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various adsorption parameters such as pH, time, 
adsorbent dosage, and Hg(II) ion concentration. The 
optimum adsorption conditions were obtained: pH of 
6, contact time of 45 min, adsorbate of 40 mg/L, and 
adsorbent of 1 g. A maximum of 98.04% Hg(II) ion 
removal efficiency was obtained at these optimum 
conditions. FT-IR analysis also indicated that surface 
functional groups such as C = C,–OH, and C–C of the 
newly produced Fe3O4-NPs led to the more efficient 
removal of Hg(II) from aqueous solution. The syn-
thesized nano-adsorbent showed an excellent adsorp-
tion capability of 101.01 mg/g. Hg(II) ions adsorption 
onto Fe3O4-WSS NPs fitted well with the Langmuir 
adsorption isotherm model. Therefore, these rea-
sonable findings reveal that Fe3O4-WSS NPs are an 
efficient and promising adsorbent for Hg(II) removal 
from aqueous water environments.

Keywords  Adsorption · Biomass · Green synthesis · 
Mercury removal · Adsorbent · Wastewater

Introduction

The contamination of water by toxic heavy metals 
(HMs) has got a great concern owing to their extreme 
toxicity, non-biodegradability, and carcinogenic-
ity. Heavy metals and, most importantly, emerging 
pollutants are not well monitored and are causing 
adverse effects on the environment and public health 
(Sivaranjanee et  al., 2022; Sivasubramaniyan et  al., 
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2022). The primary sources of emerging contami-
nants are chemicals, industrial additives, endocrine 
disruptors, drugs, pharmaceutical compounds, sur-
factants, and personal care substances that are prob-
lematic globally (Khan et  al., 2022; Krishnan et  al., 
2021; Dayana Priyadharshini et  al., 2021; Samal 
et  al., 2022). Furthermore, following the enhance-
ment of technological advancement, particularly with 
further industrialization, emerging pollutants can pol-
lute the water environment and, as a result, causes a 
great risk to the health of the population (Abbas et al., 
2018; Rahman et al., 2022). Ali et al. (2019) studied 
fossil fuel combustion as one of the causes of heavy 
metals released into the environment. These HMs 
contaminate the water, which then leads to severe 
toxicity and thus endangers the inhabitants of the 
water environment (Akash et al., 2022). The toxicity 
of HMs is fatal to living things. The fatality of toxic 
HMs is caused due to the formation of free radicals 
that cause oxidative stress, damage to deoxyribonu-
cleic acid (DNA), and main biological molecules like 
nucleic acids, proteins, lipids, and enzymes (Briffa 
et al., 2020). Hg(II) is one type of heavy metal mainly 
used in batteries and switches. Hg(II) is most notably 
used in thermometers, dental amalgamation, sphyg-
momanometers, and the amalgamation of silver and 
gold in mining activities in particular (Nurfatini & 
Amir, 2018; Rahman et  al., 2022). This most toxic 
heavy metal ion in wastewater or aquatic bodies is 
mainly released from an oil refinery, battery, chlo-
ralkali production, paint manufacturing, paper and 
pulp, plastic, cement, gold mining, textile, electronic, 
and rubber processing industries (Altaf et  al., 2021; 
Ghosh et al., 2022).

This highly toxic heavy metal ion causes considerable 
permanent damage to humans, including hearing loss, 
vision loss, neurological problems, loss of sensation in 
extremities, and tremors (Taux et al., 2022). In addition, 
exposure to Hg(II) generally causes a great risk to the 
environment, aquatic animals, human health, and eco-
nomic development (Gallego et al., 2019; Huang et al., 
2016). The World Health Organization drinking water 
quality guideline has set a maximum acceptable con-
centration edge for Hg in potable water as 0.001 mg/L 
and placed it on top of the priority list of toxic pollut-
ants (AlOmar et al., 2017). It was also reported that this 
essential and most toxic heavy metal by the USEPA with 
a mandatory discharge level of 0.01 mg/L and a maxi-
mum acceptable level of 0.001 mg/L of Hg respectively 

for wastewater and drinking water (Kinuthia et  al., 
2020). Thus, removing Hg(II) in water is essential and 
has prodigious prominence.

Different treatment technologies like chemical pre-
cipitation, phytoremediation, membrane filtration, 
ion exchange, adsorption, electrochemical treatment, 
reverse osmosis, coagulation-flocculation, and bio-
logical decomposition have been employed to remove 
mercury (Al-Zoubi et  al., 2015; Rajasulochana & 
Preethy, 2016). However, most of these techniques are 
costive, time-consuming, ineffective, and require large 
quantities of chemicals and high energy to eliminate 
Hg(II) from the aquatic environment (El-tawil et  al., 
2019). As an example, chemical precipitation gener-
ates unwanted sludge, thus being the cause of second-
ary pollutants that need further treatment (Camargo 
et  al., 2016). Scholars also reported that membrane 
technology has high efficiency in separating Hg(II) 
from water/wastewater; however, the process seems 
costive due to high energy requirements (Albatrni 
et  al., 2021). Aziz and co-workers reported coagula-
tion/flocculation technique generates large sludge 
volume and uses non-reusable coagulants and floccu-
lants (Aziz et  al., 2018). Similarly, the ion-exchange 
method is challenging to remove concentrated heavy 
metal solutions and partially remove specified metal 
ions (Saleh et  al., 2021). However, among the listed 
methods, employing the adsorption technique, most 
notably by fabricating functionalized adsorbent, has a 
superior performance in heavy metal removal. It has 
the advantages of regenerating adsorbents, high effi-
ciency, low cost, and simple operational processes 
(Hoang et al., 2022).

Recently, due to rapid advancement in nanotechnol-
ogy, particularly in nanoscale science and engineering, 
enormous opportunities have been elevated to advance 
simple, alternative, flexible, and environmentally tol-
erable remediation methods. In the case of nanotech-
nology, nanomaterials are receiving greater attention 
for the treatment of contaminated water (Arun et al., 
2022). They are promising approaches for the effec-
tive removal of HMs in water and wastewater by 
adsorption method due to their easy surface modifi-
cation, tremendous adsorption capacity, and excellent 
features resulting from the nanoscale effect (Buzea & 
Pacheco, 2017; Pandey, 2021). Among the nanometer-
sized materials, nanoparticles (NPs) of metal oxide 
have shown great potential in water treatment, espe-
cially for heavy metal exclusion and biomedical uses.
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Metal oxide NP adsorbents have several advan-
tages and are in high demand. Easy way of engi-
neering nanomaterials to the required sizes (Jogaiah 
et  al., 2021), easy way preparation techniques, high 
stability, surface functionalization, high adsorption 
capacity, relatively high surface area, ability to con-
trol their shapes, and reusability are the main advan-
tages of metal oxide NPs or nanomaterials (Naseem 
& Durrani, 2021; Nikolova & Chavali, 2020). Nano-
sized metal oxide NP adsorbents have high selectiv-
ity towards the adsorbate. Most commonly, metal 
oxide NPs such as aluminium oxide, magnesium 
oxides, nano-sized iron oxides, and zinc oxides have 
selectivity towards heavy metal pollutants (Naseem 
& Durrani, 2021). Muldarisnur et  al. (2019) showed 
that the sensitivity of NPs chiefly relies on the mor-
phology of the synthesized nanoparticle adsorbents. 
The sensitivity of metal oxide NPs is highly depend-
ent on their shape and size than the compositions of 
NP adsorbents. However, metal oxide NPs adsorbents 
have disadvantages such as oxidizing with oxygen and 
water in aqueous solutions (mainly bare metal oxide 
nanoparticle adsorbents), difficulty in separating from 
aqueous solutions effectively because of their small 
size, having aggregation property, having weak affin-
ity to some organic pollutants/or adsorbates (Husein 
et al., 2021; Yang et al., 2019a, b).

