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Abstract

Algae have adsorption properties and reducing agents due to their rich content.

In this study, palladium nanoparticles (Pd NP), platinum nanoparticles (Pt NP), and

iron oxide nanoparticles (Fe3O4 NP) were prepared from Codium macroalgae using

green synthesis. The structure of the synthesized nanoparticles was elucidated by

X-ray diffractometry, Fourier transforms infrared spectroscopy, Brunauer–Emmett–

Teller analysis, transmission electron microscopy, ultraviolet-visible spectroscopy and

scanning electron microscopy-energy dispersive X-ray spectrometry and their use as

nanoadsorbents for the removal of pollutants from aqueous media was investigated

in detail. Naproxen (NPX), an anti-inflammatory drug, and the dyes methylene blue

(MB) and cresol red (CR) were selected as pollutants for this study. Batch adsorption

experiments were conducted using both real wastewater obtained from the Organ-

ised Industrial Zone of Isparta Province and syntheticwater samples preparedwith tap

water from Burdur Province and pure water. Under optimum adsorption conditions,

Pd NP showed significant efficiency in the real wastewater sample, with an adsorption

capacity of 37.19 and 50.03 mg g–1 for CR and NPX, respectively, within 150 min. In

comparison, Pt NP showed an adsorption capacity of 40.01 mg g–1 for MB within the

same timeframe. These findings indicate that while Pd NP showed the highest adsorp-

tion capacity for both CR and NPX, Pt NP showed the highest adsorption capacity for

MB. The Langmuir model and the pseudo-second-order equation were more suitable

to describe the adsorption behavior of CR, MB, and NPX. In addition, studies on the

desorption and reusability of the nanoadsorbents were carried out under the same

optimum experimental conditions.
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1 INTRODUCTION

As the sizes of nanoparticles vary between 1 and 100 nm,[1,2] their

chemical and physical properties are quite different from their macro

and micro counterparts.[3] These small-diameter particles provide
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advantages, such as higher catalytic reactivity, thermal conductivity,

antimicrobial activity and chemical stability, aswell as nonlinear optical

performance and magnetic properties due to their high surface-to-

volume ratio.[1,4] In recent years, nanoparticles have been produced

using biological, chemical, physical and hybrid methods.[5] Although
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chemical and physical methods are popular for nanoparticle synthe-

sis, they have some important limitations due to environmental risk

parameters, the need for different target molecules and surfactants,

biodegradation problems and requirements for toxic chemicals.[6–8]

Therefore, nanoparticles obtained by the green synthesis method

attract attention because of some advantages, such as targeting

the active substance to the desired region, increased bioavailabil-

ity, controlled release, reduction in side effects, low-dose effect,

nontoxicity, high stability, environmentally friendly, stable product, bio-

compatible, and being economical.[5,7,9] Using the green synthesis,

nanoparticles are produced by fungi, bacteria, yeast, plant extracts,

algaeandbiomolecules.[4,9,10] In principle,macroalgae,microalgae, and

cyanobacteria, which are defined as algae in general terminology, are

photosynthetic organisms that live in single cell form or colonies in

fresh, salty, and carbonated water sources and soil.[11] Macroalgae

and microalgae are defined as multicellular and unicellular eukaryotic

organisms, respectively, while cyanobacteria are defined as prokary-

otic microorganisms.[6,12] Because they are periodically exposed to

extreme environmental conditions, such as high temperature, high UV

radiation, and high salinity due to their habitat, they synthesize various

intracellular and extracellular metabolites to protect themselves.[13]

Furthermore, they also synthesize polysaccharides, fatty acids, vita-

mins, pigments (carotenoids, phycobiliproteins, chlorophyll pigments),

and phenolic components. Because they have a rich cellular content,

the interest in algae has intensified in recent years and they have been

used for different purposes in many commercial areas. It is known that

theseactive compoundsalso act asboth reducing and stabilizing agents

to produce nanoparticles by the green synthesis method.[14–16]

