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Abstract 
 

The current study focused on green synthesis of iron nanoparticles by Padina pavonica 
(Pa@FeNPs), removal activity of dye CR (Congo Red) and investigating antioxidant and 
neurotoxicity activities. The morphological and physical properties of Pa@FeNPs were 
characterized by FT-IR (Fourier Transform Infrared Spectroscopy), XRD (X-Ray 
Diffractometer), SEM (Scanning Electron Microscopy), EDX (X-Ray Spectroscopy), TEM 
(Transmission Electron Microscopy) and Zeta potential analyses. XRD and zeta 
potential analyses revealed a potential of-8.53 mV and formation of cubic crystals with 
an average dimension of 10.53-20.55 nm. The optimum conditions of pH, temperature, 
initial dye concentration and adsorbent amount for CR removal were found to be 4, 
40°C, 20 ppm and 20 mg respectively. The CR removal percentage using Pa@FeNPs 
reached a very high efficiency of 95%. Langmuir Isotherm model (R2=0.99, 25°C) was 
best fitted to our data for evaluating dye adsorption behaviors of the Pa@FeNPs. Metal 
chelating activity in the aqueous extract of P. pavonica and Pa@FeNPs was found to 
be 74.71±2.16% and 64.95±0.42%, respectively. Inhibitory concentration 50 (IC50) 
values for P. pavonica aqueous extract and Pa@FeNPs were found to be 0.128 μg/mL 
and 400 μg/mL, respectively in the SH-SY5Y (Human neuroblastoma).   

Introduction 
 

The green synthesis method utilizing chemical 
processes inherent to living organisms enables to create 
complex products derived from simple substances. The 
green synthesis method can produce biocompatible 
nanomaterials with low ecotoxicity since harmful waste 
generation is minimized (Bhattacharjee et al., 2021). The 
increasing interest in green chemistry and other 
biological processes have led scientists to synthesize 
environmentally friendly nanoparticles that are simple, 
affordable, compatible with biomedical and 
pharmacological applications, and that has many 
advantages including being suitable for commercial 
production in a wide range of applications (Flippo et al., 
2010). Some studies related to the green synthesis 
method employing metal nanoparticles with different 
biogenic substances have been reported in a wide 

variety of scientific fields (Neshastehriz et al., 2020; 
Amini et al., 2021; Rezaeian et al., 2021; Mohammadi et 
al., 2021).  

One of the biogenic materials that can be used for 
this purpose is marine alga. Algae can exhibit 
antimicrobial, antioxidant, anti-inflammatory, anti-
aging, anti-viral, antifungal, antibacterial, and anti-
cancer activities. These activities are attributed to 
presence of bioactive functional groups such as amine, 
sulfate, carboxyl, and hydroxyl groups (Azizi et. al., 
2014). Biological materials contain various secondary 
metabolite compounds that act as both encapsulating 
and reducing agents to form nanoparticles (Sathiyavimal 
et al., 2018). Besides the reduction, secondary 
metabolites surround the nanoparticles, providing 
stability and unique morphological properties 
(Varadavenkatesan et al., 2019). 
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Using algae to prepare nanoparticles is more 
advantageous than other biological sources such as 
bacteria and fungi as they eliminate the cell culture 
process and are more suitable for the large-scale 
production of nanoparticles (Sharma et al., 2016). The 
ability of algae to accumulate metals and reduce metal 
ions in the biosynthesis of nanoparticles makes them a 
superior contender for the preparation of nanoparticles 
(Mukherjee et al., 2019). Metal nanoparticle synthesis 
by using algae have been reported in the literature 
(Sahayaraj et al., 2012; Chandran et al., 2016, Azizi et al., 
2013; Mahdavi et al., 2013; El-Kassas et al., 2016; 
Subhashini et al., 2018; Ercan et al., 2019). Using algae 
in the production of nanoparticles is a promising 
innovation approach since algae are rich in functional 
groups such as amino, hydroxyl, and carboxyl groups all 
of which are responsible for the production of metal 
nanoparticles (Subhashini et al., 2018; Fawcett et al., 
2017; Yew et al., 2016).  It has been recently reported 
that algae are a modern alternative bioagent for the 
production of iron oxide nanoparticles (Abdul Salam et 
al., 2012) and their use have become widespread 
(Mahdavi et al., 2013). 

The discharge of industrial wastewater containing 
dyestuff and metal ions into the environment causes 
significant problems for all living being including humans 
(Ibrahim et al., 2009). Congo red (CR) is a water-soluble 
diazo dye and used in the laboratory to test for free 
hydrochloric acid in stomach content, in the diagnosis of 
amyloidosis, as a pH indicator, and also as a histological 
stain for amyloid. It has a strong affinity for cellulosic 
fibers and is therefore used in the textile industry. It is 
considered toxic because it is metabolized to benzidine 
which is a carcinogenic substance for humans and 
causes allergic reactions (Chatterjee et al., 2010). Azo 
dyes pose a threat to aquatic organisms as well as 
humans (Kumar et al., 2009). Increased GST (glutathione 
s-transferase) activities in the gills of Tilapia are the 
result of prolonged exposure to Red 195 dye (Ayadi et 
al., 2015). It has been reported that CR exposure to 
aquatic A. leptodactylus (Aksu et al., 2017) and G. pulex 
(Tatar et al., 2019) caused unwelcome changes in 
antioxidant parameters.   

Numerous methods are used to remove dyestuffs 
from the environment. The adsorption process is one of 
the methods used for the removal of acidic, basic, and 
neutral dyes from wastewater. The adsorption process 
has the lowest operating cost and is the easiest to 
operate among the other methods (Gautam et al., 
2013). Besides these favorable properties, the cost of 
adsorbents and their non-toxicity are important 
properties as well (Srilakshmi et al., 2016; Mingyan et 
al., 2021).  

A number of studies have been carried out on the 
use of algae as adsorbent substances (Kousha et al., 
2012; Pugazhendhi et al., 2019). Algae are potential and 
suitable biosorbents owing to their rapid and easy 
growth, being nontoxic, and containing abundant 
functional groups. Algae are used in scientific studies in 

the production of nanoparticles due to their high metal 
and dye adsorbing abilities rising their rich functional 
groups. Such as Padina pavonica (Phaeophyceae), 
commonly known as peacock's tail, is a brown alga 
common in the Mediterranean (Cormaci et al., 2012). It 
is rich in carbohydrates (mainly alginates and 
laminarans), lipids (fucosterol), vitamins, and mineral 
salts (Omezzine et al., 2009; Caf et al., 2015). 

