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Biosynthesis of nanoparticles (NPs) by plant extracts as a one-pot, cost-
effective and rapid method has attracted the great attention due to the 
controllable properties of nanoparticles. Herein, for the first time we report 
a method for synthesis of a polyphenol modified magnetically separable 
Fe3O4 NPs by aqueous extract of Achillea wilhelmsii C. Koch (Aw) leaves as 
a natural capping and reducing agent for water remediation purposes. Aw 
is the native plant of Iran with high amount of polyphenol compound that 
its aqueous leaf extract offers several advantages, including modification 
of structures and improving the physical and chemical properties of the 
Fe3O4. The prepared nanoparticles possessed great magnetism (~60), pure 
crystalline structure, and high adsorption capacity toward cationic dye like 
methylene blue (MB) (~8 mg/g). The Aw-Fe3O4 nanoparticles displayed 
pH-responsive behavior. With an increase in pH value, the phenolic 
compounds were deprotonated and revealed enhanced electrostatic 
interactions with high MB removal efficiency (73%). The intra-particle 
diffusion and pseudo-second-order kinetic model were suitable to illustrate 
the adsorption processes of MB.  Moreover, the obtained nanoparticles 
showed efficient reusability after three cycles. Altogether, the finding of 
this study demonstrates that Aw-Fe3O4 NPs can be considered as a suitable 
adsorbent to purify dye wastewater.

INTRODUCTION 
Due to the development of industries 

relied on textile, leather, plastic, and furniture, 
environmental issues are growing, and the 
outlook for the use of novel materials for 

environmental remediation is still a challenge [1]. 
Among contaminants, organic dyes, specifically in 
the textile industry, are considered a significant 
threat because of the huge proportion of waste 
that enters the water supply [2–4]. Synthetic dyes 
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with carcinogenic and mutagenic properties cause 
harmful effects on human health, e.g., vomiting, 
eye irritation, skin dermatitis, respiratory diseases, 
nausea, cyanosis, and tissue necrosis [5,6]. 
Thus, efforts were made to purify the aquatic 
ecosystem contaminated with such dyes. Diverse 
methods have been applied for the removal of 
dyes from wastewater, including adsorption [7], 
electrocoagulation [8], dissolved air floatation [9], 
and reduction [10]. Amongst these methods, dye 
adsorption has been widely investigated due to its 
high efficiency, simplicity, and economic benefits. 
For this purpose, a wide variety of materials 
such as alumina, silica gel, zeolites, and activated 
carbons were introduced as dye adsorbents, but 
their shortcoming in separation from water limits 
their application [11].

Superparamagnetic iron oxide nanoparticles 
have aroused great attention in several fields 
like catalysis, sensor, cancer therapy, targeted 
drug delivery, and magnetic resonance imaging 
[12–14]. The utilizing of iron oxides and their 
composite for dye adsorption has also been 
attempted [15,16]. The main reason for such an 
impact of Fe3O4 NPs is their unique physical and 
chemical properties, e.g., superparamagnetic and 
high surface-to-volume ratios [17,18]. Different 