Iron oxide NPs have good advantages in combat-
ing environmental contamination from the existing 
metal oxide NPs. Magnetite NPs (Fe3O4-NPs) are 
gaining significant attention in environmental reme-
diation, moreover, in the removal of HMs owing to 
their exceptional characteristics viz., great biocom-
patibility, large surface area to volume ratio, high 
removal capacity, elevated reactivity, surface modifi-
ability, ease of separation, high selectivity and small 
particle size which are promising to develop new or 
improve existing technologies in water/wastewater 
treatment (Kumar et  al., 2021). Nevertheless, Fe3O4 
NPs made through chemical and physical means 
result in the loss of reactivity towards the adsorbate, 
cause the risk of toxicity to the environment, are dif-
ficult for reusability, and the protocol uses very reac-
tively and toxic reducing agents (Gebre & Sendeku, 
2019). One of the main characteristics of nanoparti-
cles is that the number of atoms found on the surface 
of nanoparticles is more dominant than the number 
of internal atoms of nanoparticles, which means the 
majority of atoms in nanoparticles are located on the 

surface of nanoparticles (Cuba-Supanta et  al., 2022; 
Wen et al., 2021). The surface atoms that are not sat-
urated can link with extra atoms and hold enhanced 
chemical activity (Kaur, 2016). The other difficulties 
with the use of bare Fe3O4-NPs include; passivation/
oxidation (Zhao et al., 2020), corrosion by non-target 
compounds, rapid sedimentation that confines the 
mobility of fine-sized particles in water, and rapid 
aggregation of the smaller particles that reduce the 
performance in catching pollutants (Husen & Iqbal, 
2019; Marimón-bolívar & González, 2018; Yang 
et al., 2019a, b). For example, Qiao et al. fabricated 
superparamagnetic iron oxide NPs and reported that 
naked Fe3O4-NPs spontaneously aggregate and have 
limited applications (Qiao et  al., 2009). Another 
study also showed bare Fe3O4-NPs have poor biodeg-
radability, non-specific interaction, and high chemical 
instability (Muthiah et al., 2013; Xu et al., 2022).

Thus, to improve the tailbacks innate in the use of 
Fe3O4-NPs for Hg(II) removal, safe and economical 
way surface modification of Fe3O4-NPs still needs 
extensive research (Khan et  al., 2020; Salehipour 
et al., 2021). The synthesis of Fe3O4-NPs by the eco-
friendly method is considerably simple and secure, 
and plant-mediated synthesis of NPs using polyphe-
nol as a reducing agent is still a new scheme. The 
findings of Singh et al. (2018) and Amin et al. (2021) 
demonstrated that green synthesis of metal oxide NPs 
adsorbents is considered a cost-effective, an envi-
ronmentally friendly, and feasible method for HMs 
removal.

Green synthesis means the fabrication of nano-
particles using natural sources, benign reagents, 
nonhazardous solvents, and renewable materials 
accompanied by processes (Álvarez-Viñas et  al., 
2022). It generally uses plant parts such as fruits, 
leaves, flowers, roots, and seeds. Green synthesis 
of metal oxide nanoparticles is achieved via regu-
lation, remediation, and clean-up production pro-
cesses (Roohi et al., 2021). Implementing a sustain-
able and eco-friendly synthesis protocol avoids the 
fabrication of undesirable and harmful by-products 
(Malavika et  al., 2021). Also, microorganisms 
counting fungi, bacteria, algae, and viruses can 
replace toxic chemicals in the synthesis of nanopar-
ticles (Prakash et  al., 2022). However, using plant 
extracts to synthesize metal oxide nanoparticles is 
the most cost-effective, reproducible, easy process, 
and the simplest comparative to microorganism 
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arbitrated synthesis of metal oxide nanoparticles. 
The availability of phytochemicals in numerous 
plant extracts, particularly in leaves, such as carbox-
ylic acids, aldehydes, polyphenols, ketones, amides, 
and terpenoids, enables the synthesis of nanoparti-
cles (Nande et al., 2020). These phytochemicals can 
reduce metal salts into metal/metal oxide nanoparti-
cles in the synthesis processes.

Therefore, green synthesis of metal oxide nano-
particles and using cheaper, loose, and porous mate-
rials as supporting materials can tackle some prob-
lems of Fe3O4-NPs more (Singh et  al., 2019). For 
example, Govarthanan et  al. (2022) studied and 
successfully synthesized La-MOF@PANI for the 
effective removal of Pb2+ from an aqueous solution 
and showed adsorption enhancement on the porous 
surface adsorbent. These materials can be obtained 
from agricultural waste biomasses. As an agricultural 
waste, locally available wheat straw requires little 
processing, and alternative technology can be used 
as supportive materials (Ebrahimian Pirbazari et  al., 
2014; Khandanlou et al., 2013). The conformation of 
wheat straw with Fe3O4-NPs can mainly improve the 
adsorption efficiency and physicochemical properties 
of Fe3O4-NPs. However, the studies on the green syn-
thesis of wheat straw-supported Fe3O4-NPs for their 
application as nano-adsorbent are limited. Thus, using 
polyphenol-based green synthesized wheat straw-
supported Fe3O4-NPs improves some of the tailbacks 
innate in using Fe3O4-NPs like stability, reduction in 
passivation, and corrosion with acids and bases and it 
also lessens/removes its aggregation.

In this work, functionalized Fe3O4-WSS NPs 
were successfully synthesized by the green synthesis 
method, systematically characterized, and effectively 
utilized for Hg(II) ions adsorption from an aqueous 
solution by batch mode. The adsorption isotherms 
were carefully explored to remove Hg(II) via the 
adsorption processes. The adsorption mechanisms 
during Hg(II) removal were discussed in detail. The 
impact of different parameters such as solution pH, 
contact time, initial adsorbate concentration, and 
adsorbent dosage on adsorption efficiency was inves-
tigated. It was found that Fe3O4-WSS NPs were a 
potential nano-adsorbent for the elimination of Hg(II) 
from aqueous water environments. Thus, this study 
enables the removal of Hg(II) from aqueous solutions.

