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In this work, the semiconductor of ZnO-CoFe204 composites were prepared by green synthesis
approach using rambutan peel extract (Nephelium lappaceum L.) as a capping agent. X-ray diffraction
patterns of composites showed the main peaks of ZnO at 26 = 31.8°, 34.5°, and 36.2° corresponding
to hexagonal wurtzite structure and weak peak at 20 = 35.4° for cubic structure of CoFe204.
The formation of rice-like and small granular morphology were confirmed by scanning electron
microscope (SEM) and transmission electron microscope (TEM), whereas the superparamagnetic
behavior of the samples were determined by vibrating sample magnetometer (VSM). The spectrum of
Fourier transform infrared (FTIR) and x-ray photoelectron spectroscopy (XPS) showed absorption bands
related to a number of interactions and binding energy in the samples respectively. The photocatalytic
performance of composites under solar light was evaluated for the degradation of Direct Red 81 and
the dye from washing water of batik garments. The composites showed good photocatalytic activity
with the degradation percentage reaching 99.6% for Direct Red 81 dye after 2 hours.
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1. Introduction

Recently, heterogeneous photocatalysts have received
much attention due to their ability to eliminate dye molecules
from wastewater economically, simply and thoroughly. ZnO
semiconductors are in great demand and often used as the
materials for photocatalytic processes due to environmentally
friendly material and non-toxic, large abundance, and
have great properties such as high chemical stability and
photosensitivity'?>. However, ZnO has a fairly wide band
gap (3.2 eV), so that it absorbs UV in a good capability but
is limited in the visible region®. Therefore, the modified ZnO
is needed to improve its ability to absorb visible light. One of
the most common modifications is doping ZnO with metal
oxide materials so called ferrite spinel CoFe,O, forming of
ZnO/CoFe,0, composite. This magnetic material has small
band gap which shows a potential ability to absorb light
in the visible region. In addition, if the composites used
in the catalytic process, it can be easily separated from a
liquid solution using an external magnetic field due to their
magnetic behavior*.

Various methods have been developed to synthesize
ZnO/CoFe O,. For example, a high temperature hydrolysis of
chelated zinc diethylene glycol alkoxide complexes in alkaline
diethylene glycol solution® and hydrothermal technique with
carbon nano spheres as the template®. The other methods include
microwave combustion’, co-precipitation®, sol-gel process
followed by hydrothermal treatment’, and combustion reaction'’.

*e-mail: rahmayenni@sci.unand.ac.id

rambutan, magnetic, degradation, Direct Red 81.

However, these methods require long time reaction, complex
equipment, using chemicals, and high temperature, thus
contributing to some negative effects on the environment.
Therefore, it would be a great benefit to investigate another
synthesis method which is environmentally friendly, easy,
and inexpensive. Green synthesis is an alternative way to
prepare eco-friendly materials since it uses non-hazardous
ingredients such as natural materials and other non-toxic
components. A promising approach for green synthesis is a
hydrothermal technique because it uses water as a solvent and
natural leaf extracts from plants such as Camellia sinensis'",
Aloe vera' Azadirachta indica®, and Solanum nigrum'
as capping agents which control the nanostructures of the
desired particles. Another natural ingredient that has been
used as a capping agent to synthesis NiO nanocrystals is peel
extract from rambutan (Nephelium lappaceum L.) which
is a tropical fruit belonging to the Sapindaceae family and
closely related to lychees and longan'- 6.

In this paper, ZnO-CoFe,0, semiconductor magnetic
materials were synthesized hydrothermally using rambutan
peel extract as a capping agent aimed to control the
formation of nanostructures. The advantages of this method
are the use of low cost, non-toxic and environmentally
sympathetic precursors, simple, and saving the procedure
time. The major component in rambutan peel extract is
phenolic compounds which functions as a capping agent,
stabilizing and even chelating agents for capturing the
metal ions and control the formation of nanostructures.
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The effect of capping agent toward ZnO-CoFe O, composite
can be observed through its morphology which is more
homogeneity and smaller in particles size compared to that
of (9) and (15). The activities in the catalytic process of the
samples were investigated by monitoring of the degradation
of Direct Red 81 (DR81: C,H NNaO,S)) and dye from
washing water of batik cloth in direct sunlight. Several

parameters that affect the catalysis process were also analyzed.