methods (hydrothermal/solvothermal hydrolysis, 
sonochemical, micro-emulsion, electrochemical, 
laser pyrolysis, surfactant mediated/template 
synthesis, sol-gel, and co-precipitation) have 
been widely used for the synthesis of Fe3O4 MNPs 
[19]. For example in the literature, the NaBH4, 
anhydrous sodium sulfite, ethylene glycol, N2H4 
and etc., have been used as the reducing agent 
or solvent for the synthesis of Fe3O4 particles [20–
25]. For these synthetic procedures, toxic, highly 
reactive, or non-environmentally and, biologically 
friendly solvents/chemicals are used [26]. 
Lately, these methods have been modified and 
developed in terms of efficiency, cost optimization, 
environmentally friendly, and time required to 
generate nanoparticles [27]. In particular, with 
the development of green technology, attention 
has shifted towards the biological synthesis 
of metallic nanoparticles, though few reports 
have been available on the green synthesis of 
magnetic Fe3O4 NPs [28–31]. In the green method, 
natural biopolymers, secondary metabolites, and 
compounds are used for synthesis of Fe3O4 NPs 
due to abundant availability, low cost, strong 
metal capping affinity, biodegradability, green 
solvent and reducing agents [32,33]. Applying this 
green route, promote the application of magnetic 
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Fig. 1. Dried Achillea wilhelmsii C. Koch plant (May 2017).
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Fe3O4 NPs in catalysis, magnetic resonance 
imaging, biosensors, drug delivery, cancel cell 
amelioration, and etc. [34]. Fe3O4 NPs have been 
synthesized using plant extracts such as green tea, 
pomegranate leaves, silky hairs of corn, root extract 
of Chromolaena odorata [35,36]. Since synthesis 
and modification of Fe3O4 NPs by aqueous extract 
of plant materials no longer is known as a novel 
technique, difference in adsorption and catalytic 
activity of these nanoparticles from various plant 
sources made it attractive for screening study 
of herbal mediated Fe3O4 NPs. Furthermore, 
Fe3O4 NPs attracted the great attention in the 
color removal application, due to their magnetic 
properties which accelerate the process of catalyst 
or adsorbent collection [37]. Here, for the first time 
we use A. wilhelmsii C. Koch extract to synthesis 
Aw-Fe3O4 NPs as a reducing and stabilizing agent. 
The Achillea genus (Asteraceae) is a medicinal 
herb with more than 100 species native to 
Western Asia, North America, and Europe [38]. 
Nineteen species of this genus are widely found 
in different regions of Iran, where A. wilhelmsii is 
the dominant species of this genus. A. wilhelmsii 
C.Koch (Fig. 1) is rich in flavonoids, sesquiterpenes, 
borneol, cineol, thujene, α and, β pinene, camphor, 
caryophyllene, alkaloids (achilleine), rutin, and 
monoterpenoids [39,40]. The existence of specific 
polyphenol compounds in the extract is related to 
essential factors in extraction, including the type 
of solvent, extraction temperature, and solvent 
volume [41–43]. A. wilhelmsii has shown many 
biological activities such as antimicrobial, antiacid, 
antifungal, and antioxidant properties [44,45]. 
Further, the synthesized Aw-Fe3O4 NPs were 
investigated for their application in the adsorption 
of MB as a cationic organic dye by spectroscopy, 
microscopy, and analytic techniques. The effects 
of pH and adsorbent dosage on MB removal 
by nanoparticles were studied. To discuss the 
adsorption mechanism, adsorption properties 
containing kinetics, and reusability were also 
analyzed.

MATERIALS AND METHODS
Iron (II) chloride tetrahydrate (FeCl2.4H2O 

≥ 99 %), iron (III) chloride hexahydrate (FeCl3. 
6H2O, 97 %), ammonia (NH3, 25%), hydrochloric 
acid (HCl), sodium hydroxide (NaOH), Gallic 
acid, 1,1-Diphenyl-2-picryl-hydrazyl (DPPH), 
and quercetin were purchased from Sigma-

Aldrich.  These chemicals were used without 
further purification. Achillea wilhelmsii C. Koch 
was collected in summer 2018 from Kermanshah 
Mountains, Kermanshah, Iran, at an altitude of 
1600 m. Samples for identification were made by 
Dr. Masoumi (Herbarium of Research Center of 
Agriculture College, Razi University, Kermanshah, 
Iran). Herbarium vouchers were kept at the 
Department of Pharmacognosy, Kermanshah 
University of Medical Sciences, Kermanshah, Iran, 
under the voucher 2729.

Preparation of aqueous extracts 
The Achillea wilhelmsii C. Koch leaves were 

soaked and washed to remove dirt and foreign 
particles via deionized water. The leaves were 
dried and powdered via an electric grinder. 
Finally, 15 g of dried powder was added to 100 
mL of distilled water and boiled for 15 min with 
continuous stirring. The solutions were cooled 
at room temperature, filtered, centrifuged with 
universal 320-centrifuge, and stored in a glass 
bottle at −20 °C for further synthesis of Aw-Fe3O4 
NPs [37].