Materials and methods 

Preparation of wheat straw porous material sample 

The wheat straws were collected from the agricultural 
farm field of Jimma Zone, Gera Woreda, using plas-
tic bags. The collected raw materials were reduced in 
size (2–6  mm) by cutting into smaller proportions, 
cleaned several times using distilled water (DH2O) to 
exclude dust particles, and dried at 105  °C for 24 h 
in an oven for the removal of residual moisture con-
tent and to acquire the sample with constant mass. 
Next, the dried wheat straws were ground into fine 
particles using an electric miller and sieved using a 
0.1-mm sieve to avoid unwanted components. The 
prepared porous material was kept in sealed plastic 
bags at room temperature until the next stage of the 
experiments.

Polyphenol preparation from plant extract

Fresh leaves of Aloe vera were collected from Jimma 
zone, Limmu Kosa Woreda. The collected leaves 
were thoroughly rinsed with DH2O to exclude for-
eign and dirt particles and subjected to sun drying 
for two weeks to remove moisture using the proce-
dure adopted from Burange et  al. (2021). The dried 
leaves were size reduced and made into a powder of 
0.1–0.2  mm using an electric miller to prepare the 
leaf extract. After grinding, 12  g of Aloe vera leaf 
powder was transferred to 100 ml of double- DH2O 
and heated in a water bath at 45 °C for 15 min. After 
vacuum filtration, the resultant extract containing 
polyphenol was filtered using Whatman filter paper. 
The filtrate was collected and stored in a refrigerator 
at 4 °C. The extract was used as an Aloe vera extract 
solution to synthesize magnetite and wheat straw-sup-
ported Fe3O4-NPs.

Synthesis of magnetite nanoparticles

Fe3O4-NPs were prepared by the reduction of 
FeCl2.4H2O (99%) and FeCl3.6H2O (99%) (Finkem, 
Italy) solution in the presence of Aloe vera polyphe-
nol extract. FeCl2.4H2O and FeCl3.6H2O were taken 
in 1:2 w/w ratios (Yang, 2012) and then dispensed 
in 200 mL of deionized water into a 500 mL beaker. 
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Next, 12  mL of Aloe vera polyphenol extract was 
added to this solution under mild string with a mag-
netic stirrer. A solution of 2  M of NaOH (99.8%) 
(ATDM, Turkey) was prepared and added drop-by-
drop until the solution’s pH reached 11.5 and then 
stirred continuously until the solution was changed 
to black, showing the formation of precipitates. The 
solution was left undisturbed, and the black-colored 
precipitates were deposited at the bottom of the 
flask. The precipitates were isolated after decanting 
the solution and washed twice with deionized water. 
After a whole, the solution was subjected to centrifu-
gation at 5000 rpm for 20 min. The centrifugation and 
washing processes were repeated three times. Then, 
the precipitates were carefully collected into an oven-
dried Petri dish and oven-dried at 60  °C for 12  h. 
Finally, the synthesized solid NPs (Fe3O4) were kept 
appropriately for characterization purposes.

Synthesis of wheat straw‑supported magnetite 
nanoparticles 

Wheat straw-supported Fe3O4-NPs were prepared by 
the reduction of FeCl2.4H2O (99%) and FeCl3.6H2O 
(99%) solution in the presence of Aloe vera polyphe-
nol extract. FeCl2.4H2O and FeCl3.6H2O were taken 
in 1:2 w/w ratios and then dissolved in 200 mL deion-
ized water into a 500-mL beaker. After the solution 
was prepared, 3 g of ground wheat straw and 12 mL 
of Aloe vera polyphenol extract were transferred to the 
solution and heated at 80  °C under mild string with 
a magnetic stirrer (magnetic stirrer containing a hot 
plate). A solution of 2 M of NaOH (99.8%) (ATDM, 
Turkey) was prepared and added drop-by-drop until 
the solution’s pH reached 11.5 and then stirred con-
tinuously until the solution was changed to black, 
showing the formation of wheat straw-supported 
Fe3O4-NPs. The formed black-colored precipitates 
were deposited at the bottom side of the flask and 
kept undisturbed for separation purposes. The precipi-
tates were isolated after decanting the solution, fol-
lowed by washing with deionized water twice. After 
a whole, the solution was subjected to centrifuga-
tion at 5000 rpm for 20 min considering the protocol 
adopted (Lazzarini et  al., 2021). The centrifugation 
and washing processes were repeated three times. 
Then, the precipitates were carefully collected into an 
oven-dried Petri dish and oven-dried at 60 °C for 12 h. 
Finally, the synthesized adsorbent was named wheat 

straw-supported magnetite (Fe3O4-WSS) NPs and 
kept in an appropriate place for characterization and 
adsorption studies.

Characterization of synthesized Fe3O4‑WSS 
nanoparticles

The synthesis of Fe3O4 NPs was confirmed by 
UV–visible spectral analysis. A small aliquot of the 
supernatant of the synthesized Fe3O4 or Fe3O4-WSS 
NPs was used for analysis purposes. Accordingly, 
the characteristic absorption peak for the synthesized 
Fe3O4-NPs was analyzed using UV–visible absorp-
tion spectroscopy in the wavelength range of 300 to 
700 nm. The crystallite size and crystallinity of green 
synthesized Fe3O4-WSS NPs were examined with 
XRD (X-ray diffraction, DW-XRD-Y7000) analy-
sis. For this, well dried and powdered samples were 
used. It was operated at 30 kV and 25 mA with CuKα 
radiation (λ = 0.154021 nm). The scanning was done 
from 10 to 80° with steps of 0.03°s−1 to collect 2θ 
data. Phase and pattern analysis of the XRD data was 
studied using Match! Software version 3.10.2.173 
and Origin Pro2019b version 9.65. Most characteri-
zation techniques were adopted (Alfredo et al., 2020; 
Sandhya & Kalaiselvam, 2020). The average crystal-
line size of Fe3O4-WSS NPs was calculated using 
Scherrer’s Eq. (1).

The surface functionalization of the synthesized 
Fe3O4-WSS NPs was determined with the help of 
FT-IR spectroscopy (Fourier transform infrared- 
spectroscopy, Perkins Elmer L1600300). The synthe-
sized adsorbent was dried, ground, and mixed with 
KBr powder in appropriate ratios to make a pellet 
for FT-IR spectroscopy analysis before and after the 
adsorption experiments. These measurements were 
executed, and the spectra were collected in the range 
of 4000–400 cm−1. The structure and morphology of 
synthesized Fe3O4-WSS NPs were examined by Scan-
ning Electron Microscope (SEM) (JCM-6000Plus). 
The acceleration voltage for the SEM was set at 
15  kV. Origin Pro 2019b version 9.65 and ImageJ 
version 1.44 software were used to analyze the syn-
thesized Fe3O4-WSS NPs further using the results of 
SEM analysis. Thermogravimetric (TG) analysis of 
Fe3O4-WSS NPs was executed for powder samples 
(~ 8  mg) with a heating rate of 10  °C/min from 25 
up to 800  °C using Perkin-Elmer TGA-4000 TG in 
a nitrogen gas atmosphere. Origin Pro 2019b version 
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9.65 was used to execute and analyze the Derivative 
TG Data (DTD).

where D = mean crystalline size; � = Scherrer’s con-
stant (shape factor) with the − value of 0.9; � = X-ray 
wavelength (0.154021  nm); � = full width at half 
maximum (FWHM) in radians; � = Bragg angle.