Nanoparticles, on the other hand, could be used in 
various applications including adsorbing and in 
particular dye retention because of their large surface 
area, their nanoscale size, increase in the number and 
surface area per unit area, and the properties of the bio 
compounds they carry (Ponnuchamy & Jacob, 2016).  

The current study evaluated the neurotoxic and 
antioxidant activity of the nanoparticle by considering 
the characterization of the nanoparticle, its 
effectiveness in dye removal at different temperatures, 
isotherm modeling studies, and the side effects that may 
occur in nature while removing the CR dye from the 
wastewater treatment system. 

The aim of this study was to synthesize a new 
surface-modified super magnetic Fe3O4 iron 
nanoparticle (Pa@FeNP) from Padina pavonica by 
employing the green synthesis method. Effects of 
synthesized Pa@FeNP on aquatic system pollution 
removal, the purification efficiency of hazardous anionic 
CR (congo red) dye from aqueous media on different 
parameters such as pH, temperature, and initial dye 
concentration were evaluated. Moreover, optimum 
usage conditions such as dye concentration, initial 
adsorbent dose, and determination of adsorption 
isotherm were studied as well. Furthermore, the 
neurotoxic effect on the SH-SY5Y (Human 
neuroblastoma) cells and antioxidant activities in vitro 
were studied with consideration of this nanoparticle will 
be released into the water system, on the end consumer 
human.    
 

Material and Methods 
 

Materials  
 

Iron (II) chloride tetrahydrate (FeCl2.4H2O, Merk 
99% purity), iron (III) chloride hexahydrate (FeCl3.6H2O, 
Merk 99% purity), (H2O2, Merck 64271), sodium 
hydroxide (NaOH), hydrogen chloride (HCl), Congo Red 
(C32H22N6Na2O6S2), ethanol (C2H5OH), methanol 
(CH3OH), and hydrogen peroxide were obtained from 
Sigma. Distilled water was used to prepare aqueous 
solutions.  
 
Preparation of Padina pavonica Extract  
 

Padina pavonica (L) was collected from Ornek 
Village beach on the Mediterranean coast of Antalya 
from its natural environment. The collected algae were 
first washed with tap water to remove any pollutants on 
the algae. The algae were then washed several times 
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with distilled water and left to dry in the dark for 4 days. 
Algae extract was prepared by the method described by 
El Kassas et al. (2016). After washing and drying, 1 g of 
P. pavonica was pulverized, mixed with 100 ml of 100°C 
distilled water (dH2O) and infused for 60 minutes. The P. 
pavonica aqueous extract was then cooled to room 
temperature. The cooled P. pavonica extract was 
filtered to separate the macromolecules used in the 
synthesis of iron nanoparticles. 
 
Synthesis of Iron Nanoparticle (Pa@FeNPs) 
 

Iron nanoparticles were synthesized by employing 
green synthesis method in which P. pavonica aqueous 
extract was used as a reducing and capping agent. 
Accordingly, 0.1 M 50 mL FeCl3 and 0.1 M 50 mL FeCl2 
solutions were mixed and 100 mL algae extract (1:1 vol) 
was added at 70-80°C. Then, 30 mL of 2M NaOH solution 
was added dropwise for the formation of the 
nanoparticle, and the colour of yellow ferric chloride 
solution turned into a black solution with nanoparticle 
synthesis in a short time. The formation of the 
nanoparticles was observed with the appearance of the 
dense black precipitate. The iron nanoparticles were 
then centrifuged in distilled water at 4500 rpm for 10 
min. The particles obtained at the end of centrifugation 
were washed two times with distilled water and then 
with ethanol. They were left to dry in the oven at 40oC 
for 48 hours. 
 
Pa@FeNPs Characterization 
 

After synthesis of Pa@FeNPs, the nanoparticles 
were characterized using various techniques. Scanning 
electron microscopy (SEM) images were obtained using 
a JEOL JSM 6510 at 5 kV in high vacuum mode to 
determine the morphology of the prepared 
nanoparticle. Elemental composition analysis was 
performed using an energy-dispersive X-ray 
spectroscopy (EDX) analyzer mounted on the Hitachi S-
800. Fourier-transform infrared (FT-IR) spectra were 
used for the determination of functional groups and 
their possible participation in Pa@FeNP synthesis using 
the dried pellet method for algae powder and 
Pa@FeNPs were in the range of 4000 to 400 cm-1 (Perkin 
Elmer Spectrum 100). 

An X-Ray Diffraction Spectrometer (XRD) (RIGAKU 
ULTIMA IV) was used to determine crystallite size and 
identity. Size range of the particles was determined by 
Zetasizer (Malvern Zetasizer Nano ZSP). This device 
allows measuring the dispersion range and zeta 
potential of the particles. The morphology, size 
distribution, and particle size analysis of the 
nanoparticle were carried out using Hitachi HighTech 
HT7700 Transmission Electron Microscopy (TEM) at 120 
kV. TEM samples were prepared using ultra-fine carbon 
type-A 400 mesh copper grids. Average particle size 
diameter was calculated from individual particles using 
the TEM images. 

Cell Viability Test 
 

SH-SY5Y (Human neuroblastoma cell line) cells 
were obtained from Bingöl University, Department of 
Molecular Biology and Genetics. Normal neuroblast cells 
maintained at -80ᵒC were grown in DMEM growth 
medium, passaged every 2 or 3 days at 37ᵒC in a 5% CO2 
oven. 
 
Cell Viability Test of Iron Oxide Nanoparticle 
 

Neurotoxicity effects of Pa@FeNPs on SH-SY5Y 
cells were assessed by 3-(4,5- dimethylthiazol-2-yl)-2,5 
diphenyl tetrazolium bromide (MTT) assay. SH-SY5Y 
cells were grown to sufficient numbers in 25 cm2 cell 
culture flasks at 37°C in a 5% CO2 incubator. After adding 
100 µl of cells to each well, the cells were incubated for 
48 hours to proliferate in a 5% CO2 incubator. One mg of 
each sample to be tested was weighed and the desired 
concentration was prepared by dissolving in 1 ml of 
RPMI 1640 medium in a 1.5 mL eppendorf tube. SH-SY5Y 
was incubated for 48 hours in a 5% CO2 incubator with 
nanoparticle added medium, and the samples were 
expected to affect the cells and incubated for 72 hours. 
After 72 hours, 15 µL of MTT substance was added to 
each well. Cells were incubated at 37°C for 4 hours in a 
5% CO2 incubator. After 4 hours of incubation, 
absorbance values at 450-690 nm were measured.  
 