In general, increasing population, environmental changes and indus-

trial applications with the developing industry negatively affect the

quality of water and cause increasing water pollution.[17] Some pol-

lutants, such as dyes, drugs, disinfectants, imaging agents, laundry

detergents, surfactants, pesticides, preservatives, food additives, and

personal care products pose a serious threat to the environment

and human health on a global scale.[18,19] These pollutants pass into

the environment during their manufacture,[20] through sewage,[21–23]

land applications, municipal waste, and improper disposal of unused

or expired drugs.[24] Among these pollutants, naproxen (NPX) more

adversely affects particularly some organisms, such as larvae and

embryos.[25,26] Furthermore, wastewater containing dyestuffs causes

toxic and carcinogenic effects for living things in the receiving envi-

ronment because they directly affect light transmission and oxygen

solubility.[27,28] Therefore, the removal of NPX and some dyes from

aqueous media is crucial and remarkable. In principle, adsorption is

one of themost preferredmethods to remove pollutants from aqueous

media due to its low cost, flexibility, easy design and application, having

no harmful waste materials and effective removal potential for other

methods, such as chlorination, coagulation/sedimentation, ozonation,

oxidation, and biofiltration.[29–31]

In this study, Fe3O4 NP, Pd NP, and Pt NP were prepared using

Codium macroalgae extract by the green synthesis method, which is

an environmentally friendly, cost-effective, and efficient method for

nanoparticle biosynthesis. As far as we can ascertain, Codium macroal-

gae extract has been used for the first time in the synthesis of the above

nanoparticles using green synthesis and it is the first time that it has

beenused as an adsorbent in the removal ofMB,CR, andNPX from real

wastewater. In this study, the removal capacity of three different mag-

netic and metallic nanoparticles prepared from Codium macroalgae for

CR, MB, and NPX from both tap water and real wastewater matrices

was investigated in detail in which Codiummacroalgae itself can adsorb

only 37% ofMB in 24 h. Experimental results showed that all nanopar-

ticles provided removal in a shorter time and with a higher capacity

compared to Codiummacroalgae itself.

2 EXPERIMENTAL

2.1 Materials and chemicals

The chemicals such as FeSO4 ⋅ 7 H2O (iron(II) sulphate heptahydrate),

FeCl3 ⋅ 6H2O (iron(III) chloride hexahydrate), Pd(NO3)2 ⋅ 2H2O (palla-

dium(II) nitrate dehydrate), H2PtCl6 ⋅ 6 H2O (hexachloroplatinic acid

hexahydrate), NaCl (sodium chloride), and NaOH (sodium hydroxide)

were obtained from Sigma-Aldrich and C21H17NaO5S (cresol red) and

HCl (hydrochloric acid) were obtained fromMerck. On the other hand,

C14H13NaO3 (sodium naproxen) was obtained from Acros Organics

and C16H18ClN3S (methylene blue) was obtained from Fluka. The real

wastewater sample was obtained from Isparta City Organised Indus-

trial Zone. All materials used were of analytical reagent grade and

were used as received without any purification. High purity water (18

MΩ cm) obtained from the PURIS pure water system (PURIS, Expe-UP

series) was used for all solutions in the experimental studies.

2.2 Characterization

In order to explain both themorphology and the chemical structures of

the nanoparticles, UV-Vis (Shimadzu UV-1800, from 200 to 1100 nm),

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer Fronter),

X-ray diffraction (XRD, Bruker D8 Advance, Kα radiation with about

2θ: 10◦–90◦), transmission electron microscopy (TEM, Jeol Jem-1400

Plus, TEM-120kV), scanning electronmicroscopy-energy dispersive X-

ray spectrometry (SEM-EDX,Carl Zeiss EVO-LS10), andN2 adsorption

isotherms (Quantachrome Quadrasorb SI, 77K, P/P0 ̴ 0.99) were used.

Furthermore, the common drift method was used to determine the pH

(pHpzc) of the nanoparticles at the zero charge point.[31–33] For this,

50 mL of 0.01 M NaCl solution was placed in a closed flask. The pH

value was adjusted to 2–12 by adding 0.1 M HCl and/or 0.1 M NaOH

solutions. Then, 0.05 g of each nanoparticle was added separately and

mixed at room temperature. The pH changewas determined after 24 h

using a pH meter (Thermo Scientific, Orion 3 Star) and plotted against

the initial pHvalue. ThepHpzc valueswere found from the cut-off point.
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2.3 Preparation of macroalgae biomass

The macroalga used in this study was identified by looking at features,

such as thallus structure, color, and branching shape. Morphometric

characteristics were also compared with data reported in the

literature[34] and named as Codium fragile (Suringar) Hariot.