Adsorption experiments 

A stock solution of 1 g/L Hg(II) was prepared by dis-
solving a 1.354  g analytical grade of HgCl2 (99%) 
(Finkem, Italy) in 1L DH2O. As experimental solu-
tions, a series of diluted Hg(II) solutions (20, 40, 60, 
80, and 100 mg/L) were used. Various batch experi-
ments were done by wheat straw supported Fe3O4 
NPs using different dosages of MNP-WSS (0.1, 0.4, 
0.7, 1, and 1.3 g), initial pH of (2, 4, 6, 8, and 10), 
initial contact times of (15, 35, 55, 75, and 95 min), 
and initial Hg(II) concentrations of (20, 40, 60, 80, 
and 100 mg/L). All adsorption experiments were car-
ried out at 25 ± 2  °C temperature, and 0.1 M NaOH 
and 0.1  M HCl (36.46%) (LOBA Chemie, India) 
were used for the correction of pH. In each experi-
ment, a specified dosage of MNP-WSS was added 
to the noted concentration of Hg(II) solution in a 
250  mL conical flask. The solution volume of each 
experiment was 100 mL. The mixture was mixed by 
a mixer for different contact times at 250 rpm. After 
given contact time, each sample was centrifuged for 
5–10 min, filtered by a membrane filter, and analyzed 
for Hg(II) residuals. The absorbance of Hg(II) residu-
als was analyzed by UV–Visible spectrophotometer 
at a wavelength of 490  nm, and the Hg(II) residues 
concentration was analyzed based on the calibra-
tion curve. All the adsorption experiments were per-
formed with three replicates, and the average of 
obtained values was considered for further analysis. 
The removal efficiency (R) of Hg(II) was calculated 
by Eq. (2).

where Co and Ce are initial and equilibrium liquid 
phase solute concentrations in mg/L, respectively.

(1)D =
��

� cos �

(2)R(%) =
Co − Ce

Co

× 100

The mass of Hg(II) adsorbed/g of Fe3O4-WSS 
NPs adsorbent was calculated as below:

where qe is the amount of Hg(II) that was adsorbed, 
Co is the Hg(II) concentration of the solution before 
the equilibrium (mg/L), Ce is the Hg(II) concentra-
tion of the solution in the equilibrium (mg/L), M is 
the mass of adsorbent (MNP-WSS) (g), and V is the 
volume of Hg(II) solution (sample solution) (L).

UV–visible spectrophotometer analysis of 
mercury(II) concentration

The residual concentration of Hg(II) was analyzed by 
preparing a calibration curve as reported by (Elly & 
Elly, 2014; Vega-Páez et  al., 2019). A total of 1  g/L 
stock solution of Hg(II) was prepared by dissolving 
1.354 g analytical grade of HgCl2 (99%) in 1 L DH2O 
containing 2  mL of HNO3 (69.5%) (LOBA Chemie, 
India) in a volumetric flask and a series of diluted 
Hg(II) solutions (10, 20, 40, 60, 80 and 100  mg/L) 
were prepared from a stock solution. A solution of 1, 
5-diphenylcarbazide (98%) (Merck, Germany) was 
prepared by dissolving 0.4  g of diphenylcarbazide in 
100 mL of methanol (99.9%) (Merck, Germany) in a 
150-mL volumetric flask. In total, 1–1.5 mL of a pre-
pared solution of diphenylcarbazide was added to each 
diluted Hg(II) to develop a colorful solution, and the 
pH of Hg(II)—diphenylcarbazide mixture was adjusted 
to a pH of 5–6 (for calibration curve only) using 0.1 M 
of NaOH (99.8%) and HCl (36.46%) to avoid back-
ground interference during UV–visible spectropho-
tometer analysis. After the whole, the absorbance 
of a known concentration of each diluted Hg(II) was 
performed by a UV–visible spectrophotometer at a 
wavelength of 490 nm. 1 ml of a prepared solution of 
diphenylcarbazide was used for the UV–visible spec-
trophotometric analysis through each experimental 
batch.

Langmuir and Freundlich isotherms

The Langmuir and Freundlich adsorption isotherm 
models are stated as Eqs. (4) and (6).

(3)qe =
Co − Ce

M
× V
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In another way, using constant b, equilibrium limit 
(RL) can be computed by Eq. (5).

where qe (mg/g) is the adsorbed adsorbate; Ce (mg/L) 
is the concentration at equilibrium; qmax (mg/g) is 
the monolayer capacity; b (L/mg) is constant for 
Langmuir: Where K and n are measurements for 
Freundlich.

Determination of point of zero charge

A salt solution of 0.010  M NaCl (99.5%) was pre-
pared in a conical flask to determine the point of zero 
charges. 0.10 g of MNP-WSS and 50 mL of 0.010 M 
NaCl solution were mixed in nine separate conical 
flasks at ambient temperature (25 °C) and well tight. 
The pH of the mixtures was corrected to an initial pH 
value of 2, 3, 4, 5, 6, 7, 8, 9, and 10 by adding many 
drops of 0.01 M HCl or NaOH solution and was agi-
tated manually. The agitated mixtures were main-
tained for three days, and the final pH was carefully 
determined with a digital pH meter. The plot of the 
difference in final pH and initial pH versus initial pH 
was constructed, and the pH of point of zero charges 
(pHpzc) was obtained as the intercept on an x-axis of 
the plot.

Results and discussions 

Characterization of synthesized Fe3O4‑WSS NPs

UV–Visible spectrophotometer analysis

The UV–Visible spectrum of the formed Fe3O4 NPs 
is depicted in Fig.  1a. The typical surface plasmon 
resonance absorption peak at 380 nm by UV–Visible 
spectroscopy revealed the formation of Fe3O4 NPs. 
This confirms the synthesis of Fe3O4 NPs by reduc-
ing ferrous chloride tetrahydrate and ferric chloride 

(4)
Ce

qe
=

1

bq
max

+
Ce

q
max

(5)RL =
1

1 + bCo

(6)
X

M
= KC1∕n

e

hexahydrate solution using Aloe vera leaf extract 
containing polyphenol as a reducing and capping 
agent (López & Antuch, 2020). Furthermore, a cor-
responding study of UV- Vis spectra of Aloe vera leaf 
extract has been shown to confirm the formation of 
Fe3O4NPs, as the iron oxide NPs have been reported 
to possess absorption bands between 330 and 450 nm 
(Vélez et al., 2016).