Antioxidant Activity Assay 
 

To remove the DPPH radical effect, 50 µL of P. 
pavonica aqueous extract and Pa@FeNPs were 
collected respectively, and transferred to 96 plate wells. 
It was vortexed by adding 200 µL of DPPH solution to 
each well. Then incubated in a dark at room 
temperature for 60 min. After incubation, absorbance 
was read in ELISA at 517 nm wavelength. Butylated 
hydroxyanisole (BHA) was used as a reference 
antioxidant (Hatano et al., 1988).  For metal chelating 
activity, 5 mM ferrozine solution, and 2 mM FeCl2 
solution were prepared. 50 µl of P. pavonica aqueous 
extract and Pa@FeNPs (prepared as 1 mg/mL) was 
collected respectively, and transferred to 96 plate wells. 
It was vortexed by adding 160 µl of distilled water and 5 
µL of FeCl2 (2 mM) solution to it. After 30 seconds, 20 µl 
of ferrozine (5 mM) was added and mixed.  Absorbances 
were read at 562 nm after incubation at room 
temperature for 10 minutes. EDTA (Ethylene diamine 
tetra acetic acid) was used as a reference antioxidant 
(Wenli et al., 2004). 
 
Anionic Congo Red (CR) Dye Removal Studies 
 

Adsorption studies of CR (congo red) dye were 
carried out by using the Pa@FeNPs. In CR adsorption, 
the effects of initial pH, initial dye concentration, 
adsorbent amount, and adsorption temperature (25°C 
and 40°C) were investigated. After the adsorption 
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process, the dye concentrations in the solution were 
determined with the SpectraMax Plus384 plate reader. 

In dye removal studies by adsorption, initially, 
effects of pH were examined. CR dye (C.I name=Direct 
Red 28, C.I No.=22120, Chemical formula= 
C32H22N6O6S2Na2, Formula weight=696.65) was 
prepared separately with distilled water at room 
temperature. Then, 9 ml CR dye was added to 7 vials of 
50 ml in the desired ppm from the prepared stocks. 
Similarly, 9 ml CR dye was added to 7 vials. The pH of 
each solution was adjusted in the range of 2-8. 
Separately, 10.0% H2O2 solution (v/v) was prepared by 
diluting 30.0% H2O2 solution with deionized water. Then, 
1 ml H2O2 (10.0%) was added to each dye sample and 
200 µl samples were taken for the initial dye 
concentration, transferred to a 96-plate, and measured 
at 538 nm in the ELISA reader. Pa@FeNPs (15 mg) were 
added to 7 vials. Then, pH 2-8 solutions prepared with 
CR were transferred to bottles. The solutions were 
sampled every half hour for 3 hours at 200 rpm in a 
shaker and the measurement was made in the ELISA 
device. After determining at which pH the best dye 
removal was found, dye removal at different ppm was 
examined. These processes were carried out at 25°C and 
40°C. 

After determining the pH with the highest 
percentage of dye removal, CR dye removal at 20 mg/L, 
50 mg/L, 100 mg/L, and 200 mg/L using 5 mg, 10 mg, 15 
mg, and 20 mg NPs was investigated. The experiment 
was completed using the same conditions.  
 
Adsorption Isotherm  
 

Adsorption isotherm is graphed expressing the 
equilibrium state between the amount of substance 
adsorbed on the adsorbent (qe, mg g-1) and the 
remaining substance concentration in the solution (Ce, 
mg L-1) at constant temperature and pH. These 
isotherms can be obtained by equilibrating solutions 
prepared at different concentrations with a known 
amount of adsorber. The equations commonly used to 
describe the adsorption isotherm are the Langmuir, 
Freundlich, and Temkin equations. With the aid of these 
equations, the surface properties of the adsorbent and 
the relationship between adsorbent and adsorbed can 
be defined. 

The Langmuir isotherm model (Equation 1) 
assumes that adsorption takes place on a homogeneous 
surface and in a monolayer. Additionally, Langmuir 
acknowledges that all active sites have the same energy 
and equal affinity for the molecules to be adsorbed. The 
adsorption capacity (qe) and removal efficiency of the 
biosorbent at equilibrium were determined using 
Eqs. (1) and (2), respectively: 

(1) qe=
Ci-Ce

W
×V 

 

(2) Adsorption (% removal efficiency)=
Ci-Ce

Ci
×100  

Adsorption isotherms were applied to explain the 
equilibrium adsorption characteristics. Eq. (3) 
represents Langmuir's isotherm. 

 

(3) 𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
 

 
Langmuir's isotherm was transformed into its 

linear form, as represented in Eq. (4), to determine the 
adsorption parameters. 

 

(4) 
1

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚𝑎𝑥
 .

1

𝐶𝑒
+

1

𝑞𝑚𝑎𝑥
 

 
Here, qmax represents the maximum adsorption 

capacity (mg/g) and KL (L/mg) is the Langmuir isotherm 
constant which indicates the binding affinity between 
Pa@FeNPs and CR. 

The separation factor (RL) was calculated using the 
following equation.  

 

(5) 𝑅𝐿 =
1

1+𝐶𝑖×𝐾𝐿
 

 
where RL is the dimensionless Langmuir constant 

indicating the probability of positive (0<RL>1), negative 
(RL>1), linear (RL = 1), or irreversible (RL = 0) adsorption. 

The Freundlich isotherm model assumes that 
adsorption is multilayered. It also recognizes that the 
adsorber surface is heterogeneous in terms of 
adsorption areas and energy. Equation (6) represents 
Freundlich's isotherm. 

 

(6) 𝑞𝑒 = 𝐾𝑓𝐶𝑒

1

𝑛 

 
The linear form of the Freundlich isotherm is 

shown in Equation 7. 
 

(7) Log 𝑞𝑒 = Log 𝐾𝑓 +
1

𝑛
Log 𝐶𝑒   

 
Here, Kf is the Freundlich constant and is used to 

measure the adsorption capacity and 1/n is the 
adsorption density. A value of 1/n indicates that the 
adsorption process is either positive (0.1<1/n<0.5) or 
negative (1/n>2). 

According to the Temkin isotherm, the decrease in 
the heat of adsorption of all molecules occurs in a linear 
order. This indicates that the binding energy is 
homogeneous (Temkin and Pyzhev, 1940). The equation 
expressing the Temkin isotherm is given below. 

