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Abstract. The main objective of this study is the preparation of a polyethylene glycol (PEG)–Fe3O4/ZnO magnetic

nanocomposite using a green sonochemical synthesis method with rambutan peel extract as a stabilizing agent for

photocatalytic methylene blue (MB) degradation. The synthesized nanocomposites were characterized using field emis-

sion scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy

(FTIR), X-ray diffraction and UV–visible methods. The field emission scanning electron microscopy results showed the

size of nanocomposite was 20–30 nm and had the bandgap energy of 2.58 eV. The effects of the photocatalyst and process

time were investigated. The kinetics were investigated, and the regeneration of the photocatalyst was evaluated. Kinetic

experiments on MB degradation using the nanocomposite showed good agreement with the Langmuir–Hinshelwood

model, and the photocatalyst could remove over 98% of the MB within 90 min.
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1. Introduction

There are many organic dyes, which are widely used in

industries such as textiles, paper, cosmetics, food, printing

[1–3]. If the waste from these industries is not treated before

being discharged into the environment, it will have a big

effect on the environment, living organisms and human

health, including outcomes such as increased cancer rates,

gene mutations and the death of organisms [4–6]. World-

wide, azo dyes are the biggest group of colorants by both

production mass and number, making up 70% of all organic

dyes [7]. Therefore, in-depth studies have focused on the

removal of these persistent organic dyes from water sour-

ces. Persistent organic matter treatment methods commonly

used are photocatalytic methods [8,9], membrane filtration

[10] and coagulation methods [11], biodegradation [12], and

adsorption by activated carbon [13,14]. Of these methods,

the photocatalytic method, using metal oxide nanocom-

posites with semiconductors (ZnO, CuO, TiO2, NiO, CoO)

under the influence of light to create strong oxidizing rad-

icals to convert persistent organic substances into non-toxic

inorganic substances (CO2, H2O), is of research interest

[15–17]. ZnO is a group II-VI binary semiconductor with a

wurtzite-type hexagonal structure or pseudo-zinc cubic

structure, a bandgap energy of 3.1–3.3 eV and large exci-

tation energy (60 meV) at room temperature. It is used in a

variety of technologies, including sensors, optical devices,

electrochemical supercapacitors and photocatalysis. Semi-

conductors have a large band spacing, high excitation

bonding energy at room temperature, good physical stability

and good chemical stability. The photocatalytic treatment

method is environmentally friendly, thorough, and has high

efficiency [18,19].

Polyethylene glycol (PEG)–Fe3O4/ZnO nanocomposite

materials are aggregated. This results in the combination of

the superparameters of the Fe3O4 nanosystem and the

ability to rapidly adsorb pollutants and separate them from

environmental water.

This is due to characteristic properties such as low

superparameter, low toxicity, low electrical conductivity

and large specific surface area [20,21]. In addition, instead

of using reagents that can cause secondary pollution,

rambutan shell extracts are used to synthesize the PEG–

Fe3O4/ZnO nanocomposite and combined with ultrasonic

wave to increase the dispersion of the system, reduce the

size of the catalytic particles and reduce the reaction time.
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In the ultrasonic-assisted synthetic (sonochemical syn-

thesis) method, chemical reactions are facilitated by the

application of powerful ultrasound radiation (20 kHz–10

MHz). Sonochemistry generates small bubbles that can

achieve a high temperature (5000–25000 K), a pressure of

more than 1000 atm and a rate of cooling/heating that can

exceed 10–11 K s–1. They can break chemical bonds or

produce chemical and physical effects that can be used for

the production or modification of nanostructured materials

[22,23]. Ultrasonic-assisted reactions produce smaller sized,

purer and more dispersible nanomaterials [24].