Fourier transform infrared spectrum analysis

Functional groups and surface functionalization were 
distinguished by Fourier transform infrared (FT-IR) 
spectroscopy. The result from the FT-IR spectrum 
showed that there were different functional groups 
present on the surface of the synthesized Fe3O4-WSS 
NPs (Fig.  1b). Figure 1b shows the FT-IR spectra of 
Aloe vera leaf powder extract (black) and wheat straw 
powder (red). The broad spectrum peaks in the band of 
3650–3200 cm−1 were assigned to the –OH functional 
groups from phenol and cellulose of Aloe vera extract 
and wheat straw powder. The bands at 1646 cm−1 and 
1640 cm−1 match with that of the alkene C = C stretch-
ing vibrations functional group. Also, the band in the 
1250–1010  cm−1 almost represents the vibration of 
the C–O functional group in phenols, lignin, cellulose, 
alcohols, carboxylic acids, and ethers. The absorption 
peak observed at 2923 cm−1 and 2906 cm−1 is because 
of the presence of the C–H stretching of alkanes. In the 
same way, the band at 610 cm−1 and 612 cm−1 demon-
strates the C–Cl bond of alkyl halides. The formation 
of these hydroxyl and carbon groups may be due to 
Aloe vera, a biomass precursor containing carbon and 
oxygen-rich complexes (Malavika et  al., 2021). The 
current study’s findings are consistent with the previ-
ous study of Azizi Haghighat and Ameri (2016), which 
revealed that Fe3O4 NPs could be surface functional-
ized and modified using biomass. Similarly, Kavitha 
et al. (2022) studied the production of CuO⋅NPs using 
Abrus precatorius leaf extract and showed the possibil-
ity of producing surface-functionalized nanoparticles 
using plant extracts.

Figure  2(a) presents the FT-IR spectrum of bio-
synthesized Fe3O4-WSS NPs. As can be seen from 
Fig.  2(a), the broad peak at 3456  cm−1 in the band 
of 3640–3200  cm−1 represents OH stretching vibra-
tions of phenol and/or cellulose, the sharp peak at 
1636  cm−1 corresponds to the C = C stretching, and 
the peak at 581  cm−1 in the spectrum was allotted 
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to the Fe–O bond on the surface of the synthesized 
Fe3O4-WSS NPs. The absorbance of the peaks at 
2893 cm−1 and in the band 1250–1010 cm−1 revealed 
the C–H stretching vibrations and C–O functional 
groups, respectively. Thus, the result from the FT-IR 

spectrum indicates the functionalization of magnetite 
NPs by different functional groups and the effective 
binding of WS on the surface of Fe3O4 NPs.

Phenol has exceptional chemical power to 
reduce NPs and at the same time to successfully 

Fig. 1   a UV − visible 
absorption spectra of the 
synthesized Fe3O4-WSS 
NPs; b FTIR spectra of 
wheat straw (red) and Aloe 
vera extract (black).
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cape NPs, therefore enhancing their stabilization. 
This is owing to the existence of hydroxyl func-
tional groups of a phenolic compound that can bind 
to metals in the synthesis of NPs (Rauwel et  al., 
2015). Moreover, the existence of the above listed 
functional groups on the surface of the synthesized 
Fe3O4-WSS NPs showed that the Aloe vera extracts 

and WS served in stabilizing and, therefore, inhibit-
ing/reducing the NPs from adhering and agglomera-
tion, which makes NPs effective for HMs removal 
(Azizi Haghighat & Ameri, 2016). The FT-IR 
spectra of Fe3O4-WSS NPs before and after Hg(II) 
adsorption are shown in Fig.  2(a) and (b), respec-
tively. The analyses were executed to establish the 

Fig. 2   FT-IR spectra of 
synthesized Fe3O4-WSS 
NPs before Hg (II) adsorp-
tion a and after Hg(II) 
adsorption b 
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adsorption mechanism of Fe3O4-WSS NPs adsor-
bent before and after Hg(II) adsorption.

Comparing the FT-IR spectra of Fe3O4-WSS NPs 
and Hg(II) loaded Fe3O4-WSS NPs, Fig. 2(b) shows 
the shift of peaks from 3456, 1636, and 581  cm−1 
before adsorption of Hg(II) to 3449.5, 1632, and 
579  cm−1 after adsorption of Hg(II) indicates the 
stretching vibration of –OH, the stretching vibration 
of C = C and the Fe–O stretching vibration of these 
represented functional groups respectively. These 
slight peak shifts are observed due to the involvement 
of these major functional groups in the adsorption of 
Hg(II) ions. The shift in a peak at 3449.5  cm−1 for 
hydroxyl groups has occurred most likely due to the 
participation of –OH groups in Hg(II) adsorption. 
The change and the decrease in the stretching vibra-
tion of the Fe–O bond after adsorption, which was 
represented at 579 cm−1, showed the synergy of Fe–O 
with Hg(II); thus, it confirms that Fe–O played a sig-
nificant role in Hg(II) adsorption. In another way, 
the shift of the band from 1636 to 1632  cm−1 after 
adsorption portrays the successful linking of Hg(II) 
ions to the active sites of alkenes (C = C). This hap-
pened because alkenes (C = C) have major active sites 
for binding metals/ HMs (Vs et al., 2017).

Similarly, the shift of the bands from 1250– 
1010  cm−1 to 1185–1000  cm−1 disclosed the par-
ticipation of C–O functional groups in the adsorp-
tion of Hg(II) ions. This was because C–O functional 
groups have effective active sites that can be involved 
in binding HMs by ion exchange and/or ionic inter-
actions. As reported by previous studies, these func-
tional groups have effective potential to remove HMs 
(Ebrahimian Pirbazari et  al., 2014; Krishnani et  al., 
2021).

X‑ray diffraction analysis

Figure 3 illustrates the X-ray powder diffractograms 
of the wheat straw supported (Fe3O4-WSS NPs) (top) 
and the unsupported (bottom).

The characteristic peaks at 2 θ values of 30.52, 
35.64, 43.3, 53.38, 57.48, and 62.87, indexed to their 
Miller indices of X-ray diffraction (XRD) peaks 220, 
311, 400, 422, 511, and 440, respectively, demon-
strating the existence of magnetite in the synthesized 
Fe3O4-WSS NPs. These peaks were stable with that 
of the standard XRD data for the cubic structure of 
Fe3O4 NPs JCPDS file (PCPDFWIN v.2.02, PDF No. 
85–1436). The wheat straw-supported Fe3O4 NPs 

Fig. 3   XRD patterns of the 
wheat straw supported (top) 
and the unsupported (bot-
tom) Fe3O4 NPs
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showed similar peaks as the unsupported Fe3O4-WSS 
NPs, indicating that the WS interaction had no impact 
on the phase change and it did not degrade the core 
of Fe3O4 NPs. Nonetheless, as shown in Fig.  3, in 
the case of wheat straw-supported Fe3O4 NPs, the 
height of the peaks decreased, and the background 
became almost noisier, which shows the peak reflec-
tions are generated from the core Fe3O4 NPs. It has 
also been distinguished that the increase in the width 
of the peaks indicates the reduced crystalline size 
and the low crystallinity of Fe3O4 NPs (Silva et  al., 
2013). The average crystalline size of the synthesized 
Fe3O4-WSS NPs was calculated from the FWHM 
(Table  1) of the reflection planes of the XRD data 
using Debye–Scherrer’s formula (1) and was found 
with an average crystalline size of 19.83 nm.