Macroalgae sampleswere collectedmanually from the shores of the

Çanakkale Strait, Turkey (40◦09′37.7“N, 26◦24′11.7”E), from the zone

where the water depth is between 10 and 50 cm. Collected samples

were placed in bags with seawater and transported to the labora-

tory by cold chain. Epiphytes and macroalgal debris were removed.

Afterward, the algal biomass was washed three times with high purity

water, spread on blotting paper, and dried in an oven at 45◦C. The dry

biomass was pulverized, homogenized and sieved to obtain 100–200

μm particles.

2.4 Synthesis of Fe3O4, Pd, and Pt nanoparticles

The nanoparticleswere synthesized from themacroalgae extract using

the extracellular method. To prepare the algae extract, 1 g of Codium

macroalgaewas weighed and crushed in a mortar. It was then stirred in

50 mL of ultrapure water at 500 rpm for 3 h at room temperature and

then filtered using Whatman No 1 filter paper. For Fe3O4 NP, 100 mL

solution containing 0.81 g FeCl3 ⋅ 6H2O and 0.56 g FeSO4 ⋅ 7H2O and

10 mL algae extract were mixed. On the other hand, 100 mL of 0.1 M

Pd(NO3)2 ⋅2H2Oand100mLof 0.1MH2PtCl6 ⋅6H2O solutionswere

separatelymixedwith10mLof algae extract to obtainPdNPandPtNP,

respectively. These mixtures were then incubated in an oven at 45◦C

for 2 h and kept in the dark during overnight. While magnetic Fe3O4

NP was separated from the filtrate using a magnet, both Pd NP and Pt

NPwere separated using aWhatmanNo 1 filter paper and stored in an

oven at 50◦C until use.

2.5 Adsorption experiments

Batch adsorption was used to adsorb NPX, MB, and CR onto nanoad-

sorbents. For this purpose, 25 mg L–1 of NPX, MB, and CRwere spiked

separately into the tap water obtained from Burdur city in Turkey as

the tap water used does not contain NPX, MB, and CR and adsorption

studies have been performed with optimal experimental parameters.

25 mg adsorbent was mixed with 50 mL tap water containing each 25

mg L–1 of NPX, MB, and CR and stirred for for 2 h at 250 rpm. The

tap water characteristics are shown in Table S1. The concentrations of

NPX, MB, and CR in the solution were calculated using UV-Vis spec-

trophotometry based on their specific calibration plots drawn at 272,

664, and 435 nm, respectively. Furthermore, isothermal studies were

carried out with initial concentrations ranging from 2.5 to 200 mg L–1

for NPX, MB, and CR for 2 h at 298 K and adsorption kinetic studies

were carried out between 2 and 150 min at 298 K. All experimen-

tal studies were carried out using spiked tap water samples. Finally,

adsorption, desorption, and reusability studieswere performed on real

wastewater samples under the same optimum experimental condi-

tions. The characteristics for the wastewater are shown in Table S2.

3 RESULTS AND DISCUSSION

3.1 Characterization of metal and metal oxide
nanoparticles

Fe3O4 NP, Pt NP, and PdNPwere verified by their characteristic peaks

in UV-Vis spectra (Figure 1a).[35–39] The pHpzc values of Fe3O4 NP, Pt

NP, and PdNPwere determined to be 5.44, 6.02, and 5.81, respectively

(Figure1b). The studies forCRandNPXwere carried out at pH5,which

is below the pHpzc value for all nanoparticles. In principle, when pH <

pHpzc, the adsorbent surface is positive and this positive surface can

easily adsorbanions.[40] For this reason,MBadsorptionwasperformed

at pH 8which is>pHpzc.