2. Experimental Procedure

2.1 Materials

Chemicals were purchased from Merck and used without
further purification. Zn(NO,),.4H,0, Co(NO,),.6H,0,
Fe(NO,),.9H,0, ethanol, NaOH, and distilled water were
used in preparation of the samples. Direct Red 81 (DR&1)
solution and liquid waste containing dyes from batik cloth
were used as dyes.

2.2 Preparation of rambutan peel extract

The rambutan ((Nephelium lappaceum L.) fruit used in
this study was the Terang Bulan variety from Pekanbaru,
Indonesia. Rambutan peel was cut into small pieces, washed
with water and then dried in oven at 50 °C. A total of 3 grams
of dried rambutan peel was mixed with 40 mL of distilled
water and 20 mL of ethanol and then stirred while heated
at 80 °C for 10 minutes. The mixture was filtered, and the
filtrate was stored at 4 °C before used.

2.3 Synthesis of CoFe,O, precursors

The synthesis of the CoFe,O, precursors using a hydrothermal
method and rambutan extract was as follows: stoichiometric
amounts of cobalt nitrate Co(NO,),.6H,0 and ferric nitrate
Fe(NO,),.9H,0 were mixed in 40 mL of diluted rambutan
peel extract (80:20 distilled water : extract) and stirred (500
rpm). NaOH solution (4 M) was added drop-wise until the
pH reached 12 and the suspension was stirred vigorously for
another 30 minutes. After that, the suspension was transferred
into a teflon-lined stainless steel autoclave and heated in an
oven at 180°C for 3 h. The precipitate was filtered, washed
with distilled water until the pH reached 7, and then dried
in the oven at 105 °C. The product of CoFe,O, (CoEN) was
stored in glass vials at room temperature for further analysis.

2.4 Synthesis of ZnO-CoFe,0, nanocomposites

The synthesis of ZnO-CoFe,0, nanocomposites was
conducted using a green synthesis approach and hydrothermal
methods in the presence of diluted rambutan peel extract (80:20
distilled water:extract) as a capping agent. Three ZnO-CoFe,O,
nanocomposites (ZCoEN, ZCoENK, and ZCoE) were synthesized
as follows: the ZCoEN sample was synthesized by adding 20
mmol of Zn(NO,),.4H,0 and CoFe O, nanoparticles (in mole
ratio of 1:0.05) to 40 mL of diluted rambutan peel extract.
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The mixture was stirred at 500 rpm, then the pH was adjusted
to 12 by drop-wise addition of NaOH solution (4M) and
the suspension was stirred vigorously for 30 minutes.
The suspension was subsequently transferred into a
teflon-lined stainless steel autoclave and then heated
in an oven at 180 °C for 3 h. After cooling to room
temperature the precipitate was washed several times
until the pH reached 7, and dried at 105 °C for 2 h. The
ZCoE sample was synthesized as described for ZCoEN
but without the addition of NaOH. ZCoENK samples
were synthesized as described for ZCoEN followed by
calcination at 500 °C for 3 h.

2.5 Materials Characterization

X-ray diffraction (XRD) measurements were conducted
using a XRD Philips X’pert PAN PW3040 analytical
diffractometer operating with Cu Ka radiation (A=1.5406
A) in the 20 range of 10-100°. The scanning electron
microscope (SEM) images were acquired on a SEM, JEOL
JSM-6360LA electron microscope under high vacuum
condition. The detailed morphology of the samples was
investigated by transmission electron microscope (TEM,
JEM-1400). Magnetic properties of the samples were
investigated by vibrating sampler magnetometer (VSM
OXFORD 1.2H). The band gap energy (Eg) was determined
using a diffuse reflectance UV-Vis spectrophotometer
(Shimadzu UV-Vis 2450). Fourier transformed infrared
(FT-IR) spectra were obtained by a FT-IR Thermo Nicolet
iS5 using the KBr pellet technique. X-ray photoelectron
spectroscopy (XPS ULVAC-PHI Quantera SXM) was
used to determine the bending energy.