Scanning electron microscope analysis 

Figure  4(a) and (b) illustrate the scanning elec-
tron microscopy image of unsupported Fe3O4 (a) 
and WS-supported Fe3O4 (b) NPs separately. The 
images show that the WS-supported Fe3O4 NPs are 
predominantly nearly spherical and rod-like shapes. 
After surface-modified, the adsorbents/NPs disper-
sion was enhanced, and the aggregation was reduced. 
The reduction in the aggregation of Fe3O4-WSS NPs 
is most probably supporting wheat straw weakens 
the magnetic interactions amongst NPs. As shown in 
Fig. 4(a), the non-supported Fe3O4 NPs were bunched 
and were not dispersed well. Instead, they were more 
agglomerated by forming mud-like dried structures. 
This was most probably due to the effect of magnetic 
properties of the synthesized Fe3O4 NPs increasing 
nanoparticle interactions (Somu et al., 2019).

Aggregation decreases the reactive surface area 
of NPs, which results in decreasing the adsorption 

efficiency of NPs. In another way, the average parti-
cle size of the synthesized Fe3O4-WSS NPs was ana-
lyzed from the result of the (scanning electron micro-
scope) SEM image (Fig. 4(b)) using (ImageJ software 
and Origin Pro 2019b) and was found to be 22.48 nm 
as illustrated with histogram Fig. 4(c) with a polydis-
persity of 0.37(37%). The calculated polydispersity 
value was very far from one (100%), and at the same 
time, the average crystalline size and average particle 
size were almost nearer to each other, confirming that 
the synthesized Fe3O4-WSS NPs were predominantly 
monodispersed (Mahbubul, 2019). Monodispersed 
NPs have the lowest agglomeration property. Thus, 
the analyzed property indicates that the agglomera-
tion of the synthesized Fe3O4-WSS NPs was less-
ened. The average particle size of Fe3O4-WSS NPs 
was compared with the work of different researchers 
(Table  2) and was found to have a relevant average 
particle size.

Thermogravimetric analysis of the synthesized 
adsorbent

TGA was performed to identify the decomposition 
temperature and thermal stability of Fe3O4-WSS 
NPs and most probably to determine the approxi-
mate extent of surface modification of Fe3O4, as 
depicted in Fig.  5. The 6.14% weight loss at the 
start of the (thermogravimetric analysis) TGA 
curve (below 180  °C) was due to the evaporation 
and dehydration of adsorbed and surface water 
from the synthesized Fe3O4-WSS NPs (endother-
mic process). The second (II) and third (III) regions 
from 203 to 305 °C and from 306 to 502 °C, which 
accounts for the total loss of 30.38%, could be due 
to the thermal decomposition/combustion of cap-
ping agents and/or the decomposition of organic 
groups from the surface of Fe3O4-WSS NPs. After 

Table 1   Parameters 
derived from XRD data 
analysis of the synthesized 
Fe3O4-WSS NPs (Match! 
software analysis result and 
calculated values)

d(Ao) d(Ao) calculated 2theta h k l FWHM Crystalline 
size (nm)

Av. crystalline size (nm)

2.929 2.927 30.52 2 2 0 0.374 22.018 19.83
2.519 2.517 35.64 3 1 1 0.540 15.447
2.090 2.088 43.3 4 0 0 0.371 23.038
1.716 1.715 53.38 4 2 2 0.362 24.563
1.603 1.602 57.48 5 1 1 0.480 18.876
1.478 1.477 62.87 4 4 0 0.620 15.015
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Fig. 4   a SEM images of 
the synthesized Fe3O4 NPs; 
b SEM images of the syn-
thesized Fe3O4-WSS NPs; 
c Particle size distribution 
histogram representation of 
the SEM image of the syn-
thesized Fe3O4-WSS NPs.
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the third stage, the TGA curve remained almost 
constant, and there was no weight loss observed 
from the curve, which shows Fe3O4 was only pre-
sent and was stable above 502  °C. The result 
from TGA/DTG indicates that different functional 
groups exist on the surface of Fe3O4-WSS NPs. 
Pakzad et  al. (2019) also reported similar find-
ings for biosynthesized Fe3O4 NPs that revealed 
the decomposition occurs due to the capping agent 
and/or existing organic components.

Determination of point of zero charge

The point of zero charges of an adsorbent is a sig-
nificant characteristic parameter that determines the 
net surface charge of the ion in a given solution. It 

specifies the electrical neutrality of the adsorbent at 
a specific pH; thus, the charge on the surface of a 
specific adsorbent becomes zero. Figure  6 indicates 
the result of the pH of point of zero charges (pHpzc) 
of Fe3O4-WSS NPs determined by a salt solution 
method. Accordingly, the pHpzc of Fe3O4-WSS nano-
adsorbent was measured to comprehend the change of 
surface character of the synthesized adsorbent under 
varying pH values and was determined to be 4.32 
(Fig.  6). This shows that the surface of Fe3O4-WSS 
NPs is positively charged at solution pH < pHpzc 
(4.32), however, at solution pH > pHpzc (4.32), the 
surface of Fe3O4-WSS becomes negatively charged. 
Therefore, there is high Hg(II) adsorption when the 
pH of the solution is above pHpzc. Since the surface 
of Fe3O4-WSS NP adsorbent is positively charged at 

Table 2   Comparison of 
average particle size of 
Fe3O4-WSS NPs with 
related adsorbents

Adsorbent type Average particle size 
(nm)

References

DHPCT@Fe3O4 MNPs 17 Venkateswarlu and Yoon (2015)
Fe3O4-SiO2 20 Yazdani et al. (2016)
Functionalized Fe3O4 17 Scopel et al. (2019)
CCMN 30 Rahbar et al. (2014)
IONP-ASC 28.1 Gruskiene et al. (2018)
Fe3O4-WSS 22.48 This study

Fig. 5   TGA and DTG curves of Fe3O4-WSS NPs
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pH < 4.32; thus, they can adsorb anions from an aque-
ous solution.