The FTIR results of Fe3O4 NP, Pd NP, Pt NP, and Codium extract

are shown comparatively in Figure 2a. The wide flat peak seen in the

spectrum at 3465–3220 cm−1 for the Codium extract can be assigned

to asymmetric vibration of -NH and -OH originating from protein,

polysaccharide, andpolyphenol in algae. This band is narrowed inPtNP

and is not observed for theothernanoparticles. Furthermore, the sharp

peak seen in the spectrum at 1100–1230 cm−1 for Codium extract

is the -COC vibrational band of the polysaccharide found in algae.

A narrowing of this band was observed for all nanoparticles. Other

peaks seen in the spectrum at 2920 cm−1 for Codium extract are cor-

responding to the –CH and –CH2 aliphatic group stretching band, at

1730 cm−1 corresponding to the C = O ester or fatty acid vibration

band, at 1510 cm−1 corresponding to the polyphenol skeletal (aro-

matic) band, at 1435 cm−1 corresponding to the –CH aliphatic bending

group, at 875 cm−1 corresponding to bending -C = O inorganic car-

bonate band and at 690 cm−1 corresponding to the –CH out-of-plane

aromatic band, respectively. FTIR analysis revealed that polysaccha-

rides, phenolic compounds, and fatty acids present in the Codium

extract served as both reducing and stabilizing agents for the synthesis

of the targeted nanoparticles.[14–16]

The XRD spectra of Codiummacroalgae, Fe3O4 NP, Pd NP, and Pt NP

are shown in Figure 2b. As seen from the XRD spectra of Fe3O4 NP,

six crystal structure peaks (orthorhombic) at 220, 311, 400, 422, 511,

and440correspond to2θ=30.06◦, 35.47◦, 43.30◦, 53.48◦, 57.06◦, and

63.70◦, respectively (JCPDS Card No. 76–0957). The particle size of

Fe3O4 NPwas determined to be 14.15 nm based on 2θ= 35.47◦ in the

XRD spectrum of Fe3O4 NP using the Debye–Scherrer equation:

D = K𝜆∕𝛽 cos 𝜃, (1)

where D is the nanoparticles crystalline size, K represents the Scher-

rer constant (0.98), λ denotes the wavelength (1.54), β denotes the full
width at half maximum (FWHM).

As seen from the XRD spectra of PdNP, four crystal structure peaks

(hexagonal) at 111, 200, 220, and 311 correspond to 2θ = 40.01◦,

44.80◦, 63.41◦, and 71.27◦, respectively (JCPDS Card No. 72–0710).
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F IGURE 1 (a) UV-Vis spectra of Fe3O4 NP, PdNP, and Pt NP (10mL Codium extract, 0.56 g FeSO4 ⋅ 7H2O, 0.81 g FeCl3 ⋅ 6H2O, 25
◦C, 0.1M

Pd(NO3)2 ⋅ 2H2O and 0.1MH2PtCl6 ⋅ 6H2O) and (b) pHpzc of the adsorbents (25mg nanoparticles, 25mL 0.01MNaCl, 25◦C and 24 h)

F IGURE 2 (a) FTIR and (b) XRD spectra of macroalgae and nanoparticles.

The particle size of Pd NP was determined to be 11.38 nm based

on 2θ = 40.01◦ in the XRD spectrum of Pd NP using the Debye–

Scherrer equation. As seen from theXRDspectra of PtNP, three crystal

structurepeaks (cubic) at 111, 200, and220correspond to2θ=40.01◦,

46.70◦, and 68.10◦, respectively (JCPDS Card No. 87–0767). The par-

ticle size of PtNPwas determined to be15.97nmbasedon2θ=40.01◦

in the XRD spectrum of Pt NP using the Debye–Scherrer equation.

Both the surface and crystalline structures, elemental compositions,

sizes and shapes of the nanoparticles were determined from the SEM-

EDX and TEM analyses shown in Figure 3. Based on the TEM results, it

was found that the average sizes of Fe3O4 NP, Pd NP, and Pt NP were

14.23 ± 0.08, 11.48 ± 0.13, and 15.75 ± 0.21 nm, respectively, and all

the nanoparticles showed monodispersed distribution and had spheri-

cal crystal structure. The FTIR spectra in Figure 2a confirm that some

elements, such as Mg, Na, C, and O observed in the EDX spectra of the

nanoparticles (Figure3), originated fromthealgaeextract. Theelement

Cl observed in the EDX spectra of both Fe3O4 NP and Pt NP is thought

to be due to metal salts. The SEM images showed an irregular oval and

spherical morphology as well as agglomeration of the nanoparticles.