Synthesis of magnetic Fe3O4 NPs
Aw- Fe3O4 NPs were synthesized using the green 

technology method. For the synthesis, both iron 
ions were taken as precursor compounds, while 
the Achillea wilhelmsii C. Koch extracts were used 
as a capping agent. Initially, 0.54 g of FeCl3 and 
0.2 g of FeCl2 were dissolved in 8 mL of distilled 
water. The solution was then heated at 30 °C 
with continuous stirring. After 15 min of constant 
stirring, 3 mL of the Achillea wilhelmsii C. Koch 
extracts were added to the mixture solutions 
drop by drop and temperature adjusted at 80°C. 
About 1 mL of 25% ammonia was added at a rate 
of 0.5 mL/min to permit the formation of uniform 
magnetite particles. After observing the black 
color in the solution, the reaction mixtures were 
allowed to cool at room temperature, and the 
Aw-Fe3O4 NPs were separated using an external 
magnet. The NPs were then washed with distilled 
water and ethanol several times. The pellets 
were dried in an oven at 60 °C and stored at 
room temperature for further characterization 
[37]. The chemical Fe3O4 NPs (C-Fe3O4 NPs) were 
synthesized by co-precipitation method. Briefly, 
0.54 g of FeCl3 and 0.2 g of FeCl2 were added to 10 
mL deionized water and stir for 10 min. After that   
25% ammonia solution was added drop wise until 
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the pH reach to 11. Finally, after 1 h stirring, the 
NPs collected with external magnet and washed 
several time with water and twice with ethanol 
and left to dry in room temperature.

Determination of total phenolic contents
The Folin-Ciocalteu method was used to 

determine the total phenolics of aqueous extract 
and Aw-Fe3O4 NPs [46]. First, 1 mL of the Folin-
Ciocalteu reagent (0.2N) was added to 200 µL 
of the different concentrations of the sample 
solution, and the contents of the tube were mixed 
thoroughly. After 10 min, 0.8 mL Na2CO3 (7.5 %) 
was added, and the mixture was allowed to stand 
for 2 h. The distilled water with Folin-Ciocalteu 
and Na2CO3 was used as a blank. The absorbance 
was measured at 765 nm. The experiment was 
repeated in triplicate using an equation gained 
from the standard calibration curve of gallic acid.  
The total phenolic content was explained as mg 
of gallic acid equivalent (GAE) per gram of dried 
weight of the extract (DE).

Determination of total flavonoid contents
The calculation of the total flavonoid content of 

aqueous extract and Aw-Fe3O4 NPs was performed 
by the colorimetric method of aluminum chloride 
with some modification [47]. 500 µL of the 
methanolic solution of the sample was mixed 
with 500 µL of aluminum chloride (10% w/v). The 
mixture was retained at room temperature for 1h. 
The absorbance was determined at 415 nm by a 
spectrophotometer, and methanol was used as 
blank. The experiment was repeated in triplicate, 
and the total flavonoid content was explained 
using an equation gained from the calibration 
curve of quercetin as mg of quercetin per gram of 
dried weight of the extract (DE).

Determination of radicals scavenging activity 
(DPPH)

The free radical scavenging activity of aqueous 
extract and Aw-Fe3O4 NPs was determined based 
on the method used in our previous study [48]. 
Briefly, 0.5 mL of sample solution with varying 
concentrations was added to 0.5 mL of the DPPH 
radical solution in methanol (0.1 mM). After 
shaking vigorously, it was incubated in the dark 
at room temperature for 30 min. All experiments 
were conducted in triplicate, and the DPPH radical 
inhibition was measured at 517 nm using a UV–
Vis spectrophotometer. 500 µL methanol with a 

500 µL DPPH solution was used as a control. The 
optical density was recorded, and the percentage 
of inhibition was calculated by the formula given 
below as means ± SD.
 
means ±  SD% 𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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Removal tests of MB
The methylene blue adsorption study was 

experimentally performed by adding adsorbent 
to the dye solution at ambient conditions. For 
absorption kinetics, a series of 50 mL flask 
containing different amounts of Aw-Fe3O4 NPs (10, 
50, 100, 150 mg) and 35 mL of MB solution at a 
concentration of 30 ppm was prepared. The 0.1 
M HCl or NaOH solution was used to adjust MB 
pH before adding Aw-Fe3O4 NPs. The mixture was 
then stirred at 500 rpm for 2 h in a water bath 
shaker. At certain time intervals, the Aw-Fe3O4 
NPs were isolated by an external magnet, and the 
MB concentration was analyzed through UV–Vis 
spectroscopy.

The decolorization of MB, (dye adsorption 
capacity per unit of adsorbent at given time t, (qt, 
mg/g), and at equilibrium (qe)) were calculated 
using Eq. 2, 3, and 4, respectively:

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (%) = 𝐴𝐴𝐴𝐴𝐴𝐴0 − 𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡
𝐴𝐴𝐴𝐴𝐴𝐴0
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𝑞𝑞𝑡𝑡 =
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)𝑉𝑉

𝑚𝑚𝑎𝑎
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𝑞𝑞𝑒𝑒 =
(𝐶𝐶0 − 𝐶𝐶𝑒𝑒)𝑉𝑉

𝑚𝑚𝑎𝑎
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Where Abs0 is the MB absorbance at time=0, 
and Abst is the MB absorbance at a given time 
(min); Co is the initial concentration of MB (mg/L); 
Ct, is the concentration of MB (mg/L) at time t; Ce is 
the equilibrium concentration of MB (mg/L); V is a 
volume of the dye solution (L) and ma is the weight 
of Aw-Fe3O4 NPs (g).