In this study, PEG–Fe3O4/ZnO magnetic nanocomposites

were synthesized on the surface of PEG–Fe3O4 in an

aqueous solution using ferric chloride hexahydrate (FeCl3-

6H2O), ferrous chloride tetrahydrate (FeCl2�4H2O), NH4OH

as the iron precursor and reduction agent, and ZnO

nanoparticle powder. The ZnO nanoparticles (20–30 nm)

used for preparing the nanocomposite were obtained from

0.1 M zinc nitrate hexahydrate and rambutan peel extract

from Vietnam. The photocatalytic activity of the PEG–

Fe3O4/ZnO magnetic nanocomposite was studied for the

removal of methylene blue (MB) under UV light irradiation.

2. Experimental

2.1 Materials

The chemicals, ferric chloride hexahydrate (FeCl3�6H2O),

ferrous chloride tetrahydrate (FeCl2�4H2O), zinc nitrate

hexahydrate (Zn(NO3)2�6H2O), methylene blue (analytical

grade) and PEG polymer (PEG-6000), were purchased from

Merck. NH3 solution and ethanol were provided by

Macklin-China, India.

The raw Rambutan (Nephelium lappaceum L.) peel was

collected from Vietnam Southern, and deionized water was

used throughout the study. The Rambutan peel were rinsed

with deionized water and dried in the oven at 60�C. The

dried Rambutan peel were cut into small pieces and

rambutan peel extract was prepared by mixing 3 g of small

pieces of Rambutan peel in a Erlenmeyer flask with 100 ml

of ethanol/deionized water (1:2, v/v) and boiled at 80�C for

30 min. The extract was cooled and filtered, the rambutan

peel extract was kept at 8–10�C for use within a week.

2.2 Preparation of PEG–Fe3O4/ZnO nanocomposite

Firstly, preparation of the PEG-coated Fe3O4 and ZnO

nanoparticles: The ZnO nanoparticles were prepared by 0.1

M of zinc nitrate hexahydrate and rambutan peel extract

(Vietnam) with constant stirring at room temperature and

sonicating for 1 h in an ultrasonic bath (500 W, 20 kHz)

[18,25]. The colloid (zinc-ellagate complex) was cen-

trifuged and wased with distlled water. The solid was cal-

cined at 450�C for 3 h to obtain ZnO nanoparticles.

The PEG-coated Fe3O4 nanoparticles were prepared by

mixing FeCl3�6H2O and FeCl2�4H2O at a ratio of 2:1 in

deionized water. To this 75 mg l–1 PEG was added, using a

method published by the authors [20]. The reaction mixture

was placed on a sonicator (Sonics & Materials—VCX500;

500 W, 20 kHz), and 25–28% NH3 solution was added

dropwise using a syringe pump at a flow rate of 50 ml h–1.

These procedures resulted in the formation of a black pre-

cipitate of PEG-coated Fe3O4 nanoparticles. ZnO nanopar-

ticles were added to the reaction flask so that the solution

was maintained at pH = 8. The system was placed on a

sonicator for 1 h at 80�C. A black precipitate was obtained,

filtered and washed with distilled water several times until

the water became neutral, and then, it was washed twice

more with ethanol. The product was dried in an oven at a

temperature of 65�C for 24 h. Figure 1 shows the procedure

for the preparation of the PEG–Fe3O4/ZnO magnetic

nanocomposite with ratio of Fe3O4:ZnO is 1:4. Corre-

sponding to the element composition from energy disper-

sive X-ray spectroscopy results showed that PEG–Fe3O4/

ZnO magnetic nanocomposite contained were 40.46% Zn,

36.53% Cu, 21.00% O and 1.91% C (figure 3d).

2.3 Characterization

The crystallinity of Fe3O4-NP and ZnO-NP were examined

by X-ray diffraction X’Pert Pro-PANalytical instrument.