 

𝑞𝑒 =
𝑅𝑇

𝑏
𝑙𝑛𝐾𝑇𝐶𝑒 

 

𝑞𝑒 =
𝑅𝑇

𝑏
𝑙𝑛𝐾𝑇 +

𝑅𝑇

𝑏
𝑙𝑛𝐶𝑒 

 
𝑞𝑒 = 𝐵𝑇𝑙𝑛𝐾𝑇 + 𝐵𝑇𝑙𝑛𝐶𝑒 
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Here, BT=RT/b. b is the Temkin isotherm constant 
and KT is the equilibrium binding constant (Lg-1). 

 
Adsorption Kinetics 

 
For dye removal, the adsorption rate was analyzed 

using pseudo-first-order and pseudo-second-order 
kinetic models. It is represented by the pseudo-first-
order equation: 

 
(8) ln(qe-qt) =lnqe − K1t 

 
where qt represents the adsorption capacity 

(mg/g) at time t while K1 (min−1) is the equilibrium rate 
constant. 

The so-called quadratic equation is represented by 
(9). 

(9) 
t

qe
=

1

K2qe
2 +

1

qe
 

 
Here, K2 (g mg-1 min-1) is the equilibrium ratio 

constant. The linear regression coefficient (R2) values 
are used to predict the most suitable isotherm and 
kinetic model for the adsorption process. 

 
Thermodynamic Parameters 
 

Thermodynamic considerations are necessary to 
determine whether the adsorption process is 
spontaneous or not. To determine the thermodynamic 
parameters of adsorption and the adsorption behavior, 
thermodynamic analyzes were carried out at two 
different temperatures, 25°C and 40°C. 

In the adsorption study of Pa@FeNPs and CR 
dyestuff, the activation energy was calculated with the 
Arrhenius equation given in Equation 10  

 
(10) 𝐿𝑛𝑘2 = 𝐿𝑛𝐴 −

𝐸𝑎

𝑅𝑇
 

 
Gibbs free energy change (ΔG°, kJ/mol), enthalpy 

change (ΔH°, kJ/mol), and entropy change (ΔS°, kJ/mol) 
were calculated using equations 11, 12, and 13  

 
(11) ∆𝐺° = −𝑅𝑇𝐿𝑛𝐾𝑐  

 

(12) 𝐾𝑐
The amount of dye adsorbed (mg/L)

The amount of substance that remained in the solution (mg/L)
 

 
(13) ∆𝐺° = ∆𝐻° − 𝑇∆𝑆° 

 
Statistical Analysis 
 

All measurements were made in triplicate. One-
way ANOVA was used in the analyzes and GraphPad 
Prism 8.0.3 software was used for plotting. Multiple 
post-hoc comparisons were made for two or more 
groups using Dunnett's multiple comparison tests. 
Statistical significance was expressed at p<0.05 

Results and Discussion 
 
Pa@FeNPs Characterization: 

 
Algae extracts can act as reducing and capping 

agents in the bioreduction reactions for the synthesis of 
metallic nanoparticles due to their rich secondary 
metabolite contents The current study focused on green 
synthesis of iron nanoparticles by P. pavonica 
(Pa@FeNPs) and removal activity of anionic azo dye 
congo red (CR). Congo red removal efficiency of 95% was 
obtained by using Pa@FeNPs. The surface areas of iron 
and iron oxide nanoparticles are much larger than the 
surface areas of micro-sized metal particles. Therefore, 
iron and iron oxide nano-sized materials are effective for 
cleaning pollutants. In this manner, seaweeds are of 
great importance in the synthesis of metal oxides and 
constitute an important aspect of this research (Fawcett 
et al., 2017). There are many nanoparticle studies on 
marine seaweed with different metals (Azizi et al., 2014; 
El-Kassas et al., 2016; Subhashini et al., 2018; Abboud et 
al., 2014; Khanehzaei et al., 2014; Francavilla et al., 
2014; Salem et al., 2019). Seaweed, which has a rich 
content in functional groups, can act as a good stabilizer 
and coating agent in the synthesis of iron nanoparticles. 
It is stated that approximately 2,500 bioactive 
compounds are isolated from the sea and 93% of these 
components are obtained from marine seaweed 
(Kardono, 2004.) These phytochemicals consist of 
simple molecules such as phenolic acids or flavonoids, to 
highly complex polymers, a subgroup of tannins formed 
by the polymerization of phloroglucinol units called 
phlorotannins (Mekini´c et al., 2019; Cotas et al., 20209. 
Marine algae have been reported to be a rich source of 
catechin, rutin, quercetin, hesperidin, and other 
flavonoids (Cotas et al., 2020). Padina pavonica, a brown 
algae, also contains flavonoids such as resveratrol, 
myricetin, morin, quercetin, naringenin, and resveratrol 
(Caf et al., 2015). Seaweed, which has a rich content in 
functional groups, can act as a good stabilizer and 
coating agent in the synthesis of iron nanoparticles. 

In the current study, iron nanoparticles 
synthesized by the biosynthesis method were used as an 
adsorbent in the adsorption process and the synthesis 
of nanoparticles was carried out using Padina pavonica, 
a marine macroalgae, as a biological reducing agent. The 
formation of iron nanoparticles was first observed when 
the water extract from P. pavonica was added to the 
iron solution, turning the clear solution color to black. 
The color of the solution turned black due to the 
formation of Fe3O4 nanoparticles. This chemical process 
is a result of the surface resonance phenomenon with 
the reduction of Fe+2 to Fe0 and the formation of Fe2O3.  

The UV-Vis spectrum of Pa@FeNPs nanoparticles 
(Figure 1) shows an absorption band in the 325 and 375-
nm region. This is due primarily to the absorption and 
scattering of UV radiation by magnetic nanoparticles, 
which is in accordance with the some literature (ur 
Rahman et al., 2012; El Kassas et al., 2016). This result 
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fully matches the UV-Vis spectra of nanoparticles 
prepared using K. alvarezii seaweed extract (Yew et al., 
2016; Anjana et al., 2018). This may be due to the 
phytocompounds such as tannins, phenols, alkaloids, 
flavonoids and saponins content of the P. pavonica. The 
functional groups and polysaccharides of seaweed are 
strong stabilizers that provide biocompatibility and 
chemical functionality to nanostructures (Dias et al., 
2011; (Herrera-Becerra et al., 2010). 