TABLE 1 Textural properties and particle size of nanoadsorbents.

Property Fe3O4 NP PdNP Pt NP

Specific (BET) surface area (SBET, m2 g–1) 6.356 99.613 7.938

Total pore volume (Vtotal, cm
3 g–1) 0.036 0.058 0.037

Average pore diameter (BJH) (L, nm) 18.391 3.100 3.874

The pore diameter, total pore volume, and surface area of the

synthesized nanoparticles were calculated by both Barrett–Joyner–

Halenda (BJH) and Brunauer–Emmett–Teller (BET) methods using the

N2 adsorption isotherm (Figure 4). As can be seen in Figure 4, Fe3O4

NP and Pt NP probably follow the IUPAC classified Type III isotherm,

which is related to the slit-like pores between parallel layers. Pd NP

follows the Type II isotherm classified by IUPAC; possibly related to

mesopores.[41] The obtained pore diameter (L), surface area (SBET) and

total pore volume (Vtotal) data are shown in Table 1. As can be seen in

Table 1, Pd NP has the largest surface area, although the average pore

size is the smallest. The pore diameters of Fe3O4 NP, Pd NP, and Pt

NP are shown in Table 1, with average pore diameters approximately

 18630669, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/clen.202300187 by A

hi E
vran Ü

niversitesi, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ŞAHIN ET AL. 5 of 11

F IGURE 3 From left to right, TEM, EDX and SEM images: (a) Fe3O4 NP, (b) Pt NP, and (c) Pd NP.

F IGURE 4 (a) N2 adsorption isotherms, (b) BJH analysis of pore size distribution for Fe3O4 NP, PdNP, and Pt NP.

equal to 18.39, 3.10, and 3.87 nm, respectively. It is understood from

Figure 4b that the nanoparticles aremesoporous.

3.2 Removal efficiency of nanoparticles for NPX,
MB, and CR from tap water

The adsorption results of 25mg L–1 CR,MB, andNPX solutions (50mL)

by separately using 25mg of Fe3O4 NP, Pd NP, and Pt NP at room tem-

perature are shown in Figure 5a–c. While the % removal of CR with

Fe3O4 NP, Pd NP, and Pt NP at 2 h were found to be 39%, 83.5%, and

71%, respectively, those of MB with Fe3O4 NP, Pd NP, and Pt NP were

found to be 43%, 76%, and 90%, respectively. Furthermore, the per-

centage removal of NPX with Fe3O4 NP, Pd NP, and Pt NP at 2 h were

found to be 45%, 95%, and 82%, respectively. On the other hand, MB

dye removal was found to be 37% at 24 h using Codium algae only.

Pd NP showed the highest adsorption capacity for both CR and NPX,

while Pt NP showed the highest adsorption capacity for MB. All the

experimental studies were repeated with both high purity water and

tap water containing 25 mg L–1 of NPX, MB, and CR and the same

adsorption capacitieswere obtained for all the nanoadsorbents, shown

in Figure S1. This experimental result showed that foreign ions in tap
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F IGURE 5 Comparative removal efficiency for (a) CR, (b)MB, and (c) NPX using Fe3O4 NP, PdNP, and Pt NP (initial dye/drug concentration: 25
mg L–1, adsorbent dosage: 25mg in 50mL, T= 298 K)

F IGURE 6 Adsorption isothermmodels of (a) CR, (b)MB, and (c) NPX onto Fe3O4 NP, PdNP, and Pt NP (adsorption conditions: 0.025 gNP in
50mL, 2.5–200mg L–1, 298 K, 120min).

water did not have a negative effect on the removal of NPX, MB, and

CR. Pd NP had the highest removal efficiency for both CR and NPX

and the results are in agreement with the BET analysis. According to

the BET analysis results, Pd NP has the highest surface area and pore

volume.