Mercury (II) removal studies 

Effect of the pH solution on Hg(II) removal

The impact of the pH on Hg(II) elimination was 
assessed at room temperature using a 100  mL of 
40  mg/L initial Hg(II) solution in the pH range of 
2–12, with an adsorbent dose of 0.7 g, shaking speed 
of 250 rpm and a contact time of 75 min. As shown 
in Fig.  7(a), Hg(II) adsorption on Fe3O4-WSS NPs 
mainly depends on solution pH, and the minimum 
and maximum adsorption efficiency appeared at pH 
2 and 6, respectively. It was known that in the aque-
ous solution, mercury species mainly exist at different 
pH values as Hg(OH)+, Hg(OH)2, and Hg2+ (Abbas 
et  al., 2018). These species have a significant effect 
on the adsorption processes. At low pH, the elec-
trostatic repulsion between the positive charges of 
Fe3O4-WSS nano-adsorbent and the cationic species 
of Hg(II) results in poor removal efficiency of Hg(II). 
There is a competition of hydrogen ions with cationic 
Hg(II) species for binding sites on Fe3O4-WSS NPs. 
This happened because; the excessive presence of H+ 
occupied the active surface sites of Fe3O4-WSS NPs, 

ensuing in the competition adsorption among Hg(II) 
and H+, resulting in the decline of Hg(II) adsorption.

Moreover, at pH < pHpzc, increasingly positively 
charged adsorbent surface and more positively 
charged metal ions are attributed to electrostatic 
repulsion, prohibiting interaction between the adsor-
bent and metal ion (Xiang et al., 2021). As the solu-
tion pH increased, more electronegative charges 
were made on the surface of the nano-adsorbents; 
therefore, there is an electrostatic attraction between 
the cationic species of Hg(II) and the adsorbent, and 
accordingly, the adsorption capacity of Fe3O4-WSS 
NPs sustained to increase. However, as depicted in 
Fig. 7(a), at higher solution pH, the removal of Hg(II) 
ions decreased, which may be happened because of 
the formation of Hg2+ ions as hydroxide complexes.

In another way, in an aqueous solution, the sur-
face of Fe3O4-WSS NPs acquire a surface charge in 
the deprotonation or protonation of the FeOH sur-
face site, which can play a vital role in the metal 
ion removal (Ahmed et  al., 2013). The process of 
protonation or deprotonation of the FeOH surface 
site depends on the pHpzc of the Fe3O4-WSS nano-
adsorbent and the solution pH. At pH < pHpzc, 
protonation occurs, thus, Fe-(OH2)n

+ are the lead-
ing type for Fe3O4-WSS NPs, and as a result, 
the protonated adsorption sites make the Hg(II) 

Fig. 6   Point of zero charge
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adsorption unfavorable owing to electrostatic repul-
sion between positively charged sites and posi-
tively charged metal ions. However, at pH > pHpzc, 
Fe–O− + H+/Fe–O–(OH)n are predominant, and 
therefore the deprotonated adsorption sites make 
the Hg(II) adsorption favorable because of elec-
trostatic attraction for Hg(II) on to the negatively 
charged sites. These findings well corroborate with 
the previous findings of Guo et  al. (2016) and He 
et  al. (2021), showing that the pH of the solution 
has a serious effect on the Hg(II) degradation pro-
cess because it determines both the speciation of 
Hg(II) in the solution and the surface charge of the 
synthesized nanoadsorbent. Then the optimum pH 

solution for Hg(II) ions adsorption by Fe3O4-WSS 
NPs was chosen as pH 6.

Effect of the contact time on Hg(II) removal

The contact time effect on Hg(II) removal was con-
ducted at room temperature from 5 to 95  min with 
10 min time intervals and using a 100 mL of 40 mg/L 
initial Hg(II) solution with an adsorbent dose of 0.7 g, 
shaking speed of 250 rpm and pH of 6.

The experimental result for the effect of contact 
time is shown in Fig. 7 (b). According to Fig. 7 (b), 
the adsorption rate of Hg(II) ions onto the adsorbent 
Fe3O4-WSS NPs increased rapidly with increasing 

Fig. 7   a Effect of the pH on the removal of Hg (II); b Effect of the contact time on Hg (II) removal; c Effect of adsorbent dosage on 
Hg (II) removal; d Effect of initial concentration on Hg(II) removal.
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contact time (5–25  min). It was found that about 
73.71% of Hg(II) ions were removed throughout the  
initial 5  min showing the adsorption of Hg(II) ions  
onto Fe3O4-WSS NPs was very fast at the first stage  
of the adsorption processes. This is due to the existence 
of a large number of free negatively charged active bind-
ing sites (Awual, 2017), such as (OH, C = C, C–O) on the 
surface of the adsorbent Fe3O4-WSS NPs, thus resulting in 
the rapid removal of Hg(II). The effective binding of the  
surface functional groups of Fe3O4-WSS NPs with  
Hg(II) ions enhanced the adsorption processes. But, 
it was found that beyond 45 min, increasing the con-
tact time had no substantial effect on the adsorption 
of Hg(II) ions. As contact time was increased beyond 
45 min, there was a minor change in the removal rate of 
Hg(II), resulting from the unavailability of vacant active 
sites on the adsorbent surface above the equilibrium. 
Thus, there is strong electrostatic repulsion between  
Hg(II) ions in the solution and the Hg(II) ions bound 
to the (OH, C = C, C–O) surface functional groups of 
Fe3O4-WSS NPs. This means at these contact times, 
the rate of removal of Hg(II) ions becomes slower 
and slower and the adsorbed Hg(II) ions onto the sur-
face of Fe3O4-WSS NPs become in equilibrium with 
the desorbed Hg(II) from the adsorbent. Awad et  al. 
(2020) and Oveisi et  al. (2017) confirmed that the 
availability of active sites of the surface adsorbents 
significantly affects the binding of Hg(II) ions with  
contact time.

Effect of the adsorbent dose on Hg(II) removal

The adsorbent dose on the removal of Hg(II) ion 
from aqueous solution was investigated at the differ-
ent amounts of the adsorbent (0.1, 0.4, 0.7, 1, 1.3, 
and 1.6 g) using 40 mg/L Hg(II) concentration. Then, 
the solutions were shaken for 75 min at 250 rpm with 
a pH of 6. Finally, each sample was centrifuged for 
5–10 min and filtered by a membrane filter for Hg(II) 
residual analysis.

As studied, the effect of the adsorbents dose was 
found to be very critical in the removal of Hg(II) ions 
(Fig.  7c). The experimental findings demonstrated 
that as the dose of the Fe3O4-WSS NPs increased 
from 0.1 to 1 g, the percentage removal of Hg(II) ions 
increased from 74.74 to 98.04%. This shows increased 
adsorbent dose resulted in increased active sites on 
the surface of the adsorbent, and therefore, the elec-
trostatic interaction among adsorbent and Hg(II) 

highly increased, leading to the increase in removal 
efficiency of Hg(II) ions. However, beyond 1  g of 
Fe3O4-WSS NPs, the percentage removal of Hg(II) 
ions remains almost constant. This result mainly indi-
cates that the synthesized adsorbent was almost free 
of aggregation; consequently, the increased adsorbent 
dosage resulted in similar removal efficiency of the 
adsorbate as the optimum dosage of Fe3O4-WSS NPs. 
Aggregated adsorbents have a minimum surface area 
that leads to a decrease in the removal efficiency of 
the adsorbate (Ahmadijokani et  al., 2021). Huang 
et al. (2016) also indicated the effect of the adsorbent 
dosages for altered adsorbates and confirmed that 
increasing the dosage above optimal gets aggregated 
nanoadsorbent, thereby decreasing the surface area 
for the binding of the metal ions.