To determine the functional groups contained in 
the adsorbent used in the dye removal study, FT-IR 
analyzes were performed before adsorption and the 
corresponding spectra are shown in Figure 2. The 
functional groups contained in the adsorbent were 
studied at 650–4000 cm-1. Sulfated polysaccharides 
obtained from seaweed have a strong ability to 
synthesize nanoparticles. Therefore, the sulfate group 
may be responsible for the reduction of iron ions by 
oxidation of aldehyde groups to carboxylic acids 
(Mahdavi et al., 2013). The spectra of the P. pavonica 
extract showed strong absorption bands at 3267, 1440, 
1067, 863, 719 and 617 cm-1. When we look at the 

spectra of Pa@FeNPs, it is seen that the peak hydroxyl 
groups are at 3402 cm-1, the peak methylene groups at 
2934 and the amino groups at 1650 cm-1 which may be 
responsible for the reduction. (Figure 3). These peaks 
indicated the presence of sulfated polysaccharides and 
aromatic rings in P. pavonica. Therefore, P. pavonica 
extract containing sulfate, hydroxyl, and aldehyde 
groups may be responsible for the reduction of Fe3+ and 
the synthesis of Pa@FeNPs (Iram et al., 2010). These 
peaks in FT-IR also indicate the presence of phenolic 
acids and flavones in the extract, which enables the 
reduction of metal ions and the formation of 
nanoparticles (Amini & Akbari, 2019). 

Surface morphology, particle shape and size 
images of SEM analyzes are given in Figure 3. 
Nanoparticles showed a polydisperse distribution in 
SEM and surface porosity allowing free passage of dye 
molecules. 

EDX analyses were performed to determine the 
contents of adsorbents of synthesized iron 
nanoparticles (Figure 4). In the study, the composition 
and mapping of the elements on the surface of the 

 
Figure 1. UV-Vis absorption spectrum of synthesized Pa@FeNPs 
 

 

Figure 2. Infrared spectrum of Pa@FeNPs synthesized using P. pavonica (Linnaeus)  aqueous extract 
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nanoparticle was carried out. When we look at the 
results, the presence of peaks showing the binding 
energies of prominent iron and oxygen atoms confirms 
that Pa@FeNPs biosynthesis has taken place (Figure 4b). 
The peaks of the Cl element from ferric chloride, which 
is used in the biosynthesis of iron nanoparticles, have 
been seen in many studies and are an indication that the 
nanoparticles are not washed well (Qasim et al., 2020). 
In the EDX data, weak peaks from elements such as 
carbon, nitrogen, sulfur may be due to phytochemicals 
from the extract.  

The crystal structure and phase identification of 
Pa@FeNPs were characterized by XRD as given in 
Figure 5. In XRD analysis performed at 2θ scale, 
Pa@FeNPs gave characteristic peaks at 23°, 38°, 54.9°, 
60.3° and 68.8°. It was determined that the obtained 
peaks are characteristic peaks belonging to magnetite. 
The indices corresponding to these peaks, respectively, 
are (111), (220), (400), (331), and (422). The result of the 
XRD analysis confirms the synthesis of magnetite 

nanoparticles. These are the peaks of the crystalline iron 
oxide, and these peaks are the magnetite (Fe3O4) form 
of the synthesized nanoparticles. This fits the reference 
model for Pa@FeNPs (JCPDS: 01-074-1910/Cubic). The 
presence of a large peak representing XRD iron 
nanoparticles indicates that the synthesized iron 
nanoparticle crystals are small or structurally irregular. 
The weak characteristic peak values in XRD analysis 
show that the iron nanoparticles are in an amorphous 
structure. These results agree with the iron oxide 
nanoparticle previously obtained by green synthesis 
(Okath, 2016).  

Structural and morphological forms of the 
Pa@FeNPs were investigated using TEM. The thin layer 
surrounding Pa@FeNPs supports the presence of plant 
metabolites found in the water extract of P. pavonica 
that reduce Fe ions to nanoparticle. The TEM image of 
Pa@FeNPs (Figure 6) showed that the nanoparticles 
were spherical but also agglomerated. This can be 
attributed to the thickening property of P. pavonica, a 

 

Figure 3. SEM image of Pa@FeNPs 
 

 

Figure 4. EDX image of Pa@FeNPs (a), SEM micrograph of elemental compositions and EDX profile (b) EDX mapping of elements 
Fe, O, S, H, C and N in Pa@FeNPs (c) 
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brown alga. It is also a phenomenon observed when the 
nanoparticle is magnetic and has a small size (Yew et al., 
2016). The size of the nanoparticle was measured as 
10.53 -20.55 nm in the size distribution histogram. In 
this study, results are somewhat similar to the sizes of 
iron oxide nanoparticles (22-33 nm) prepared with Jania 
rubens was obtained. (Salem et al., 2020).  It has been 
reported that the mean diameter of the iron oxide 
nanoparticle obtained by the green synthesis method 
from the brown seaweed Sargassum muticum is 18 ± 4 
nm (Mahdavi et al., 2013). The electrical charge of the 
Pa@FeNPs obtained by the green synthesis method was 
determined by DLS. Zeta potential, a measure for 
determining the charge on the surface of nanoparticles, 
indicates the electrical potential of sliding of 
nanoparticles. The electrical charge of the Pa@FeNP 
was −8.53 mV as a result of zeta potential analysis 
(Figure 7). In plant-based biosynthesis studies, zeta 
potential distributions were found to be negative 
(Oliveira et al., 2019; Dubeyet al., 2013). Iron 
nanoparticles show a negative value due to the adhesion 
of organic compounds to the surface of the iron 
nanoparticles (Singh et al., 2020). Nanoparticles with 

negative zeta potential exhibit agglomerated structures. 
This is observed in the SEM micrograph. In this study, 
the source of the negative Zeta potential for Pa@FeNPs 
may be due to the chemical components of the reducing 
and sealing agent used in the green synthesis, as well as 
the particle size of the nanoparticle. 

 
Fenton–Like Catalytic Activity for the Degradation of 
CR (Congo Red) Dye 
 

In the present study, H202 was used as a Fenton-
like catalyst. Currently, this mechanism, in which the 
Fe0/H2O2 system functions, has been used most 
commonly (Xu & Wang, 2011). In a study for dye 
removal at different concentrations using biologically 
synthesized iron nanoparticles in the presence of H202, 
dye removal was found to be high at all concentrations 
(Shahwan et al., 2011). Similar results were obtained in 
our study. Electron transfer between ferric ions and 
ferrous ions imparted unique electromagnetic 
properties to Fe3O4, and Fe3O4 enhanced the removal 
effect of the congo red dye by participating in the 
Fenton-like reaction through the liberation of structural 

 
Figure 5. XRD pattern of synthesized Pa@FeNPs. 