The two most commonly used adsorption isotherms, such as the

Langmuir and Freundlich isotherm models, were used to analyze

the equilibrium adsorption of CR, MB, and NPX shown in Figure 6,

respectively. On the other hand, pseudo-first order (Lagergren),

pseudo-second order (Ho-McKay) and Elovich kinetic models were

applied to study the adsorption kinetics of CR,MB, andNPX (Figure 7).

The basic equations of the two isothermal and kinetic models used are

given in Table 2. The constants and equations were explained in detail

in the literature.[42,43]

Since theR2 valueof the linedrawnaccording to theLangmuirmodel

of CR, MB, and NPX adsorption by Fe3O4 NP, Pd NP, and Pt NP at 298

K is closer to 1 than the R2 value drawn according to the Freundlich

model (Table 3), it is seen that the adsorption equilibriummodel ismore

TABLE 2 Isotherm and kinetic mathematical models

Isotherm/Kinetic model Equation

Langmuir qe =
qmKLCe

1+KLCe

Freundlich qe = KFC
1∕n
e

Pseudo-first order qt = qe (1 − e−k1t)

Pseudo-second order qt =
q2ek2t

1+qe k2t

Elovich qt =
1

𝜷
ln(1 + 𝜶𝜷t)

suitable for the Langmuir model. Based on the experimental results, it

is understood that the adsorption energy of all areas on the adsorbent

surface is constant and the adsorbent surface is homogeneous. There-

fore, it is found that the adsorption takes place in a single layer. When

themaximum adsorption capacity of adsorbents is compared, it is seen

thatwhile PdNP is optimal for bothCRandNPX removal, PtNP ismost

appropriate forMB removal.
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F IGURE 7 Kinetic models for adsorption of (a) CR, (b)MB, and (c) NPX onto Fe3O4 NP, PdNP, and Pt NP (adsorption conditions: 0.025 g NP in
50mL, initial dye/drug concentration 25mg L–1, 150min).

TABLE 3 Isothermmodels constants for CR,MB, andNPX adsorption on Fe3O4 NP, PdNP, and Pt NP.

Isotherm parameter

CR MB NPX

Fe3O4 NP PdNP Pt NP Fe3O4 NP PdNP Pt NP Fe3O4 NP PdNP Pt NP

Langmuir qm (mg g–1) 25.75 45.62 40.08 24.65 42.37 48.22 25.20 50.03 44.99

KL (L mg–1) 0.06 0.25 0.14 0.06 0.17 0.43 0.061 0.90 0.23

R2 0.93 0.92 0.92 0.93 0.92 0.92 0.92 0.91 0.92

Freundlich KF (mg g–1)/(mg L–1)n 4.64 15.06 10.60 4.34 12.17 18.42 4.49 22.22 14.41

n 0.33 0.51 0.27 0.34 0.26 0.21 0.33 0.18 0.24

R2 0.77 0.70 0.73 0.77 0.72 0.69 077 0.67 0.71

TABLE 4 Kinetic modeling the experimental data of CR,MB, andNPX on Fe3O4 NP, PdNP, and Pt NP.

Kinetic model parameter

CR MB NPX

Fe3O4 NP PdNP Pt NP Fe3O4 NP PdNP Pt NP Fe3O4 NP PdNP Pt NP

PFO qe (mg g–1) 10.25 19.73 16.60 9.829 18.61 21.76 10.18 22.78 19.90

k1 × 10−3 (min–1) 0.036 0.040 0.041 0.036 0.025 0.037 0.045 0.050 0.041

R2 0.934 0.929 0.933 0.930 0.971 0.952 0.906 0.957 0.952

PSO qe (mg g–1) 12.29 23.33 19.59 11.83 23.81 26.09 11.88 26.37 23.55

k2 × 10−3 (g (mg×min)–1) 0.003 0.002 0.002 0.003 0.001 0.002 0.005 0.002 0.002

R2 0.978 0.985 0.989 0.986 0.989 0.987 0.983 0.994 0.992

Elovich β (mg g–1) 0.356 0.191 0.229 0.361 0.154 0.165 0.397 0.178 0.188

α (g mg–1 ×min) 0.898 1.970 1.715 0.802 0.788 1.860 1.301 3.069 1.987

R2 0.958 0.963 0.967 0.963 0.982 0.974 0.949 0.983 0.977

PFO: pseudo-first order; PSO: pseudo-second order.

