entrations of Pb(II) solutions are listed in Table S1. 
6 
.6. Adsorption kinetics and thermodynamics 

Adsorption kinetic modelling reflects the relationship between ad-
orption capacity and contact time. The Pb(II) removal occurred at the
ighest rate for the first 4 and 15 min for USMNs and SMNs, respec-
ively, owing to the high concentration gradient on the solid-liquid in-
erface in the beginning. Pseudo first order, pseudo second order, and
lovich models ( Simonin, 2016 ; Günay et al., 2007 ) were simulated to
t the experimental data to examine the kinetic parameters of Pb(II)
dsorption ( Fig. 5 ). Pseudo first order kinetics is generally used in the
orm, 

 𝒕 = 𝒒 𝒆 
(
1 − 𝒆 − 𝒌 1 𝒕 

)
(11) 

Where q t is the adsorption capacity at time t, q e is the equilibrium
dsorption capacity and k 1 is the pseudo first order rate constant. It is
enerally used to explain the adsorption process during the initial stage.
he linearized equation is expressed as, 

 𝒐 𝒈 
(
𝒒 𝒆 − 𝒒 𝒕 

)
= 𝒍 𝒐 𝒈 𝒒 𝒆 − 

𝒌 1 𝒕 

2 . 303 
(12)

The commonly used form of pseudo second order is given below, 

 𝒕 = 

𝒒 2 
𝒆 
𝒌 2 𝒕 

1 + 𝒒 𝒆 𝒌 2 𝒕 
(13) 
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Fig. 5. (a) Nonlinear fit of different kinetic models for SMNs and USMNs, linear fit of (b) pseudo first order, (c) pseudo second order, (d) Elovich model. 
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Here, k 2 represents the pseudo second order rate constant. The model
an be linearized as, 

𝒕 

𝒒 𝒕 
= 

1 
𝒌 2 𝒒 

2 
𝒆 

+ 

𝒕 

𝒒 𝒆 
(14)

Elovich kinetics is another frequently used model to collect informa-
ion about the kinetics of adsorption. The equation is given as below, 

 𝒕 = 

1 
𝒃 
𝒍 𝒏 ( 1 + 𝒂 𝒃 𝒕 ) (15)

 and b represent the initial rate of adsorption and the extent of surface
overage, respectively. The model is represented in linear form as, 

 𝒕 = 

1 
𝒃 
𝒍 𝒏 ( 𝒂 𝒃 ) + 

1 
𝒃 
𝒍 𝒏 ( 𝒕 ) (16)

The conforming fit was determined by the R 

2 value and closeness
f the predicted equilibrium adsorption capacity to the experimental
alue. It was found that the removal of Pb(II) by USMNs and SMNs is
ompliant with the pseudo-first-order model similar to few recent re-
orts ( Günay et al., 2007 ; Lagergren, 1898 ; Forghani et al., 2020 ). It
ndicates that the adsorption occurs through diffusion through the in-
erface. The details of the derived parameters are tabulated in Table 1 . 

The effect of temperature on the adsorption process was studied
y performing adsorption experiments at selected temperatures. Batch
hermodynamic experiments were studied between 303 and 333K, for
7 
oth SMNS and USMNs. Thermodynamic parameters were computed
sing the Eqs. (17) –(19) given below. 

 𝑑 = 

𝑞 𝑒 

𝐶 𝑒 

(17)

𝑛𝐾 𝑑 = 

−Δ𝐻 

𝑅𝑇 
+ 

Δ𝑆 

𝑅 

(18)

𝐺 = Δ𝐻 − 𝑇 Δ𝑆 (19)

Here, K d represents the equilibrium constant. Fig. 6 shows the sim-
lated plot of ln K d v/s 1/T for adsorption of Pb(II) ions on SMNS and
SMNs at different temperatures. Table 2 outlines the obtained ther-
odynamic parameters. e positive ΔH value indicated the endothermic
ature of the adsorption. The positive ΔS values suggested the rising
isorder at the interface during the adsorption of Pb(II) ions onto the
agnetite nanoparticles. The high negative values of ΔG indicated the

pontaneity of the process. 

.7. Regeneration and recyclability 

The exhausted adsorbents were recovered using 0.1 M HCl at room
emperature in both cases. The sudden change in pH of the system trig-
ered electrostatic charge reversal on the adsorbent surface resulting in
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Table 1 

Results from adsorption isotherm and kinetic modeling studies on adsorption of 
Pb(II) by SMNs and USMNs. 