X-ray diffractometer was operated at 1.8 kW (40 mA/45

kV) using CuKa (k = 1.5406 Å) radiation. Fourier transform

infrared (FTIR) spectra were recorded using the KBr pellet
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t=5 min Mix

Wash
(EtOH & H2O)

Magnet, 
dried at 343 K

Ultrasonic 
wavest = 30 min

Zn(NO3)2.6H2O
Rambutan peel 

extract

Zinc-ellagate 
complex

t=1 hour

ZnO

Calcination
T=450 oC
t = 3 hours

Ultrasonic 
wavest = 60 min

FeCl2.4H2O FeCl3.6H2O

Fe3+:Fe2+=2:1 
molar ratio

PEG/ Fe3+- Fe2+NH3 25-28%

PEG-Fe3O4

PEG-Fe3O4/ZnO

PEG-Fe3O4/ZnO 
nanocomposites

Figure 1. The procedure for the preparation of PEG–Fe3O4/ZnO

magnetic nanocomposite.
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method, using a Bruker FT-IR spectrometer. Magnetic

measurements of the solid samples were performed at room

temperature (25�C) using a Magnet B-10 vibrating sample

magnetometer (VSM). Field emission scanning electron

microscopy analysis was performed using a Hitachi S-4800.

A minimal amount of the solid sample was dispersed in

ethanol and small drops were placed on an aluminium grid.

The grid was dried for 1–2 h in a vacuum at 40�C prior to

the field emission scanning electron microscopy studies.

UV–Vis diffuse reflectance spectrophotometer (Shimadzu

UV-2450) was used to determine the bandgap energy of

PEG–Fe3O4/ZnO magnetic nanocomposite.

Nitrogen adsorption/desorption data were obtained at 77

K using Tristar 3000-Micromeritics equipment, USA.

Samples were degassed at 75�C and 10–6 Torr for a mini-

mum of 12 h prior to analysis. The specific surface area was

calculated from the linear part of the BET plot according to

IUPAC recommendation, and the pore size was determined

using the BJH (Barrett–Joyner–Halenda) model.

2.4 Photocatalytic activity of the PEG–Fe3O4/ZnO
magnetic nanocomposite

To determine the photocatalytic activity of the PEG–Fe3O4/

ZnO magnetic nanocomposite, the removal of MB under

UV light was studied.

The photocatalytic activity of the prepared photocatalysts

was evaluated by monitoring the decomposition rate of

aqueous MB solution. The photocatalytic activity experi-

ments were carried out to investigate the influence of

parameters that have a major effect on the decomposition

rate of MB: pH, contact time, initial concentration of MB

and amount of catalyst powder. In these experiments, a

fixed quantity of Fe3O4/ZnO nanocomposite was mixed

with a specific volume of MB and constantly shaken at

room temperature, until equilibrium was reached. After the

photocatalysis, the solutions were filtered through Whatman

no. 42 filter paper. The filtrate was collected in polyethylene

tubes and diluted before analysis. During the study, the

catalyst powder used was varied from 0.5 to 2.0 g l–1, the

pH from 2.0 to 10.0, the initial MB concentration from 50 to

200 mg l–1, and the contact time from 0 to 120 min.

Hydrogen peroxide was added as a radical agent. The pH of

the solution was adjusted to the required value using either

0.1 N HCl or 0.1 N NaOH solution.

For the adsorption isotherms, a series of 100 ml glass

flasks were filled with 50 ml of MB solution of varying

concentrations and maintained at the desired temperature

and pH, to which 1.0 g l–1 of PEG-Fe3O4/ZnO nanocom-

posite was added. An optimum uptake time of 60 min for

MB was calculated by taking the difference in the initial

and final concentrations. In each experiment, the removal of

MB was carried out in the dark. All the experiments were

repeated three times and average values were reported.

The photocatalytic activity of the synthesized catalyst

was estimated by measuring the residual concentration of

MB dye in the solution. Spectrophotometric analysis of the

dye was used to determine its decolorization efficiency. The

absorbance of the MB dye was measured using a UV–visible

spectrophotometer. The maximum wavelength of absorbance

for the MB dye is kmax = 663 nm.