Reusability of the Aw-Fe3O4 NPs
A batch experiment was done for three cycles 

of MB dye sorption and desorption process. 
Desorption was done in 100 mL round bottom 
flasks containing 100 mg of Aw-Fe3O4 NPs for 2 h 
at room temperature using 50 mL of HCl (0.5 M) 
solution as eluent. After isolating with an external 
magnet and washing with distilled water, particles 
were dried at 60 °C, and reuse in the next round 
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reaction.

Characterization
The prepared Aw-Fe3O4 NPs were characterized 

by Irprestige-2, Shimadzu- FT-IR spectroscopy, 
mini 1240 Shimadzu- UV–Vis spectroscopy, 
Bruker AXSD8 X-ray powder diffractometer (XRD), 
the Nano ZS Zetasizer (Malvern Instruments 
Ltd., Worcestershire, UK), Belsorp mini II, Japan 
to measure nitrogen adsorption-desorption, 
Germany Zeiss LEO 906, 80 kV transmission 
electron microscope (TEM), and Image J.

RESULTS AND DISCUSSION
Recently, a wide range of plant extracts was used 

as reducing and capping agents in the synthesis 
of NPs [47,49]. Studies show that the secondary 
metabolites of leaf extracts are very desirable 
for the green synthesis of stable nanoparticles; 
they not only act as natural reducing metal 
ion agents but also are considered as capping 
agents and preventing oxygen penetration into 
the nanoparticle network [50,51]. The phenolic 

and flavonoid content and antioxidant activity 
of aqueous extract of A. wilhelmsii C. Koch can 
provide a relative estimate of the presence of 
some compounds in the extract. The TPC and TFC 
content in the aqueous extracts were calculated 
using gallic acid (GA), and quercetin (QE) standard 
curves as 159.81 ± 4.09 mg GAE/g DE and 103.57 
± 0.85 mg QE/g DE, respectively. This amount is 
much higher than the calculated TPC (55.77±2.94 
GAE mg/g DE) and TFC (11.28±1.05 QE mg/g DE) 
from hydroethanolic extract of A. wilhelmsii C. Koch 
obtained by Khazneh et al.[40], which indicates 
the effect of infusing on the extraction of phenolic 
compounds from this plant. The scavenging ability 
of the samples is summarized in Table S1. Results 
indicated that the concentration-dependent 
activity profile of the extract and the scavenging 
activities of the extracts increased with an 
increasing phenolic and flavonoid content. Results 
of the DPPH assay illustrated that A.wilhelmsii C. 
Koch extract had a moderate antioxidant activity 
that conforming to the data recently reported with 
different extraction solvents [52,53]. 
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Fig. 2. Possible mechanism for synthesis of Aw-Fe3O4 NPs.
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Synthesis mechanism of Aw-Fe3O4 NPs 
Based on the contributing mechanism using 

Fe2+ and Fe3+ salts in alkaline conditions, Fe3+ 
and Fe2+ salts were hydrolyzed and dehydrated 
simultaneously during magnetite nanoparticle 
nucleation [54]. By adding aqueous A. wilhelmsii 
C. Koch extract, the hydroxyl and carboxyl group of 
polyphenol compounds present in the A. wilhelmsii 
extract, such as achilleine, caffeic acid, and ferulic 
acid, chelates ferric and ferrous hydroxide, and the 
color of the mixture immediately turned from the 
yellow to greenish-black. Based on the acidic pH of 
the solution after the addition of extract (pH=4.6), 
we expect ferrihydrite precipitate was formed by 
hydrolysis of Fe(OH)3 at room temperature [55]. 
Subsequent charging ammonia into the solution 
and increasing the temperature leads to forming 
intermediate Fe2+-ferrihydrite complexes by 
incorporation of Fe2+ into ferrihydrite [54,56,57]. 
Ultimately, spinal magnetite nanoparticle 
structures were synthesized. A more detailed 
description of the synthesis and in situ modification 
of Aw-Fe3O4 nanoparticles is given in Fig. 2.