The calculated kinetic parameters for the three models are shown

in Table 4. The high regression coefficients of the pseudo-second-order

kinetic model indicate that the experimental results for CR, MB, and

NPX removal are well explained by this model. The regression coeffi-

cients close to 1 for all pollutants show the applicability of this model.

Therefore, it can be concluded that the adsorption process of CR, MB,

and NPX is controlled by chemisorption.[44]

3.3 Adsorption, desorption, and reusability in real
wastewater

Because the concentrations of CR, MB, and NPX in the wastewater

samples collected from Isparta Organised Industrial Zone were below

detection limit, 25mgL–1 of eachpollutantwas spiked into thewastew-

ater separately. Adsorption, desorption and reusability studies were
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8 of 11 ŞAHIN ET AL.

F IGURE 8 Effect of initial pH for the removal of both (a) CR andNPXwith PdNP and (b)MBwith PtNP (adsorption conditions: 0.025 g NP in
50mL, initial dye/drug concentration 25mg L–1, 298 K, 150min).

TABLE 5 A comparison of the adsorptive capacity of synthesized nanosorbent with those announced in the literature for degradation
different pollutants.

Pollutant Adsorbent Adsorption capacity (mg g–1) Time (min) Reference

Tetracycline Fe/Ni NP 61.89 90 [45]

Diclofenac CuNP 21.60 90 [46]

Naproxen CuNP 19.6 90 [46]

Naproxen Natural clay 37 240 [49]

Reactive red-198 Alumina/carbon nanotube 44.32 150 [48]

Cresol red Orange peel 14 1440 [49]

Methyl orange Fe3O4 NP 132 60 [31]

Methylene blue Banana peel 20.8 1440 [49]

Methyl orange Graphene oxide 16.83 100 [50]

Naproxen PdNP 41 150 Present study (real wastewater)

Cresol red PdNP 37.19 150 Present study

Methylene blue Pt NP 40.01 150 Present study

Naproxen PdNP 50.03 120 Present study (tap water)

Cresol red PdNP 45.62 120 Present study

Methylene blue Pt NP 48.22 120 Present study

carried out using Pd NP as the adsorbent for both CR and NPX and Pt

NP for MB. Firstly, adsorption studies were carried out with wastewa-

ter samples in the pH range of 2 to 10 to determine the appropriate pH

(Figure 8).

CR removal studies from wastewater were carried out at pH 5,

which gives the best results. The pHpzc value for PdNPwas found to be

5.81 (Figure 1b). Since the selected pH is lower than the pHpzc value,

the surface of the nanoadsorbent is positively charged and an elec-

trostatic attraction force is formed with ─SO3
− and ─O− ions of CR.

On the other hand, since the pKa value of CR is 8.2 which is higher

than the pH of the solution, electrostatic repulsion occurs and it is

believed that the adsorption equilibrium time is prolonged. In this case,

n-π*, π-π* electron donor–acceptor (EDA) forces arising from ─S =

O and ─C = C groups are thought to be more effective in adsorp-

tion. From the results obtained, it was concluded that Pd NP at basic

TABLE 6 Desorption efficiency (%) of CR,MB, andNPX from Pd
NP and Pt NP.

Desorption

agent

Desorption

efficiency (%) Adsorbent Pollutant

Methanol 92 PdNP CR

96 NPX

95 Pt NP MB

Ethanol 95 PdNP CR

98 NPX

95 Pt NP MB

1MNaOH - PdNP CR

- NPX

5 Pt NP MB
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ŞAHIN ET AL. 9 of 11

F IGURE 9 Reusability of PdNP for CR andNPX removal and Pt NP forMB removal for three cycles (from 1st to 3rd from left to right,
respectively).

pH has low adsorption capacity for NPX removal. The highest adsorp-

tion capacity for NPX removal was also obtained at pH 5. Since the

pH is lower than the pHpzc value of Pd NP and higher than the pKa

value of NPX, it becomes anionic, and since the nanoparticle surface is

positively charged, electrostatic attraction force occurs with the posi-

tively charged nanoparticle surface. In addition other interactions can

still be effective (H-bond and aromatic ring-induced π-π* interaction).
Figure 8b shows that the adsorption capacity of MB is highest at pH 8,

which is higher than both pKa = 2.6 of MB and pHpzc = 6.02 of Pt NP.