Models 
Parameters 

SMNs USMNs 

Isotherms Langmuir 

Isotherm 

q m (mg 

g − 1 ) = 305.57 

q m (mg 

g − 1 ) = 315.43 

K L = 0.029 K L = 0.787 

R 2 = 0.979 R 2 = 0.988 

Freundlich 

Isotherm 

K F = 34.93 K F = 120.12 

N = 0.761 n = 0.359 

R 2 = 0.915 R 2 = 0.955 

Temkin Isotherm K T (Lg − 1 ) = 12.58 K T (Lg − 1 ) = 7.43 

B(Jmol − 1 ) = 61.25 

B(Jmol − 1 ) = 120.18 

R 2 = 0.946 R 2 = 0.983 

Kinetics Pseudo first order q e (mg 

g − 1 ) = 73.69 

q e (mg 

g − 1 ) = 67.66 

k 1 (h 
− 1 ) = 0.104 k 1 (h 

− 1 ) = 0.454 

R 2 = 0.998 R 2 = 0.997 

Pseudo second 

order 

q e (mg 

g − 1 ) = 98.92 

q e (mg 

g − 1 ) = 72.79 

k 2 (g (mg 

h) − 1 ) = 9.62E-4 

k 2 (g (mg 

h) − 1 ) = 0.0148 

R 2 = 0.993 R 2 = 0.995 

Elovich a (mg g − 1 ) = 10.04 a (mg g − 1 ) = 90.67 

b = 0.029 b = 0.056 

R 2 = 0.994 R 2 = 0.973 

Fig. 6. Thermodynamic study on adsorption of Pb(II) on SMNs and USMNs. 
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Table 2 

Thermodynamic parameters of adsorption of Pb(II) onto SMNs and USMNs. 

Temperature 
(K) 

ΔG (kJ 
mol − 1 K − 1 ) 

ΔH(kJ 
mol − 1 K − 1 ) 

ΔS (Jmol − 1 

K − 1 ) 

SMNs 303 -13.44 13.949 90.39 
313 -14.35 
323 -15.24 
333 -16.15 

USMNs 303 -7.167 34.147 136.356 
313 -8.532 
323 -9.895 
333 -11.26 
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∼  
he desorption of the pollutant. The adsorbents were then washed us-
ng ethanol followed by distilled water. Both adsorbents were dried at
0°C to regenerate the pure adsorbents. The efficiency of USMNs and
MNs for five consecutive adsorption-desorption cycles is illustrated
n Fig. 7 . The loss of adsorbent mass during recycling was minimal
ue to the easy and effective magnetic separation. Regenerated adsor-
ents displayed sustained adsorption capacities throughout the cycles.
he invariable adsorption capacity demonstrates the effectiveness of the
dapted regeneration method and the high stabilization derived from
hytochemical capping. AAS analysis confirmed the absence of leached
ron during the adsorption, desorption and elution cycles. It is presumed
hat the phytoconjugate capping derived from strong phenolic chelation
rovides protection to the magnetite core of the adsorbents during the
lution process. However, it was observed that further increase in the
cid concentration accelerated the desorption but triggered the leach-
ng of iron, which was evident from the brown colour of the desorbed
8 
olution. A comparative list of recent reports ( Lingamdinne et al., 2017 ;
ingamdinne et al., 2020 ; Fayazi et al., 2019 ; Jiang et al., 2015 ; Ali et al.,
019 ) on biogenic iron oxide adsorbents for lead removal is presented
n Table 3 . 

.8. Effect of Pb(II) adsorption on magnetic properties 

The coalescence of other metal ions on iron oxide nanoparticles can
rigger changes in their magnetic properties. Magnetic adsorbents that
emove heavy metal ions are vulnerable to such obvious transforma-
ions, but these changes are seldom investigated. The effect of the ad-
orption of lead on the magnetic properties of USMNs and SMNs was
nspected using VSM analysis. The absence of a hysteresis loop, zero co-
rcivity, and zero remnant magnetization at room temperature revealed
he superparamagnetic nature of the adsorbents. The saturation magne-
ization values (M s ) for SMNS and USMNs were 46.83 and 38.53 emug 1 ,
espectively. The small M s compared to the bulk magnetite particles, is
he result of surface capping provided by the plant metabolites and the
ffective size reduction attained through the novel synthesis route. The
lightly high value of M s for SMNs is a consequence of a comparatively
arge magnetite core. The interactions with diamagnetic materials atten-
ate the inherent magnetic properties of a material. Here, the adsorption
f Pb(II) caused a drastic decrease in the saturation magnetization value
s evident from Fig. 8 . The M s for Pb-loaded adsorbents were recorded
s 32.95 and 22.42 emug − 1 for Pb-SMNs and Pb-USMNs, respectively.
he adsorbed layer of diamagnetic lead moieties on the magnetite sur-
ace reduces the magnetic moment of both adsorbents without interfer-
ng with the superparamagnetic nature of the adsorbents. It was noted
hat despite the reduction in the M s value, an external magnet could
ffectively separate the exhausted adsorbent from the analyte. 