 

 

Figure 6. TEM image (a) and particle size histogram distribution plot of Pa@FeNPs (b) 
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Fe2+/Fe3+, facilitating the decomposition of H202. 
Flavonoids have a direct effect on Fe3+ ion 
concentrations and reduce Fe3+ to more Fe 
nanoparticles. At the same time, flavonoids prevent 
oxidation of the nanoparticle surface. A more effective 
dye removal is provided in the presence of H202 under 
acidic conditions. In studies with Fenton, the most 
suitable dye removal and the highest production of H2O2 
are in acidic conditions (Xiaofan et al., 2020). The 
optimum pH was around 4 in the presence of Fenton's 
reagent. In addition, a high pH can significantly reduce 
the degradation efficiency of target pollutants (Rivas et 
al., 2001). 

The relationship between the percentages of dye 
removal over time at various initial dye concentrations 
is shown in Figure 7. As the dye concentration increased 
from 20 mg/L to 200 mg/L, CR dye removal decreased 

from 74.04% to 47.61% at 25°C. This result was 
associated with a decrease in the surface area and 
binding sites of the biosorbent. In general, the rate of 
adsorption is strongly influenced by several parameters, 
including the state of the solid, the availability of solute, 
and the position between reactive binding sites (Cengiz 
& Cavas, 2008). The pH is important in the adsorption 
process since it affects the surface charges of dyes and 
adsorbent materials, the degree of ionization of 
functional groups, and the adsorption mechanism 
(Elmoubarki et al., 2015). In the present research, the pH 
was studied in the range of 2-8 as given in Figure 9 and 
10. CR is a dipolar molecule that exists in the anionic 
form at basic pH and cationic form at acidic pH. Hou et 
al. (2012) have reported that CR dye is an anionic dye, 
and since its surface will be negatively charged in the pH 
6-8 range, the dye removal is high in this pH range. 

 

Figure 7. Zeta potential plot of Pa@FeNPs. 

 

 

Figure 8. Congo red dye removal at 25°C using 50 ppm dye concentration at 5-20 mg Pa@FeNPs. 
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However, in our study, the best results for CR dye were 
obtained in an acidic environment (40°C, pH: 4, 95%). 
According to the zeta potential analysis, the surface of 
the Pa@FeNPs is negatively charged (Figure 7). At acidic 
pH, the dye molecules exist as cations and therefore the 
adsorption of CR on the surface of the Pa@FeNPs is 
much higher at an acidic pH. As the pH of the system 
increases, the number of negatively charged sites 
increases and the number of positively charged sites 
decreases. A negatively charged surface region on the 
adsorbent does not support the adsorption of dye 
anions due to electrostatic repulsion (Bhoi, 2010). Bhoi 
(2010), reports that the adsorption of CR on the PAC and 
GAC surface is much higher at acidic pH. 

CR removal activity was studied at 2 different 
temperatures (25 and 40°C) using different amounts of 
Pa@FeNPs per 10 ml solution. As shown in the figure 
below, the adsorption percent capacity of the 
Pa@FeNPs increased with the rise in temperature. At 
25°C, dye removal was observed in all pH ranges, 
however, the highest percent removal was observed at 
pH 4. At 40°C, the highest percentage removal was 

observed at pH 4. The removal percentage decreased as 
the dye concentration increased. This may be due to the 
decrease in the unit removal efficiency of the dyestuff 
when the dye concentration per unit of surfactant 
increases. As the dyestuff concentration increases, the 
percentage of dyestuff removed with the Pa@FeNPs 
decreases. Similar results have been observed in other 
studies (Prasad et al., 2017).  

Pa@FeNPs were studied in the range of 0.005-
0.020 g for dye degradation (Figure 8, 10). From an 
economic point of view, it is important to select the 
appropriate adsorbent concentration for industrial 
applications. The percentage removal was 25.99% with 
0.005 g adsorbent in the medium with 50 mg/L CR and 
the removal increased to 93.18% when the adsorbent 
dose was increased to 0.020 g. The increase in this 
removal was associated with a large number of active 
sites on the adsorbent surface and an increase in the 
adsorbent dose.  

Different contact times (30-180 min) were applied 
to observe the CR dye removal capabilities of the 
Pa@FeNPs. Adsorption time is a condition that affects 

 
Figure 9. Congo red dye removal at various pH values at 25°C and 20 ppm dye concentration with 15 mg Pa@FeNPs (a: initial: 0ʹ; 
b: 180ʹ). 
 

 
Figure 10. Congo red dye removal at 40°C with 50 ppm dye concentration at 5 mg, 10 mg, 15 mg, and and 20 mg Pa@FeNPs. 
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the percentage of dye removal of the nanoparticle, and 
the most effective removal time for the Pa@FeNPs was 
150 min. (Figure 8-11). 

The Pa@FeNPs were studied for dye degradation 
at 25°C and 40°C. In the presence of CR dye, a better dye 
percent removal was observed at 40°C (Figure 11). It has 
been suggested that the increase in temperature 
increases the diffusion rate of the adsorbent molecules 
along the outer boundary layer and in the inner pores of 
the adsorbent particle, increasing the number of active 
sites for adsorption and also causing the mobility of the 
adsorbate molecules (Seki et al., 1998; Chern & Wu, 
2008). When we look at the percent dye removal, dye 
removal and color removal increase as the temperature 
increases (Luo et al., 2015). However, it was observed 

that the adsorption capacity decreased as the 
temperature increased compared to the isotherm 
Langmuir isotherm. The adsorption capacity of CR on 
Pa@FeNPs decreased from 86.43 to 41.25 mg g-1 as the 
temperature increased (Table 1). That is, the sorption 
efficiency was decreased with rising temperature. The 
tendency of adsorption to decrease with rising 
temperature in the literature is an indication that 
adsorption is exothermic, as stated in many studies 
(Doğan et al., 2009; Vimonses et al., 2009). At the same 
time, the increase in temperature causes a decrease in 
the adsorption forces between the active sites on the 
adsorbent surface and the dye molecules, depending on 
the decrease in the amount of adsorption (Yagub et al., 
2014; Kopaç & Sulu, 2019). 

 

 
Figure 11. Congo red dye removal at various pH values with 15 mg Pa@FeNPs at 40 °C and 20 ppm dye concentration 

 
 
 

Table 1. Isotherm and kinetic parameters of Pa@FeNPs in CR dye removal (50 ppm in the presence of 15 mg adsorbate). 