2.5 Kinetic studies of MB degradation in PEG–Fe3O4/
ZnO

The photocatalytic oxidation kinetics of MB compounds

have often been modelled using the Langmuir–Hinshel-

wood equation. The fitting of experimental data to Lang-

muir–Hinshelwood kinetic model has been demonstrated

for the photocatalytic oxidation of organic dyes [26,27].

This model is expressed by the following equation:

1

kapp

¼ 1

kcKLH

þ MB½ �0
kc

; ð1Þ

where [MB]0 is the initial concentration of MB compound

(mg l–1), KLH is the Langmuir–Hinshelwood adsorption

equilibrium constant (l mg–1), kc is the rate constant of the

surface reaction (mg l–1 min–1), and kapp is the apparent

constant of degradation.

The photocatalysis (the degradation of aqueous MB

solution containing PEG–Fe3O4/ZnO by UV irradiation,

involving the adsorption of the substrate on the photocata-

lyst surface) follows pseudo-first-order kinetics. This model

is expressed by the equation:

r ¼ � dC

dt
¼ kappC; ð2Þ

where r is the degradation rate (mg l–1 min–1), kapp is the

apparent constant of degradation (l min–1), and C the con-

centration of the organic substrate at time t (mg l–1).

The integration of this equation (with limitation C = C0

for t = 0) leads to the following equation:

ln
C0

C
¼ kappt: ð3Þ

The mathematical models developed by Langmuir have

been applied to the irradiation of MB with PEG–Fe3O4/ZnO

nanocomposites. The Langmuir isotherm model can be

expressed linearly as in equation (4) [28]:

Ct

Q
¼ 1

qmaxKL

þ Ct

qmax

: ð4Þ

where Ct is the concentration of MB (mg l–1) at equilibrium,

qmax is the monolayer capacity of the adsorbent (mg g–1)

and KL the Langmuir sorption constant (l mg–1). The plot of

Ct/Q vs. Ct was a straight line (figure 6) and the values of

qmax and KL can be calculated from the slope and intercept

of the plots.
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3. Results and discussion

3.1 Structural and morphological studies

During the preparation of PEG-coated Fe3O4 nanoparticles,

ZnO nanoparticles and Fe3O4/ZnO magnetic nanoparticles,

the colour of the reaction mixtures changed several times

due to the influence of the phase of the compound formed.

First, ammonia solution, which was added to the reaction

solution, produces OH– anions, which react with Fe2? and

Fe3? cations to form Fe3O4 nanoparticles. The addition of

PEG to the reaction mixture resulted in the Fe3O4 being

coated with PEG. Due to the interaction between the OH

groups of the PEG compound and the OH groups on the

surface of Fe3O4 nanoparticles, H atoms were released, and

the C–H chain interacted with the Fe3O4 surface [29]. The

preparation of ZnO nanoparticles, and the formation of ester

oxygen atoms and phenolic hydroxy groups of polyphenols

result in a p-track conjugation effect, in which hydroxyl

groups bind with the metal. A zinc-ellagate complex formed

due to the chelating effect. The direct decomposition of the

zinc-ellagate complex at 450�C led to ZnO nanoparticles

[25]. Then, the ZnO nanoparticles were functionalized to

form the PEG–Fe3O4, as shown in figure 1. The products

were characterized using powder X-ray diffraction (XRD),

FTIR and VSM methods. Figure 2a shows the XRD patterns

and FTIR spectra of the PEG–Fe3O4/ZnO samples. The

positions and relative intensities of the diffraction peaks in

all the XRD patterns were fully matched. In addition, all the

diffraction peaks were in good agreement with the standard

card of Fe3O4 (ICSD code: 028664) and ZnO (ICSD code:

065122). The characteristic peaks of Fe3O4, namely the

peaks at 2h of 30.0�, 35.4�, 57.2� and 62.6�, indicated that

the Fe3O4 nanoparticles had a cubic spinel structure [30].