.9. Mechanism of adsorption 

Surface charge studies on USMNs reveal the prevalence of a negative
urface above pH 4. The inherent pH of the simulated Pb(II) effluent was
.7. The lead species detected to dominate in solution at this pH is pri-
arily Pb 2 + ions ( Giraldo and Moreno-Piraján, 2008 ). This triggers an

lectrostatic interaction between the adsorbent and positively charge
ead species in the medium, initiating the adsorption process. Owing
o the displayed superior adsorption characteristics, USMNs were fur-
her analysed using the FTIR, XRD, XPS and FESEM techniques for com-
rehending the adsorption mechanism of magnetite nanoparticles and
peciation of lead on the adsorbent surface. No visible changes were ob-
erved in FTIR and XRD plots of Pb-loaded adsorbents. XPS data was ac-
uired at room temperature using a monochromatic mg K 𝛼 X-ray source
1253.6 eV) and at a background pressure of 2 × 10 − 8 mbar. XPS pro-
ling of USMNs confirmed the presence of Fe, O, C and Fe, O, C, Pb
efore and after adsorption, respectively. C 1s peak at 284.6 eV was
sed for binding energy calibration. The fitted core-level spectra of each
lement after a Shirley background subtraction in the concerned range
re given in Fig. 9 . The Fe 2p core-level spectrum of USMNs displayed
wo peaks corresponding to Fe 2p 3/2 and Fe 2p 1/2 at ∼710.8 eV and
724.1 eV, respectively, verifying the magnetite phase. The fitted Fe 2p
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Fig. 7. Recyclability of (a) SMNs and (b) USMNs. 

Fig. 8. Magnetic characterization of the adsorbents pre and post-adsorption of Pb(II); inset showing close-up image of the center of the plot. 

9 
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Table 3 

List of recent reports of biogenic iron oxide-based adsorbents for Pb(II) removal. 

Adsorbent Synthesis route of iron oxide Adsorbent dosage pH Optimum contact period (min) q m (mg g − 1 ) Refs. 

T-Fe 3 O 4 Tangerine peel mediated 0.625 gL − 1 4.5 95 100 Lingamdinne et al. (2017) 
MISFNPs CLC seed extract 0.5 gL − 1 4 100 67.5 Lingamdinne et al. (2020) 
Sep-Fe-MnO 2 Hydrothermal 0.04 mg 6 60 131.58 Fayazi et al. (2019) 
MLP Litchi peel derived 5 gL − 1 6 120 78.74 Jiang et al. (2015) 
3-MPA@PMNPs F. chinensis Roxb leaf extract 0.5 gL − 1 6.5 60 68.41 Ali et al. (2019) 
SMNs Siam weed flower extract 1.5 gL − 1 5.7 10 305. 57 Present work 
USMNs Siam weed flower extract 1.5 gL − 1 5.7 10 315.43 Present work 

Fig. 9. Pre and post adsorption XPS profile of USMNs for (a) Fe 2p (b) O 1s (c) C 1s and (d) Pb 4f core levels. 
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pectrum ( Fig. 9 a) consists of peaks at 710.1, 711.3, 712.8, 723.1,724.1
nd 725.6 eV. The peaks at 710.1and 723.1 eV correspond to the Fe 2 + 

pecies in the octahedral (Oh) site. The peaks representing Fe 3 + species
n the octahedral site were found at a binding energy of 711.3 and
24.1 eV. The peak at 712.8 and 725.6 eV corresponds to Fe 3 + in tetra-
edral sites. The vacancy cascade peak which is a common occurrence
n iron oxide species is spotted at ∼719.1 eV ( Poulin et al., 2010 ). A
light chemical shift to the higher binding energy and higher FWHM for
ll the observed peaks from that of the pure magnetite is correlated to
he capping and stabilization of USMNs by plant metabolites. The O 1s
ore-level spectrum ( Fig. 9 b ) exhibits peaks at ∼529.4 eV and 530.6 eV
orrelated to Fe-O and surface OH moieties, respectively. The peak with
igher binding energy at 531.9 eV is attributed to polyphenolic hydroxyl
roups adhered to USMNs ( McCafferty and Wightman, 1998 ). The C 1s
rofile of USMNs ( Fig. 9 c ) was fitted into four components with binding
nergies ∼284.6, 286.5, 289.3, and 290.1 eV corresponding to C-C, C-O,
 = O, and 𝜋- 𝜋 interactions, respectively ( Mathew et al., 2020 ). 