Effect of the initial concentration on Hg(II) removal

The impact of initial Hg(II) concentration on the per-
centage removal of Hg(II) ions from aqueous solution 
by Fe3O4-WSS NPs was investigated at room temper-
ature by changing the initial concentration (20, 40, 60, 
80, and 100 mg/L) and keeping other parameters like 
adsorbent dose 1 g, contact time 75 min, and pH of 6. 
The solutions were shaken for 75 min at 250 rpm, and 
each sample was centrifuged for 5–10  min, filtered 
by a membrane filter, and the residuals of Hg(II) ions 
were analyzed.

The effect of initial Hg(II) concentration on the 
removal of Hg(II) ions is shown in Fig. 7(d). It was 
shown that an increased initial concentration of 
Hg(II) ions resulted in a decrease in the percentage 
removal of Hg(II). The highest and lowest percent-
age removal was 99.51 and 81.68% at an initial Hg(II) 
concentration of 20  mg/L and 100  mg/L, respec-
tively. This is because, at a low initial concentration 
of Hg(II) ions, the probability of the availability of 
adsorbents’ active sites is high and, as a result, can 
catch up with the available Hg(II) ions. This means 
the active binding sites of adsorbent Fe3O4-WSS NPs 
are larger than the Hg(II) ions concentration, increas-
ing the attraction between the active binding sites of 
Fe3O4-WSS NPs and the Hg(II) ions. But at high and/
or as the initial concentration of Hg(II) increases, 
some active adsorption sites of the adsorbent become 
saturated; thus, the removal percentage decreases. 
This indicates the existence of a small ratio of active 
binding sites of Fe3O4-WSS NPs to the initial Hg(II) 
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Fig. 8   a Langmuir iso-
therm model of Hg (II) 
adsorption; b Freundlich 
isotherm model of Hg (II) 
adsorption.
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ions concentration that restricts the removal of Hg(II) 
ions. Notably, a specified adsorbent dose has a con-
stant number of active adsorption sites that could 
become saturated above limited initial adsorbate con-
centrations; thus, nearly the same amount of adsorb-
ate can be adsorbed (Adelaja et al., 2019).

Adsorption isotherm studies

Experimental studies of adsorption isotherms were 
conducted at optimum conditions. The adsorption 
behavior among the Fe3O4-WSS NPs and Hg(II) ions 
under different concentrations was elucidated by 
Langmuir and Freundlich isotherms model (Fig.  8a 
and b). The results given in Table  4 illustrate the 
experimental data were fitted with both Langmuir 
and Freundlich’s adsorption isotherm model. But, 
Fig. 8(a) enlightens that the experimental data results 
fit better with the Langmuir adsorption isotherm 
model than the Freundlich isotherm model with a 
good correlation coefficient (R2) of 0.983. Thus, it 
indicates the adsorption of Hg(II) ions on the sur-
face of the Fe3O4-WSS NPs effectively undergo the 
monolayer and homogeneous adsorption process of 
Hg(II) ions than the multilayer adsorption process. 
The values of separation factor RL (0 < RL < 1) given 
in Table 3 designates the favorability of the adsorp-
tion process with a maximum adsorption capacity 
(qmax) of 101.01 mg g−1. Also, a high value of Lang-
muir coefficient (b) which is 1.00 Lmg−1 implies 
strong binding sites exist on the surface of the adsor-
bent; thus, the adsorbents can adsorb heavy metals 
effectively (Bakatula et  al., 2014). In another way, 
the value of Freundlich constant (n), which is greater 
than 1, indicates a favorable adsorption condition 
with a correlation coefficient (R2) of 0.978, repre-
senting that a heterogeneous condition can exist. In 

general, in this study, the Langmuir isotherm model 
yielded the best fit to the experimental data compared 
to the Freundlich isotherm model with a high correla-
tion coefficient, as shown in Table 4. These findings 
of the current study are consistent with the results 
of Milanović et  al. (2021) and Rahbar et  al. (2014), 
which showed the fitness of the data to the Lang-
muir model with correlation coefficients of 0.996 and 
0.949, respectively, thus suggesting that data fitted to 
the Langmuir model indicates the prepared adsorbent 
has uniform surface nature. Rahbar et al. (2014) also 
found the value of separation factor RL less than one 
(0.01–0.13), which was similar to the current finding 
indicating the favorability of the adsorption process 
on the synthesized nanoparticles. Similarly, the pre-
sent study revealed the existence of strong binding 
sites on the surface of Fe3O4-WSS NP that enhance 
the removal of pollutants which was similar to the 
finding reported on the decolorization of MB and 
RhB dyes using MoS2 (Govarthanan et al., 2021).

Conclusions 

In the present study, a fresh nano-adsorbent, green-
based wheat straw-supported magnetite nanoparticle 
(Fe3O4-WSS NP) was effectively synthesized toward 
the removal of Hg(II) ions from aqueous solutions. 
The physicochemical properties of the fabricated 
Fe3O4-WSS NP and the successful binding of wheat 
straw to the surface of Fe3O4 NPs were methodically 
characterized by FT-IR, SEM, XRD, and TGA. The 
analysis of XRD and SEM revealed that Fe3O4-WSS 
NPs have average crystalline and particle sizes of 
19.83 and 22.48  nm, respectively. Similarly, FT-IR 
analysis showed the successful adsorption of Hg(II) 
ions onto the synthesized nano-adsorbent. In the 
adsorption of Hg(II) onto Fe3O4-WSS NPs, it is seen 
that the pH mainly affects the removal of Hg(II) ions 
as the adsorption mechanism is highly affected by 
the electrostatic attraction between the adsorbent and 
adsorbate. The adsorption isotherm data were fitted 

Table 3   Langmuir separation factor (RL)

Co 20 40 60 80 100
RL 0.05 0.03 0.02 0.013 0.01

Table 4   Langmuir and 
Freundlich parameters for 
the removal of Hg(II) using 
Fe3O4-WSS NPs

Adsorbent Langmuir isotherm Freundlich isotherm

Fe3O4-WSS NPs qmax (mg/g) b (L/mg) R2 kf n 1/n R2

101.01 1.00 0.983 44.67 3.44 0.29 0.978
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very well to the Langmuir isotherm model with a 
high correlation coefficient and maximum adsorp-
tion capacity of 0.983 and 101.01 mg/g, respectively. 
This study demonstrated that green synthesized wheat 
straw-supported magnetite NPs are an efficient nano-
adsorbent for removing Hg(II) ions.
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