The peaks for ZnO, at 2h of 31.76�, 34.28�, 36.12�, 47.30�,
56.37� and 68.77�, indicated that the ZnO nanoparticles had

a hexagonal structure [25,31]. In order to estimate the

crystallite sizes, we have used both the Scherrer equation

and the Williamson-Hall plot. The results show that the

crystal sizes of Fe3O4 in PEG–Fe3O4 and PEG–Fe3O4/ZnO

nanocomposite materials are 20.94 and 16.77 nm, respec-

tively. The size of ZnO crystals is 21.09 nm.

Figure 2b shows the FTIR spectrum of the prepared

PEG–Fe3O4/ZnO nanocomposites. The surface of the ZnO

nanoparticle powder shows the presence of metabolites in

the rambutan peel extract, such as phenolic acids, proan-

thocyanidins, tannins, flavonoids, fatty acids, pectin, car-

otenoids, sugars and fruit acids such as ascorbic acid, malic

acid, and citric metabolites, which possess antioxidant

activity [25]. The biocapping phenomenon could be due to

the presence of metabolites such as phenolic and carboxylic

acids that adhered to the surface of the ZnO nanoparticles.

The spectrum obtained for the PEG–Fe3O4/ZnO nanocom-

posite clearly shows Zn–O absorption bands at 456 cm–1

[21]. Bands at 1109 and 1058 cm–1, corresponding to the

C–O stretching mode of esters, were not present. However,

the significant absorption peaks at 3429, 628 cm–1 could be

assigned to O–H stretching and H–O–H bending vibration

due to the adsorption of moisture, and Zn–O stretching

vibration, respectively. In the FTIR spectrum of PEG–

Fe3O4/ZnO, there is also a sharp absorption in the finger-

print range at 564 cm–1, indicating the presence of an Fe–O

bond in the pure Fe3O4 and Fe3O4–PEG samples [20,32].

Figure 3a shows that the PEG–Fe3O4 surface material has

particle sizes in the range of 10–30 nm. Cubic particles are

less uniform and have a smooth surface. The images of the

nanocomposite material at different magnifications show a

distribution of Fe3O4 and ZnO nanoparticles with dimen-

sions less than 30 nm. The synthetic nanocomposite mate-

rial therefore has a larger surface area than the base

material, which is shown using measurements of the

specific surface area using the BET technique. The porosity
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Figure 2. (a) XRD patterns of the ZnO, PEG–Fe3O4 and PEG–Fe3O4/ZnO samples. (b) FTIR spectra of the rambutan peel
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characteristics of the PEG–Fe3O4/ZnO nanocomposite were

studied using BET nitrogen physisorption at –196.15�C.

Figure 3b shows the adsorption–desorption isotherm for

the PEG–Fe3O4/ZnO nanocomposite. The adsorption–des-

orption isotherm is of type IV, as typified by the H3 hys-

teresis loop, rod-shaped and letter-shaped according to

IUPAC classification [33]. This allows us to predict that the

synthetic nanocomposite materials contain both macropores

and mesopores, with the mesopores being more numerous.

The isotherm has two inflection points due to nitrogen

uptake. The first is slow at a low relative pressure (\0.1),

and the second is sharp at a relative pressure of about 0.95,

with a hysteresis loop at a relative pressure above 0.7. The

higher nitrogen uptake at low relative pressure is indicative

of monolayer adsorption, whereas the sharp uptake at a

higher relative pressure shows multilayer adsorption. The

pore size distribution is obtained from BJH analysis. The

BJH pore size distribution curve shows narrow and intense

peaks. The hole size distribution curve shows that holes

appear in the range 3 to 170 nm. The specific surface area of

the ZnO surface material (synthesis by a chemical method)

is 2.10 m2 g–1, which is much smaller than that of the

nanocomposite material, which reaches 40.52 m2 g–1. The

micropore area of the nanocomposite Smicro = SBET – Sex-

ternal = 0.77 m2 g–1, the pore diameter averages 22.3 nm, and

the total pore volume is 0.24 cm3 g–1.