The XPS spectra of exhausted adsorbent (USMNs-Pb) revealed the
resence of Pb(II) species on the surface. Peak fitted Pb 4f spec-
10 
ra exposed the presence of two different Pb(II) moieties on the sur-
ace( Fig. 9 d ). Accordingly, the peaks at 139.1 and 143.9 eV were as-
igned to Pb-O bonds whereas the peaks at 140.3 and 145.1 eV represent
b interacting with the hydroxyl groups ( Thomas and Tricker, 1975 ).
he peak at 530.6 eV in O 1s core spectra displayed an increase in in-
ensity owing to the increase in the total number of metal-OH bonds
ormed on the surface. The association of Pb(II) on the surface produced
light chemical shifts in Fe 2p and C 1s spectra of USMNs-Pb towards
igher binding energy values. The Fe 2p vacancy cascade peaks are more
rominent in USMNs-Pb owing to the variations that occurred at the sur-
ace after adsorption. The changes in the C 1s spectra may be attributed
o the involvement of 𝜋 electrons in the adsorption process. Further ex-
erimental and analytical studies are required for further understanding
f the role of phytochemical fragments during the adsorptive removal
f lead. The fitting parameters obtained are summarised in Table S2. 

The FESEM images USMNs before and after adsorption are displayed
n Fig. 10 . The FESEM images of USMNs illustrate a unique morphology
f an assembly of tiny nanobuds resembling a ‘broccoli head’. The size
f these nanobuds range from 30 to 70 nm. There are numerous inter-
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Fig. 10. FESEM micrographs of (a & b) USMNs and (c & d) Pb-loaded USMNs. 

Fig. 11. Schematic representation of proposed mechanism for selective Pb(II) removal by USMNs. 
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inked void interstices of average width of ∼17 nm, surrounding each
luster of nanobuds (Fig. S1). These interstices act as interlinking chan-
els that facilitate the easy transport and anchoring of Pb(II) species
n the adsorbent surface. Prominent changes were visible on USMNs’
urface upon adsorption of lead moieties. More protruding clusters ap-
eared on the surface and the void interstices were filled with depo-
ition of lead species. EDAX spectra of USMNs (Fig. S2) revealed the
resence of Fe, C, and O confirming the phytoconjugation on the iron
xide surface. Whereas EDAX analysis of Pb-loaded USMNs displayed
he presence of Pb and negligible changes in the composition of other
lements. 

The results discussed above speculate that the removal of Pb(II) by
SMNs primarily involves the following attributes. (1) Physical adsorp-

ion: the possible enhancement of surface area achieved through ap-
reciable reduction of particle size instigates adsorption of the target
etal ions onto USMNs. FESEM and XRD results post adsorption vali-
ate an amorphous deposition of lead species on the USMNs’ surface. (2)
lectrostatic interactions: the strong electrostatic interactions between
he negatively charged adsorbent surface and the cationic lead species
urther promote the adsorptive removal of lead by USMNs. (3) Inter-
acial interactions: the adsorption proceeds through the interactions of
he surface hydroxyl groups of USMNs with Pb 2 + ions. Elimination of
 fraction of H 

+ ions by Pb 2 + resembling an ion exchange process sub-
equently gives rise to two different lead species on the adsorbent sur-
ace. A schematic representation of the proposed mechanism is given in
ig. 11 . 

. Conclusion 

In this work, a facile one-pot strategy was developed for the synthe-
is of superparamagnetic ultrasmall magnetite nanoparticles by using
iam weed flower extracts for the first time. The synthesized nanoparti-
les were characterized using assorted instrumental techniques includ-
ng XRD, FTIR, HRTEM, VSM, and XPS. The reasonable reduction in
ize and the monodispersity attained through ultrasonic homogeniza-
ion is evident in the TEM micrographs. The negative charge prevailing
n the surface of the nanoparticles made it capable of adsorbing the tar-
et metal ion Pb(II). Moreover, the self-capping of the plant metabolites
n USMNs increased the number of active sites for the target metal to
ind. At the inherent pH of the simulated effluent, the adsorption ca-
acity of USMNs reached 66.43 mg g − 1 for 100 mg L − 1 Pb(II) solution
n under 10 min. USMNs exhibited superior adsorptive properties owing
o the enhanced surface area achieved through size reduction. The sur-
ace hydroxyls present on the USMNs play a crucial role in binding the
b + 2 ions further accelerating the adsorptive removal. The adsorption
quilibrium and adsorption kinetics conformed well to the Langmuir
dsorption isotherm model and pseudo first order kinetics model, re-
pectively. The selectivity of the USMNs towards Pb(II) can aid in the
ecovery of the metal ion from effluent mixtures in practical scenarios.
he adsorbents were regenerated and used to confirm their economic
iability. Though the magnetic moment of the adsorbents declined af-
er the adsorption, the remnant saturation magnetization was enough
o attain facile magnetic separation of the adsorbents. The results of the
tudy indicate the potential of USMNs as efficient, selective, and recy-
lable magnetic adsorbents for aqueous Pb(II). Furthermore, the eco-
omic and greener synthesis route that might serve as an effective weed
ontrol upon scaling up makes USMNs more promising Eqs. (1) –(16) . 
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