2.6 Photocatalytic Evaluation

Photocatalytic activities were evaluated by photodegradation
of DR81 under the solar light irradiation. In a typical
experiment, 20 mg composite photocatalysts were added into
20 mL of DR81 dye solution (25 mg L") and the reaction
was immediately placed under solar light irradiation for
2 h. At the end of incubation period, the volume of reaction
mixture was restored to its starting volume by adding
distilled water to replace the loss due to evaporation. Then,
the photocatalysts were separated from the liquid and the
residual DR81 concentration was determined by measuring
the absorbance of the sample at 527 nm. The degradation
percentage of DR81 can be calculated according to following
equation'®'”:

e SO

0

Degradation(%) =

Where A4 is the initial concentration of the dye, 4, is
the concentration at time z. As a control, the DR81 solution
without photocatalysts was also irradiated for the same time.
The optimal condition were determined by varying the dye
concentration, irradiation time, and amount of catalyst.
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3. Results and Discussion
3.1 Structural Analysis

X-ray diffraction (XRD) is a very useful tool to determine
the phase, crystallinity, and purity of samples. Crystallite
size of polycrystalline material was calculated using the
Scherer formula:

D=0.9\/Bcos b )

Where D is the crystallite size, 4 is the wavelength of
incident X-rays, @ is the Bragg diffraction angle and f is
the full width at half maximum (FWHM) XRD peak of
particles'®
synthesized by the green synthesis method using rambutan
peel extract as a capping agent. The XRD pattern of the
CoEN sample shows the specific peaks at 20 = 30.1°,
35.4°,57.0°, 62.6° according to the ICSD standard code
109045 for spinel type of CoFe,O,. The composites of
ZCoEN and ZCoENK show a sharp and specific peaks
dominated by the peaks of ZnO at 20 = 31.8°, 34.5°,
36.2°,56.6°,62.9°, 66.4°, 68.0°, and 69.1°, corresponding
to hexagonal wurtzite structure of ZnO (ICDD standard
No. 01-078-3325). The peaks of cobalt ferrite do not
appear clearly because of its low concentration in the

. Figure 1 shows the XRD pattern of the samples

composite, however for ZCoE sample, ferrite peaks appear
quite clear. On the other hand, the peak of ZnO is not
obvious because the sample is amorphous. The average
crystallites size of ZCoEN and ZCoENK calculated using
the Debye-Scherer equation were found to be 24.02 and
27.88 nm, respectively.

ZCoENK
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Figure 1. XRD patterns of CoEN, ZCoE, ZCoEN, and ZCoENK

3.2 Morphology

The surface morphology of two nanocomposite samples
(ZCoEN and ZCoENK) were studied by scanning electron
microscope (SEM) as shown in Figure 2. The images show
that ZCoEN sample is composed with nanoparticles in the
form of rice-like grains (Figure 2a), whilst ZCoENK sample
comprises homogeneous fine grains (Figure 2b).

Figure 2. SEM 1mages of (a) ZCoEN and (b) ZCoENK

Further morphological analysis was carried out using
transmission electron microscopy (TEM) (Figure 3). TEM
(black
part) are coated with ZnO (white part) forming a core

image reveals clearly the nanoparticles of CoFe,O,

and shell structure respectively. This structure facilitates
electron transfer in composite (between CoFe,O, and
Zn0) and gives the benefit to the photocatalytic process.
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Figure 3. TEM image of ZCoEN (a, b) and ZCoENK (c, d)

The ZCoENK particles have cube-like shape with an average
size of 25 nm while ZCoEN is larger in size compared with
ZCoENK. The larger size of ZCoEN particles is probably
due to the presence of organic compounds derived from
the rambutan extract in the composite sample. On the other
hand, the calcination in ZCoENK sample would release
the organic compounds and leave empty space (pores) so
that the particles become smaller. The smaller particle
size should enhance the usefulness of this material as a
photocatalyst.