Characterization of Aw-Fe3O4 NPs
UV-Vis spectroscopy was performed to confirm 

the formation of Aw-Fe3O4 NPs. The UV-Vis spectra 
of FeCl3, A. wilhelmsii C. Koch, and Aw-Fe3O4 
NPs were shown in Fig. 3a. The Aw-Fe3O4 NPs 
showed continuous absorption in the visible range 
between 200 to 600 nm. The UV–Vis spectrum of 
the A. wilhelmsii C. Koch aqueous extract shows 
two major absorption peaks; at 331 nm, associated 
to the band I corresponding to the transition 
localized within the B ring of cinnamoyl system and 
at 272 nm associated with band II for absorption 
involving the A ring benzoyl system of flavonoids 
compounds. This result reflects the presence 
of a high concentration of phytochemicals like 
flavonoids with conjugated double bonds [58,59]. 
The UV–vis spectrum of the FeCl3.6H2O solution 
in water reveals an absorbance peak at 299 nm, 
which indicates transition metal elements in the 
filled and unfilled d-orbitals compounded by 
influences from other external factors. In the case 
of Fe3O4, disappearing Fe3+ peaks at 299 nm and 
emerge continuous absorption in the visible range 
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Fig. 3. (a) UV–vis spectra of the aqueous extract of A. wilhelmsii, FeCl3.6H2O solution in water, and green synthesized Aw-Fe3O4 
NPs; (b) FT-IR spectra of A. wilhelmsii aqueous extract, C- Fe3O4 NPs, and Aw-Fe3O4 NPs; (c) XRD patterns and (d) Room tempera-

tures VSM curve of Aw-Fe3O4 NPs.
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of 200 to 400 nm shows the new cation of Fe was 
formed [60].

Fig. 3b shows the FT-IR spectra of the freeze-
dried A. wilhelmsii C. Koch aqueous extract, 
C-Fe3O4, and the Aw-Fe3O4 NPs. The spectrum 
of A. wilhelmsii C. Koch aqueous extract showed 
the characteristic peaks of both heterocyclic 
compounds like alkaloids or flavones and amide I 
bonds derived from the proteins, including 3417 
cm−1 (OH stretching), 2927 cm−1 (symmetric CH2 
stretching), 1604 cm−1 (N-H deformation of amide 
I), 1410 cm−1 (C-N stretching), 1080 cm−1 (C-O 
stretching), 613 cm−1 (C=O out of plane bending) 
and 540 cm−1 (COO rocking) [61–63]. In the IR 
spectrum of C-Fe3O4 NPs, the peak at 578, 1625, 
and 3403 cm−1 attributed to the Fe-O vibrations, 
bending vibrations of OH, and stretching OH 
vibration of magnetite. For green synthesized Aw-
Fe3O4 NPs, intensities located at 586 and 462 cm−1 
are ascribed to the Fe-O bond in the tetrahedral and 
octahedral structure. The peaks appearing at 3441 
and 2924 cm−1 are attributed to the OH stretching 
vibration and C-H stretching vibrations in the CH2 
groups, respectively. The bands at 1516 and 1388 
cm−1 are related to C–C stretching vibration in ring 
of the aromatic compounds and COO symmetric 

stretching, respectively. The band observed at 
1068 cm−1 can be related to the C-O stretching of 
carboxylic acids groups presents in the flavonoids, 
which agree with UV–vis spectroscopy results [5]. 

The phase purity and crystalline structure of 
the Aw-Fe3O4 NPs were confirmed by XRD analysis 
(Fig. 3c). The main diffraction peaks appear at 
2θ = 30.4°, 35.8°, 43.4°, 53.8°, 57.4°, and 63.0° 
corresponding to the reflection planes of (220), 
(311), (400), (422), (511), and (440) of magnetite, 
respectively (JCPDS, PDF Card No.: 75-0449) [64]. 
The observed diffraction pattern indicates the 
highly crystalline structure of Aw-Fe3O4 NPs, which 
can be assigned as an inverse-spinel structure. The 
average crystallite size of the NPs calculated from 
the (311) facet using the Debye-Scherrer equation 
(Eq. (5)) was found to be 22 nm [65].