Isotherm model Isotherm parameters Temperature (°C) 

  25 40 

Langmuir qm(mg g-1) 86.4304235 41.2541254 

 KL(L mg-1 ) 0.007298 0.175627 

 RL 0.73265 0.102236 

 R2 0.99004 0.88709 

Freundlich Kf ((mg g-1)(L mg-1)1/n 1.402523 7.538067 

 1/n 0.68626 0.4451 

 R2 0.88238 0.97426 

Temkin BT (J mol-1) 11.4107 12.3241 

 KT (L mg-1) 0.1632 0.808749969 

 R2 0.9336 0.84191 

Kinetic model Kinetic parameters   

Pseudo-first-order qe exp (mg/g) 14.1854 21.36024 

 qe cal(mg/g) 6.813255 10.87156 

 k1(dk-1) -0.00017 -1.3x10-4 

 R2 0.29652 0.0539 

Pseudo-second-order qe cal(mg/g) 14.8214 29.985 

 k2(mg g-1 min-1) 0.004054 3.6x10-4 

 R2 0.94353 0.29493 
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Adsorption, Kinetic and Thermodynamic Parameters  
 

Adsorption isotherms play an important role in 
explaining how adsorbent and dyestuff molecules 
interact, giving an idea about the adsorption capacity 
and understanding the adsorption mechanism. Among 
the many isotherm models, the Langmuir and Freundlich 
models are the most commonly used. Langmuir (1918), 
Freundlich (1906) and Temkin (1940) isotherms have 
been used for the adsorption of CR dyestuffs. While 
applying these isotherms, the dyestuff concentration 
was varied between 5-200 mg/L and the biosorbents 
were used at 15 mg concentration. Isotherm constants 
(qm, KL, KF, n, aT, and bT) were calculated using the 
linear form of Langmuir, Freundlich, and Temkin 
isotherms obtained using experimental adsorption data 
for CR dyestuff and are given in Table 1. Comparing the 
biosorbents and dyestuff removal in terms of correlation 
coefficients (R2=0.99), Langmuir best described the 
isotherm model (Figure 12). The data show that the 
adsorption studies fit the Langmuir Isotherm model. 
This indicated that the dyestuff biosorption process with 
biosorbents occurred in a monolayer. The RL value of 
0.73, which shows the shape of the isotherm in this 
model, indicates that the absorption is appropriate and 
the process is favorable (Mckay et al., 1982) (Table 1). 
Langmuir isotherm reveals that, in adsorption, all parts 
of the surface are not covered, there are places where 
coverings are formed, the adsorption energy is the same 

on all sides of the surface, and there is no interaction 
between the molecules attached to the surface 
(Langmuir, 1918). It shows that the biosorption of CR on 
Padina Pavonica at 25°C fits the Langmuir model best, 
while the biosorption of CR on Padina pavonica at 40°C 
works well with the Freundlich model as seen in 
Figure 12. 

As a result of the kinetic analyzes carried out to 
determine the rate of biosorption, it is seen that the 
biosorption kinetics of the dyestuff used in our study is 
more compatible with the Pseudo second order kinetic 
model (R2=0.94) at 25°C (Figure 13). This shows that the 
step that controls the rate of adsorption process is the 
adhesion step to the adsorbent surface. In addition, the 
maximum adsorption capacity estimated for CR 
adsorption according to the pseudo-second order 
kinetic model (qe cal =14.82; qe exp=14.18mg/g) was 
close to the experimental maximum adsorption capacity 
(Table 1). Adsorption capacities and kinetic energy 
models of Congo red with different biosorbents were 
studied. In this study, the adsorption capacity of the 
congo dye was found to be 86.43 mg/g as seen in 
Table 2.  

The ∆Ho value was measured as 52.41 KJ mol-1. A 
value of ∆Ho>0 indicates that this process is 
endothermic, and a negative value indicates that the 
adsorption process is appropriate and spontaneous 
(Figure 14, Table 3). It also shows that the event is 
chemical adsorption and there is a strong attraction 

 
Figure 12. Plots of Langmuir İzotermi Freundlich İzotermi, Temkin İzotermi (respectively) 

 

 

Figure 13. Pseudo-first-order (a) and pseudo-second-order (b) kinetic models for CR adsorption of the Pa@FeNPs 
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between the dye and the surface of the adsorbent 
(Chatterjee et al., 2005). The negative absolute value of 
∆Go (-1.3334 KJ mol-1) indicates that adsorption occurs 
spontaneously. Absolute value of ∆Go between -20 KJ 
mol-1 and 0 KJ mol-1 indicates that the adsorption 
process is physical adsorption (Li et al., 2019). Positive 
ΔSo values (170.74 KJ-1 mol-1) indicate a random increase 
in the solid/liquid interface during adsorption. 

 
Neurotoxicity and Antioxidant Activity 
 

Interactions between nanomaterials and cells are 
among the most important issues regarding cellular 
uptake and subsequent toxic response of the cell. The 
neurotoxicity effects of Pa@FeNP and P. pavonica 
extract are given in Figure 15. As seen in Figure 15, in the 
MTT assay, the IC 50 values of P. pavonica and 
Pa@FeNPs were 0.128 and 400 µg/ml for the SH-SY5Y 
cell lines, respectively. The data for Padina pavonica are 
consistent with previous studies in other cell lines 
(Deghrigue et al., 2015). Polyphenols, steroids and 

terpenoids in P. pavonica have antiproliferative 
activities, especially polyphenols act as cancer blocking 
agents. Diterpenoids in brown algae are also 
antiproliferative characteristic (Deghrigue et al., 2015). 
Viability inhibition of various extracts from P. pavonica 
in lung carcinoma cell line, liver carcinoma cell line 
(Awad et al., 2008), Human oral epidermal cancer cell 
line cell (Ktari & Guyot, 1999) has been reported. In a 
different study examining the neurotoxic effect of MgO 
nanoparticles on the SH-SY5Y cell line, it was shown that 
there was no significant cell toxicity (Nalci et al., 2020). 
Pa@FNPs used in this study showed neurotoxicity at a 
high dose of 400 µg/ml in the SH-SY5Y cell line (Figure 
15). The dose and size of nanoparticles play an 
important role in inducing toxicity. It interacts with 
NADHP oxidases in the cell membrane and mitochondria 
of nanoparticles to form superoxide anions. This leads 
to cytotoxicity by activating redox steps (Radu et al., 
2010; Yoonus et al., 2021).   