Therefore, the surface of the nanosorbent is negatively charged and

the adsorption is due to both the electrostatic attraction of MB with

N+ ions and the n-π*, π-π* interactions of -CN and aromatic ring -C=C

groups on the nanoparticle surface.

The removal percentage of CR, MB, and NPX from wastewater

was 74.38%, 80.01%, and 82%, respectively, which was lower than

the removal percentage from tap water (83.5%, 90%, and 95%). This

may be due to the different pollutants and constituents present in the

wastewater.

A comparisonof theadsorptive capacityof the synthesizednanosor-

bents with other materials reported in the literature is shown in

Table 5.

As shown in Table 5, while the adsorption capacity of both Cu NP

and natural clay for NPX was 19.60 mg g–1 at 90 min and 37 mg g–1

at 240 min, respectively,[46,47] the adsorption capacity of Pd NP pre-

pared using Codium macroalgae extract for NPX was 50.03 mg g–1 at

120 min. Furthermore, 14 mg g–1 of CR was removed at 1440 min by

using orange peel as an adsorbent,[49] whereas 45.62mg g–1 of CRwas

removed at 120 min by using Pd NP prepared using Codium macroal-

gae extract. Furthermore, while the adsorption capacity of banana peel

for MB was found to be 20.8 mg g–1 at 1440 min,[49] the adsorp-

tion capacity of Pt NP prepared using Codium macroalgae extract for

MB was 48.22 mg g–1 at 120 min. Comparing the present study with

some other studies in the literature, the removal of NPX, CR, and

MB was achieved with higher efficiency at lower times as shown in

Table 5.

In terms of both economics and sustainability, desorption and

reusability studies are important parameters for evaluating potential

environmental applications. For this reason, desorption studies of CR,

MB, andNPXwere investigated using different solvents and the results

are shown in Table 6. To investigate the reusability of the nanoadsor-

bents, the adsorption/desorption studies were repeated three times

and the results are shown in Figure 9. As shown in Figure 9, the adsor-

bent has a stable and active structure and there was a slight decrease

in the adsorption capacities.

4 CONCLUSIONS

Magnetic Fe3O4 and both Pd and Pt metallic nanoparticles were first

prepared using Codium macroalgae extract by green synthesis and suc-

cessfully used for the removal of NPX, CR, and MB from aqueous

media. The optimum experimental conditions for the removal of NPX,

CR, and MB with the highest efficiency in the shortest time were

determined, and kinetic studies were carried out. Based on the exper-

imental results obtained with both high purity water and tap water,

ions present in tap water did not have a negative effect on the removal

of NPX, MB, and CR. It can be concluded that the adsorption pro-

cess of CR, MB, and NPX was controlled by chemical adsorption due

to the suitability of pseudo-second-order kinetic model. The Langmuir

adsorption model is more suitable than the Freundlich model for the

adsorption of CR, MB, and NPX and it is found that the adsorption

takes place in a single layer. While 37% of MB was removed after 24

h using Codium macroalgae only, 90% of MB was removed after 2 h

using PtNP. Furthermore, while the adsorption capacity of PdNP is the
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10 of 11 ŞAHIN ET AL.

highest for both CR (83.5%) and NPX (95%), that of Pt NP is the high-

est for MB (90%). The adsorption, desorption and reusability studies

were investigated in real wastewater samples collected from Isparta

City Organised Industrial Zone and it was found that the synthesized

nanoparticles can be used in real wastewater despite a small capac-

ity loss. Among the synthesized nanoparticles, Pd NP can be used as

an effective nanoadsorbent for the removal of pollutants from aque-

ous media at acidic pH. Therefore, these results show that metallic

nanoadsorbents obtained by using Codium macroalgae extract are pre-

ferred adsorbents for the removal of organic pollutants from aqueous

media.

AUTHOR CONTRIBUTIONS
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