The magnetic properties of the materials were assessed

using vibrating sample magnetometry (figure 3c). The
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saturation magnetization of the PEG–Fe3O4/ZnO

nanocomposite was 65.2 emu g–1. This indicates that the

sample was superparamagnetic, and the iron oxide particles

were nanosized and distributed on the soluble surface.

Therefore, it is convenient to separate this material from the

aqueous solution after adsorption with the help of an

external magnetic field [34].

The value of the energy gap (Eg) of the bulk ZnO is 3.31

eV, but or a thin film, the Eg value depends on the manu-

facturing technique [35,36]. The optical energy gap can be

estimated by calculating the absorption coefficient (a),

which depends on the film thickness (the length of the

absorption media) and the absorbance, as shown in the

following equation:

a ¼ 2:303
A

d

� �
; ð5Þ

where A is the absorbance and d the thickness. The energy

gap can be estimated by assuming direct and indirect

allowed transitions between the valence and conduction

bands using the Tauc equation [35,36]:

ah# ¼ B h#� Eg

� �r
; ð6Þ

where B is a constant, a is the absorption coefficient, h# is

the incident photon energy, and r a constant. For direct

transition r = 1/2, and for indirect transition r = 2.

Figure 4 shows (ah#)2 plotted against h#. The bandgap of

the nanocomposite, Eg, was determined by extrapolating the

linear section of the plot to the h# axis at (ah#)2 = 0. The

Fe3O4/ZnO nanocomposite has a direct allowed energy

bandgap of 2.58 eV. This bandgap lies between those of

ZnO (3.32 eV) and Fe3O4 (0 eV). Therefore, by tuning the

volume fractions of the constituent oxides, the bandgap can

be engineered to make the nanocomposite suitable for

several applications such as in photovoltaics, solid oxide

fuel cells, photocatalysis and thermoelectric.

3.2 Photocatalytic activity of the PEG–Fe3O4/ZnO
nanocomposites

The photocatalytic activity of the nanocomposites was

measured with 1.0 g l–1 of PEG–Fe3O4/ZnO and a pH of 4

under the following conditions: (1) irradiation of MB with

UV light in the absence of the PEG–Fe3O4/ZnO

nanocomposite; (2) MB in the dark in the presence of the

PEG–Fe3O4/ZnO nanocomposite; and (3) irradiation of MB

with UV light in the presence of the PEG–Fe3O4/ZnO

nanocomposite. The results of the studies are shown in

figures 5 and 6. Figure 6 shows the establishment of

Langmuir adsorption constants for the adsorption of MB on

the PEG–Fe3O4/ZnO in the dark.

The results in figure 5 show that there was no significant

degradation under UV light in the absence of the PEG–

Fe3O4/ZnO nanocomposite. In the dark, when in the pres-

ence of the nanocomposite without irradiation, the catalyst

caused 28.8% degradation of MB. This loss was observed

due to the adsorption of MB on the surface of the PEG–

Fe3O4/ZnO nanocomposite. The irradiation of MB under

UV light in the presence of the PEG–Fe3O4/ZnO

nanocomposite resulted in [98% degradation in 90 min.

These results show that the nanocomposite material is both

adsorbent and catalytic. The adsorption process supports the

MB degradation catalytic process, reducing the decompo-

sition time and increasing the efficiency of the catalytic

process. This contrasts with ZnO nanoparticle materials,

which play a major role only in the catalytic process—the

adsorption process hardly occurs at all [21,37].

The results in figure 6 show that the Langmuir adsorption

constant and the maximum adsorbable quantity of MB were

calculated as KL = 0.0451 l mg–1 and Qmax = 21.05 mg g–1.