3.3 VSM and DRS UV-Vis Analysis

The magnetic hysteresis curve of ZCoEN and ZCoENK
are shown in Fig. 4a and 4b, respectively. The shape of the
curves show that both samples have superparamagnetic
properties with saturation magnetization (Ms) values of 12.1
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emu/g for ZCoEN and 1.005 emu/g for ZCoENK, while the
coercive field (He) values were 0.0095 T for ZCoEN and
0.011 T for ZCoENK. Magnetic properties of the samples in
this present work were smaller than the sample reported by
Sathishkumar et al.’. The ZCoENK composite has smaller
particle size than ZCoEN which decreases the magnetic
properties of this composite. Nevertheless, the magnetic
properties of these smaller particles are still sufficient for
easy recovery using an external magnetic field.

UV-Vis diffuse reflectance measurements were carried
out to study the optical properties of the nanocomposites.
Figure 4c and 4d show the DRS UV-Vis absorption spectra
of the ZCoENK and ZCoEN composites, indicating the
samples absorb light in the visible region. ZnO itself
absorbs well in the UV region but only slightly in the visible
region, while CoFe,O, absorbs well in the visible region.
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Figure 4. Hysteresis curve (a-b) and DRS UV-Vis spectra (c-d) of ZCoEN and ZCoENK

The combination of ZnO and CoFe,O, produce a composite
that can absorb in the visible region®. Therefore, these
composites can be used as a catalysts for photocatalytic
processes using sunlight. The band gap value is calculated
using the follow equation:

Eg =hc/A =1240/A eV 3)

where, Eg is the band gap energy (eV), h is Plank’s constant
(6.626 x 10*4Js), c is the light velocity (3 x 10® ms™') and
A is the wavelength (nm) '*'*. From calculation, the band
gap energy for the two composites is equal to 2.7 eV, lower
than ZnO (~3.2 eV) but higher than CoFe, O, (~1.6 €V). The
decreasing of ZnO band gap with the presence of CoFe,O,
is due to the formation of ZnO-CoFe O, heterojunction
semiconductors with type II band alignment when the ZnO
and CoFe,0, are coupled together forming core-shell®.

The electrons and holes can be driven to opposite directions
and physically separated, thus minimizing their recombination
and could decrease the band gab of ZnO, and the material can
be used as a photocatalysts in visible and solar light irradiation.

3.4 FTIR Analysis

The possible interaction between ZnO and CoFe, O, in the
samples was investigated by FTIR spectroscopy. The FTIR
spectra of the samples are shown in Figure 5. The sharp peaks
around 556 and 454 cm! are attributed to stretching vibration
of the Fe-O and Co-O bond for spinel ferrite CoEN. The sharp
peaks around 546 cm™! are attributed to stretching vibration of
the Fe-O bond and the peaks around 410-432 cm to stretching
vibration of Zn-O and Co-O in the three composite samples.
The combination of ZnO and CoFe,O, generates a shift in the
absorption area for Zn-O and Fe-O bonds. The peaks around
350 em™ correspond to the M-O vibration?'-22.
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3.5 XPS analysis

XPS analysis was performed for the ZCoENK sample to
investigate the chemical state of the elements in the samples.