𝐷𝐷 = 𝐾𝐾λ
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽                                                               
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Where K = 0.89, λ = 0.154 nm, β is the full 
width at half maximum, and θ is the Bragg’s angle. 
With the aim of this fact that the separation of 
adsorbents from solution requires appropriate 
magnetic strength, the vibrating sample 
magnetometer (VSM) study was performed. 
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Fig. 4. Total phenolic content (mg GAE/g dried weight), total flavonoid content (mg QE/g dried weight), and 
DPPH inhibition (%) of Aw-Fe3O4 NPs.
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As illustrated in Fig. 3d, the measured specific 
saturation magnetization value was 61.27 emu/g, 
which indicated the superparamagnetic nature 
of the Aw-Fe3O4 NPs. This value conforming to 
other reported Ms values for bio-functionalized 
superparamagnetic Fe3O4 nanoparticles [35,66]. 

To further investigate the capping of organic 
compounds on the surface of nanoparticles, the 
total phenolic contents (TPC), total flavonoids 
(TFC), and DPPH inhibition (%) of Aw-Fe3O4 NPs 
were determined (Fig. 4). Nanoparticles show 
prominent concentration-dependency, wherein; 
300 µg/mL concentration exhibited higher 
phenolic (145.81 ± 5.77 mg GAE/g dried weight) 
and flavonoid (72.35± 8.88 mg QE/g of dry weight) 
content compared to their 50 µg/mL concentration. 
Besides, quantitative estimation indicated that the 
percentage of antioxidant activity increased as the 
polyphenol compounds increased. 

The shape and size of the Aw-Fe3O4 NPs were 
certified by the TEM image (Fig. 5a). The particle 
analysis of TEM images shows the spherical 

morphology with average size below 20 nm, which 
was accordant with the size (22 nm) calculated from 
the XRD results. Fig. S1 shows the SEM images of 
the Aw-Fe3O4 NPs. The dispersity of the Aw-Fe3O4 
NPs in water was investigated by the dynamic light 
scattering (DLS), and the size of nanoparticles is 
157 nm (Fig. S2). The size variation of the NPs using 
TEM and DLS can be relevant to the fundamental 
difference between the measurement method; 
in TEM analysis, distribution is based on the 
number of the particles while DLS measures the 
hydrodynamic size of NPs in the suspension and 
for polydisperse Aw-Fe3O4 NPs, these changes are 
more significant [67]. 

The surface area of the Aw-Fe3O4 NPs is a vital 
factor in adsorption experiments, which affects 
the behavior of an adsorbent. The nitrogen 
adsorption−desorption isotherm of Aw-Fe3O4 NPs 
at 77 K is shown in Fig. 5c. The Brunauer-Emmett-
Teller (BET) surface area of Aw-Fe3O4 NPs is 32.63 
m2/g. This value is higher or similar to the other 
green synthesized Fe3O4 NPs reported in the 
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Fig. 5. Obtained microscopy data of Aw-Fe3O4 NPs: (a) TEM image; (b) Size distributions of particles, (c) N2 adsorption-de-
sorption isotherms of Aw-Fe3O4 NPs, (d) Pore size distributions calculated by the BJH method
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literature [68]. 
The closed adsorption curve of the Aw-Fe3O4 

NPs exhibits a type IV pattern in the high relative 
pressure (P/P0) range of 0.5- 0.95, indicating the 
existence of mesoporous in Aw-Fe3O4 NPs. An H1-
type of the hysteresis loop, according to IUPAC 
classification, suggests that porous materials are 
consisting of cylindrical-like pores at both ends or 
agglomerates of approximately uniform spheres. 
The pore size distribution curve (Fig. 5d) evaluated 
by the Barret–Joyner and Halender’s (BJH) 
method validates the mixture of the mesopore 
and macropore structure. It reveals that the Aw-
Fe3O4 NPs sample contains large and small pores 
with an average pore diameter of 9.91 nm [69].

Adsorption studies
The prepared Aw-Fe3O4 NPs were applied 

for the adsorption of the MB dye. In the typical 
adsorption process, dyes were adsorbed on 