These results show that the maximum adsorption capacity

of the synthesized nanocomposite is greater than that of

some previously published ZnO nanoparticles [38].
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3.2a Effect of initial pH: pH has the most important role

in the photocatalytic study. It controls the reactions during

the degradation of MB, and the generation of hydroxyl

radicals also depends on the pH of the solution [39]. The

effect of pH on the photocatalytic degradation of MB in the

range of pH 2 to 10 in the presence of the PEG–Fe3O4/ZnO

nanocomposite is shown in figure 7.

The degradation rate of PEG–Fe3O4/ZnO is at a maxi-

mum at acidic pH (pH = 2 to 4) and decreases with

increasing pH. The pH of the solution affects the surface

charge properties of the catalyst and the adsorption beha-

viour. When the pH is less than 4, the dissolution of Fe3O4

nanoparticles occurs [40]. Therefore, pH = 4 was chosen for

the later investigations.

3.2b Effect of the amount of PEG–Fe3O4/ZnO
nanocomposite: The degradation percentages of MB

with different catalyst doses between 0.5 and 2.0 g l–1

were measured. The results in figure 8 show that the rate of

degradation increased as the PEG–Fe3O4/ZnO catalyst

concentration increased. When the catalyst concentration

was increased above 1 g l–1, the degradation of MB was

approximately 100%. This is the major factor reducing light

absorption by the photocatalyst. The agglomeration

prevents photons from reaching the inner layers of the

catalyst. Fewer catalyst particles get excited, and ultimately

fewer electrons/holes and hydroxyl radicals are produced.

Therefore, the degradation rate tends to decrease as the

catalyst dose increases [41,42].

3.2c Effect of initial concentration of methylene
blue: The effect of initial MB concentration on the

degradation efficiency was studied at the optimized pH of

4 by varying the initial dye concentrations (from 50 to 200

mg l–1). The results in figure 9 show a maximum

degradation at the initial dye concentration of 50 to 200

mg l–1, when the maximum degradation of MB dye was

approximately 96%. The degradation efficiency of the dye

decreased when the initial concentration of dye was

increased. Therefore, the hydroxyl radicals produced are

insufficient for the degradation of the dye at high

concentration. Therefore, the photodegradation efficiency

is reduced as the concentration of the dye increases [43].

3.2d Kinetic studies of MB in the PEG–Fe3O4/ZnO
nanocomposite UV process: Linear plots of Ln(C0/C) as

a function of contact time are shown in figure 10. The

results show that the photocatalytic degradation of MB was

pseudo-first order. Ln(C0/C) is directly proportional to the

contact time. This indicates that the photocatalytic

degradation of MB solution is directly proportional to the

concentration of the MB dye solution and directly

proportional to the contact time. Because of this, we can

conclude that the photocatalytic degradation is a pseudo-
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Figure 6. Establishment of Langmuir adsorption constants for

the adsorption of methylene blue on PEG–Fe3O4/ZnO.
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Figure 7. Effect of pH on the photocatalytic degradation of

methylene blue at [PEG–Fe3O4/ZnO] = 1.0 g l–1, [methylene blue]

= 50 mg l–1 and t = 90 min.
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first-order reaction. We can compare the k values and linear

regression coefficients R2 for MB solution with different

initial concentrations. These data are summarized in table 1.

The k values were obtained by linear fitting from the graph.

Figure 11 shows the variation of reciprocal of the rate

constant with the initial concentration of MB.

According to equation (1), a plot of 1/kapp vs. the initial

concentration of MB (C0) should be linear. Figure 11 shows

this to be the case, confirming the Langmuir–Hinshelwood

relationship for initial rates of degradation (kc).