Namvar et al. (2014) evaluated the cytotoxicity, 
cellular response and anticancer activity of Fe3O4 

Table 2. Adsorption capacities of Congo red with different biosorbents 

Adsorbent qm (mg/g) Reference 

MFe2O4 149.2 (Wang et al., 2012) 
iron NPs (ICNPs) 0.032 Ali et al., 2016) 
ZnO NPs 71.4 (Kataria  et al., 2017) 
FexCO3-xO4 128.6 (Liu et al., 2019) 
CoFe2O4-Chitosan 162.68 (Simonescu et al.,2021) 
S. dentifolium (AF-S) 28.24 (Labena et al., 2021) 
CSB/ZnONPs 555.6 (Iqbal et al., 2021) 
CoFe2O4 NPs 18.5 (Behura et al., 2021) 
Pa@FeNPs 86.43 Present study 

 
 

 
Figure 14. Graph showing the relationship between ln KL and 1/T for CR removal with Pa@FeNP. 

 
 
Table 3. Thermodynamic parameters for metal/dye (Pa@FeNPs/CR dye) sorption on the adsorbent 

Adsorbent Temp 
(K/oC) 

KL ∆Go 
(KJ mol-1) 

∆Ho 
(KJ mol-1) 

∆So 
(KJ-1 mol-1) 

R2 

Pa@FeNPs 
298/25 0.539 -1.3334 52.4160 170.7419 1 
313/40 1.484 -3.8602    

 

https://www.sciencedirect.com/science/article/pii/S0045653521021044#bbib19
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nanoparticles against human cell lines for leukemia, 
breast cancer, cervical cancer and liver cancer, 
confirming that the accumulation of Fe3O4 nanoparticles 
in treated cells tends to promote cell apoptosis and their 
potential use in cancer therapy. It has been reported 
that magnetic iron oxide nanoparticle obtained from 
Sargassum muticum has cytotoxic effects on different 
cancer cell lines in vitro. Ling et al. (2011), evaluated the 
efficacy of superparamagnetic iron oxide nanocrystals 
loaded simultaneously with docetaxel, a 
chemotherapeutic anticancer drug, and reported that 
the targeted nanoparticles had an antiproliferative 
effect in the cytotoxicity study in PC-3 prostate cancer 
cells.  

Antioxidant assessment of Pa@FeNP was 
examined using DPPH and metal-chelating assays. The 
results showed strong metal chelating activity compared 

to the standard (Figure 16a, 16b). The antioxidant 
potential of both the P. pavonica aqueous extract and 
Pa@FeNPs were revealed by DPPH radical scavenging 
(Figure 16a) as shown by significant DPPH scavenging 
activities. The aqueous extract of P. pavonica and 
Pa@FeNPs showed 70.96% and 39.6% DPPH activity, 
respectively. P. pavonica showed radical scavenging 
activity close to the BHA standard, while Pa@FeNPs 
showed significantly lower activity (p ˂ 0.05). Similarly, 
Vitta et al. (2020), have reported that FeNP 
nanoparticles showed lower DPPH activity than the 
plant extract. The low DPPH radical scavenging potential 
of Pa@FeNPs can be interpreted as the role of bioactive 
compounds in reducing and scavenging iron oxide 
nanoparticle formation. Previous studies show that 
FeNPs have greater, less, or equal DPPH scavenging 
capacity compared to the biological extract used in FeNP 
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Figure 15. Effects of iron nanoparticles (Pa@FeNPs) on cell viability of Human neuroblastoma cell (SH-SY5Y) Statistical 

differences were observed at all treated concentrations compared to control ****p < 0.0001. 

 

 

Figure 16. DPPH removal efficiency of P. pavonica and Pa@FeNPs (a), Metal-Chelating activity of P. pavonica and Pa@FeNP 

(b). Statistical analysis was performed with one-way ANOVA using Dunnett's multiple comparison test as a post-test with a 

confidence interval of ****p < 0.0001. 
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preparation. (Vitta et al., 2020; Ibrahim et al., 2019).  
The scavenging of the DPPH radical by Pa@FeNP may be 
related to the total flavonoids and polyphenol content 
in the extract, as well as the iron content of the 
nanoparticle. The content of polyphenolic compounds, 
including flavonoids, is closely related to antioxidant 
activity. The antioxidant content of polyphenolic 
compounds of P. pavonica has been determined in the 
literature (Caf et al., 2015; Ismail et al., 2019). 

The Pa@FeNP nanoparticle showed significant 
metal chelating activity. The aqueous extract of P. 
pavonica and Pa@FeNP showed 74,71% and 64,95% 
metal-chelating activity, respectively (Figure 16a). 
Aqueous P. pavonica and Pa@FeNP extract showed 
significantly potent activity in the reference to EDTA, a 
synthetic antioxidant. Metal chelating magnetic iron 
oxide nanoparticles have wide applications in biological 
sciences and engineering (Yang & Su, 2011). In this 
sense, the metal chelating feature of this nanoparticle 
produced by green synthesis is a more reliable and 
environmentally friendly product for use. 

 

Conclusion 
 
Pa@FeNPs nanoparticle was successfully 

synthesized with a simple and green approach using the 
aqueous extract of P. pavonica. The study showed that 
nanoparticles prepared with P. pavonica are suitable 
adsorbent materials for adsorptive removal of CR dye 
from polluted wastewater with more than 95% dye 
removal rate. The particle level formed with 
polydisperse shapes was compatible with the Langmuir 
isotherm. Also, the monolayer structure showed that it 
is reusable and that the compounds on the surface do 
not interact with each other. The adsorption capacity 
observed with the highest percent removal level at 40 oC 
was also observed at 25oC. Evaluating the 
photocatalytics is important in terms of its applicability 
since it was used in closed glass bottles without using 
any extra light source, only daylight in a laboratory 
environment. It is assumed that applying these two 
scenarios will provide high adsorption without any 
modification in a normal ecosystem. While the aqueous 
extract of P. pavonica showed neurotoxic effect at all 
concentrations studied, the neurotoxic effect IC50 value 
of Pa@FeNPs was determined as 400 μg/mL. Since this 
nanoparticle will be used in very low doses for CR 
removal in wastewater treatment systems, it is 
important that the neurotoxic IC50 value is set to 400 
μg/mL which does not harm living things in the 
ecological chain. Also, Pa@FeNPs showed good iron 
chelating activity. The results indicate that Pa@FeNP 
may be used as dye removal and biological agent 
without harming environment. 
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