an adsorbent surface. Thus, the Aw-Fe3O4 NPs 
performance was highly dependent on its surface 
areas. To achieve maximum interaction of Aw-
Fe3O4 with MB, selecting the optimum adsorbent 
dose is required. The experiments were done using 
25, 50, 100, and 150 mg of Aw-Fe3O4 NPs in 35 mL 
of MB solutions (30 ppm) in a dark condition with 
continuous stirring. As shown in Fig. S4, the spectra 
of UV-visible absorption show a sharp peak at 665 
nm, corresponding to the characteristic peak of 
MB. Fig. 6a provides a calibration curve of MB at 
different concentrations to calculate further MB 
concentration. Removal efficiency relies on the 
magnetite-dose illustrated in Fig. 6b. As Aw-Fe3O4 
NPs doses increased, the MB removal increased 
as a result of the more active sites that available 
to bind dye. MB uptake rose from 35% to 69% 
as the dose went up from 25 to 100 mg, but did 
not significantly enhance at 150 mg (76%). Thus 
the 100 mg of Aw-Fe3O4 NPs was chosen as an 
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Fig. 6. (a) Calibration curve for MB absorbance in a range of 0.625–40 mgL−1; (b) MB dye removal by different amount of Aw-Fe3O4 
NPs at room temperature [[MB] = 30 mg/L, time = 120 min]; (c) Percentage MB dye removal at different initial solution pH [[MB] = 
30 mg/L, [Aw-Fe3O4] =100 mg, time = 120 min]; (d) Successive UV–vis spectra of MB adsorption in the presence of Aw-Fe3O4 NPs 

samples at different time intervals [pH 11, [MB]= 30 mg/L, [Aw-Fe3O4] =100 mg].
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optimum dose of the adsorbent. To investigate the 
roles of Aw in Aw-Fe3O4 NPs in removal efficiency 
of MB, the MB removal at the Aw-Fe3O4 NPs 
and chemical Fe3O4 NPs were investigated. The 
results indicated that the removal efficiency of 
MB was increased at the Aw-Fe3O4 NPs (removal 
efficiency increased about 1.67 times). Fig. S5 
shows the UV-vis spectra of MB after exposure to 
Aw-Fe3O4 NPs at pH 11. The effect of pH on MB 
adsorption by Aw-Fe3O4 NPs is depicted in Fig. 
6c. At pH 11, the maximum MB removal (73%) 
occurred due to electrostatic interaction between 
MB and magnetite. The adsorption substantially 
decreased as pH values were reduced from 11 to 
5; removal reached 40%. This result is related to 
changes in the zeta potential of the Aw-Fe3O4 NPs 

at different pH values. The zeta potentials of the 
Aw-Fe3O4 NPs at pH 6, 8, and 10 are 17.5, -11.1, 
and -14.4, respectively, as demonstrated in Fig. S3. 
The zeta potential of the Aw-Fe3O4 NPs solution 
gradually changes from positive to negative when 
the pH value increases [70]. Therefore, carboxyl 
and hydroxyl groups on the surface of Aw-Fe3O4 
NPs can protonate or deprotonate at the acidic or 
basic solution to generate ~OH2

+ and ~COOH2
+ or 

~O- and ~COO- functional groups. Low adsorption 
occurred at acidic pH shows that the Aw-Fe3O4 
NPs surfaces have positive charges [71]. According 
to the cationic nature of MB; repulsion forces are 
responsible for this effect. Possible mechanisms 
related to MB adsorption are demonstrated in Fig. 
7. Thus, subsequent MB removal studies utilized 
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Fig. 7. Mechanism of MB adsorption onto Aw-Fe3O4 NPs.
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an optimum condition of 100 mg of Aw-Fe3O4 NPs 
at pH 11 (Fig. 6d).

Table S2 summarized the maximum adsorption 
capacity of Aw-Fe3O4 NPs compared to those 
reported in the literature for the adsorption of 
organic dye. It has been evident that the adsorption 
capacity of MB onto Aw-Fe3O4 NPs was higher than 
most of the already known green Fe3O4 reported 
in the literature. It is important to note that Aw-
Fe3O4 NPs synthesis is more convenient, easier, and 
cheaper, without the use of any solvent for plant 
extraction in comparison with those existing green 
nanoparticles. However, the lack of calculation 
of the Fe3O4 maximum adsorption capacity in 
the literature has limited the comparison for us. 
It can be concluded the vital parameter such as 
total phenol and flavonoid, particle surface area, 
and size play an essential role in the absorption 
capacity.