The values of related parameters and constants k for the

photocatalytic degradation reaction are shown in table 1. As

the results show, the obtained data fit a pseudo-first-order

reaction (R2 = 0.9833–0.9964). The adsorption constant in

the kinetic model determined in our case was found to be

close to that obtained in the dark, KL = 11.275 KLH, and the

photocatalytic degradation of 200 mg l–1 of MB at pH = 4.0

and 1 g l–1 of PEG–Fe3O4/ZnO follows satisfactorily the

Langmuir–Hinshelwood model. Similar results have been

reported in other studies. For example, it was reported that

KLH measured under irradiation could be substantially dif-

ferent from KL measured in the dark [44].

The decomposition of MB in solution has been explained

by the use of free radicals on MB agents [45]. Firstly, the

electron/pore pair is produced with the adsorption of solar

light by PEG–Fe3O4/ZnO nanocomposite and increasing the

band energy ([2.57 eV). The h?VB generates •OH by

transferring and depleting OH– ions or by H2O. Then, the

surface of O2 by adsorption and condensation of bond

electrons produces anionic superoxide radicals (O2
–), which

can react with protons (H?) to form OOH radicals. The
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Figure 9. Effect of initial methylene blue concentration on the

photocatalytic degradation at pH = 4.0, [PEG–Fe3O4/ZnO] = 1.0 g

l–1, [methylene blue] = 50–200 mg l–1 and t = 90 min.
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Figure 10. Kinetic fits for the photocatalytic degradation of

methylene blue at pH = 4.0, [PEG–Fe3O4/ZnO] = 1.0 g l–1,

[methylene blue] = 50–200 mg l–1 and t = 90 min.
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Figure 11. Variation of the reciprocal of the rate constant with

the initial concentration of methylene blue.

Table 1. Kinetic parameters for the photocatalytic degradation and photocatalytic oxidation of methylene blue, and values of the

Langmuir–Hinshelwood constant and the rate constant of the surface reaction.

C0 (ppm) R2 kapp (min–1) kc (mg l–1 min–1) KLH (l mg–1)

50 0.9771 0.0439 14.123 0.004

100 0.9899 0.0424

150 0.9964 0.0380

200 0.9833 0.0292
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photocatalytic reaction mechanism of PEG–Fe3O4/ZnO

nanocomposite is shown in figure 12.

4. Conclusion

PEG–Fe3O4/ZnO magnetic nanocomposite photocatalysts

were synthesized using a green sonochemical synthesis

method with rambutan peel extract. XRD patterns revealed

that the ZnO nanoparticles had a hexagonal structure, and

the IR spectrum clearly showed Zn–O absorption bands at

456 cm–1, assigned to Fe3O4/ZnO nanocomposites. The

FTIR spectrum of PEG–Fe3O4/ZnO showed sharp adsorp-

tion at 564 cm–1 in the fingerprint range, indicating the

presence of an Fe–O bond in the Fe3O4–PEG samples. The

average crystallite sizes of the ZnO and Fe3O4 samples were

calculated to be 22.09 and 11.96 nm, respectively. The

results of this study show that the doping of ZnO

nanoparticles with PEG–Fe3O4 improves the photocatalytic

properties of ZnO, and the Fe3O4/ZnO nanocomposite has a

direct allowed energy bandgap of 2.58 eV. Measurements of

the degradation efficiency of the photocatalyst showed that

the photocatalytic degradation of MB follows pseudo-first-

order kinetics with good correlation and linear regression

coefficient. This study found that the maximum degradation

of the MB dye was approximately 96%, with pH = 4.0, a

PEG–Fe3O4/ZnO concentration of 1.0 g l–1, a MB con-

centration of 200 mg l–1, and a time of 90 min. In the dark,

the Langmuir adsorption constant and the maximum

adsorbable MB quantity were calculated as KL = 0.0451 l

mg–1 (and KL = 11.275 KLH) and Qmax = 21.05 mg g–1. This

study concludes that for the Fe3O4/ZnO magnetic

nanocomposite, the adsorption process supports catalytic

MB degradation, reducing the decomposition time,

increasing the efficiency of the catalytic process, and

increasing the sample recovery due to the magnetic prop-

erties of the material.
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