Reusability of adsorbent 
In an environmental application, reuse of the 

adsorbents is essential in terms of adsorbents’ 
supply and economic standards; a regeneration 
study was done in acidic conditions to examine 
the adsorption capacity and stability of the Aw-
Fe3O4 NPs after recovery. Regarding electrostatic 
interaction between MB and nanoparticles, 
acidic media can be utilized to release adsorbed 
MB. The possible reason for these results can 
be competition between H+ and MB ions to the 
occupation of magnetite active-sites [72]. As 
illustrated in Fig. S6, the adsorption capacity of 
Aw-Fe3O4 NPs is still higher, with a slight decrease 
after the third cycle (69%). This small decrease in 
the recycling performance may be related to the 
loss of polyphenol compounds attached to the 
surface of Aw-Fe3O4 NPs. Hence, from the above 
results, the recovered Aw-Fe3O4 NPs can be used 
as a suitable adsorbent for MB removal.

MB dye adsorption kinetics studies
The adsorption kinetics data provide critical 

information about adsorption behaviors, including 
adsorption capacity, solute uptake rate, and 
chemical reaction. Fig. S7 demonstrates that the 
adsorption capacity of MB is affected by contact 
time with the Aw-Fe3O4 NPs. The adsorption 
capacity rose during the primary adsorption stage, 
then increased gradually with contact time and 
reached an equilibrium point after 60 min. To 
investigate the adsorption of MB onto the Aw-

Fe3O4 NPs and to interpret the results, experimental 
data were fitted to the pseudo-first-order [72], the 
pseudo-second-order [73], and an intraparticle 
diffusion kinetic models [74]. The pseudo-first-order 
(Eq. (6)), pseudo-second-order kinetic model (Eq. 
(7)), and Weber’s intraparticle diffusion model (Eq. 
(8)) are provided as the following equation:

log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = log 𝑞𝑞𝑒𝑒 − ( 𝑘𝑘1
2 · 303) 𝑡𝑡                                          
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𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑡𝑡
1
2 + 𝐶𝐶                                                                                    

 

                                                                                     (8)

qe, the adsorption capacity (mg/g) at 
equilibrium; qt, the adsorption capacity (mg/g) 
at time t (min); k1 (min−1), the pseudo-first-order 
rate constant of adsorption; k2 (g mg-1 min-1), 
the pseudo-second-order rate constant; ki, the 
intraparticle diffusion rate constant (mg g-1 min-

1/2); C, the constant (mg/g) related to the thickness 
of the boundary layer.

The kinetic parameters obtained, as well as 
correlation coefficients (R2) by linear regression, 
are summarized in Table 1. According to the 
results, the pseudo-second-order model is more 
applicable for explaining the adsorption data based 
on the higher correlation of coefficient (R2) than 
that of the pseudo-first-order kinetics. Besides, 
the calculated qe values of the pseudo-second-
order kinetic model are close to the experimental 
ones (qe,exp= 7.50). The pseudo-second-order 
kinetic model implies that the ionic exchange and 
chemisorption process are associated with the 
process of MB adsorption on Aw-Fe3O4 NPs. As 
shown in Fig. S8, the multi-linearity ‎ plot of the 
intraparticle diffusion model indicates two steps. 
Based on Weber and Morris’s theory, the diffusion 
of MB molecules from the solution to the external 
surface of NPs occurred at the first stage and was 
finished at the second stage during the gradual 
diffusion of the dye molecules within the pores 
of the adsorbent. Thus, pseudo-second-order and 
intraparticle diffusion processes are performing 
MB adsorption onto Aw-Fe3O4 NPs [75].

CONCLUSION
In summary, iron oxide nanoparticles coated 

with Achillea wilhelmsii C. Koch extract with 
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the characteristics of easy separation were 
successfully prepared using a co-precipitation 
method. The prepared nanoparticles possessed 
great magnetism (~60), pure crystalline structure, 
and high adsorption capacity toward cationic dye 
like methylene blue (MB) (~8 mg/g). To evaluate 
the adsorption ability of Aw-Fe3O4 NPs as an 
adsorbent, MB was chosen as a model cationic 
dye. Adsorption tests show that MB was easier 
to adsorb on Aw-Fe3O4 NPs at high pH values, and 
maximum MB removal was observed at pH 11, 
although there was no significant difference was 
observed with pH 7. The phenolic compounds were 
deprotonated and revealed enhanced electrostatic 
interactions with high MB removal efficiency 
(73%). Moreover, the obtained nanoparticles 
showed efficient reusability after three cycles. The 
adsorption process was reasonably fitted with the 
pseudo-second-order and intraparticle diffusion 
kinetic model with high correlation coefficients. 
Overall, due to its low toxicity, efficiency, and 
suitable- reusable adsorption performance, Aw-
Fe3O4 NPs can be considered as a promising 
candidate for commercial dye adsorption.
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