Figure 6 (a-d) shows the XPS survey of ZnO-CoFe,O,, O 1s,

e
ZCoENK Zn 2P, Zn 2P, Fe 2P, Fe 2P, and C Is spectra which
Z.CoEN

confirmed that Zn, Co and Fe elements had been formed by
this procedure. The XPS spectrum of O 1s indicates that only
one mode of oxygen is present on the surface of the sample. The
peak located at a binding energy of 532.2 eV corresponds to the
lattice oxygen of metal oxides. The peaks located at 1023.02 eV
and 1045.98 eV in the XPS spectrum of Zn2p can be assigned to
2p,,, and 2p, , spin orbit states, respectively. These present values

ZCoE

Transmittance (a.u)

are in agreement with the binding energy of Zn* ion of ZnO

nanoparticles in the composite. The Co2p spectrum exhibited

1500 1200 900 60 300 two weak peaks at approximately 774 and 790 eV. The XPS
Wavenumber cm ) spectrum of Fe shows two peaks located at 710, and 718 eV
Figure 5. FT-IR spectra of the samples for 2p,, and 2p, , corresponding to Fe** ion in spinel ferrite? **.
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Figure 6. XPS spectra of ZCoENK
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3.6 Photocatalytic Activity

The photocatalytic properties of the samples were evaluated
by following degradation under solar light of the textile dye
DR&1 and the water-soluble dyes eluted from batik cloth. The
extent of degradation of DR8] at different concentrations of
the dye is shown in Figure 7a. The experiments were carried
out under the following conditions: 20 mL of dye, 20 mg of
composite, 2 h, and dye concentrations of 20-40 mg/L. At 30
mg/L dye concentration the composite samples show good
catalytic activity with degradation reaching 93.6 and 99.6%
for ZCoEN and ZCoENK, respectively. The increasing of
dyes amount of do not have a significant effect on percent
degradation because the increasing number of dye molecules
in solution would prevent the distribution of light to the
photocatalyst which results in a reduction in the amount of
OH radicals. As well known, OH radicals are responsible
for the degradation of dyes into simpler compounds".
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s | ®—zcoEN
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a 204
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Figure 7. The effect of dye concentration a) and amount of catalyst

b) on degradation of DR81 dye irradiated with solar light in the
presence of ZCoEN or ZCoENK

ZCoEN sample has a significant decrease in degradation at
35 and 40 mg dye/L, meanwhile ZnO alone has lower
activity (65.5%) compared with two composites because
of its lower ability to absorb light in the visible region.
In the absence of composite, only a few DR81 dyes were
degraded under the present experimental conditions. It is
clear ZnO-CoFe,0,nanocomposites are better photocatalysts
compare to that of ZnO due to the probability of a large
number of electron hole pairs generated through the
formation of OH radicals.

The higher activity of the ZCoENK than ZCoEN can
be attributed to the morphology of a homogeneous sample
with small particle size (SEM and TEM images). The
smaller particle size of the sample has a good effect on the
catalytic process because of the higher surface-to-volume
ratio, contributes to surface area and more active sites which
consequently leads to a higher interface interaction between
the catalyst and the dye molecules, thus gives an impact on
increasing the rate of degradation of dyes™.

Figure 7b shows the effect of the amount of catalyst on
degradation of dye for both composites. The experiments
were conducted under the following conditions: 20 mL of
dye, 25 mg/L dye concentration, 2 h irradiation time, and
catalyst amounts of 5-20 mg. The graphs show that the
degradation percentage increases with the increase in the
amount of composites. The addition of excess catalysts did
not have a significant effect on the increase in the degradation
percentage. To be more efficient, the amount of catalyst
used for subsequent work was 15 mg.

The mechanism of visible light photocatalysis can
be explained as follows; it is known that ZnO is a n-type
semiconductor and CoFe,O, is an p-type semiconductor.
When ZnO-CoFe, 0, heterojunction was irradiated by solar
light, the electrons (e") in the valence band (VB) of dye
sensitized ZnO and CoFe O, will be excited to the conduction
band (CB) while the same number of holes (h*) are left in
the VB. The CB potential of ZnO is more positive than
the CoFe,0, while the VB potential of CoFe,O, is more
negative than the ZnO. The longer the irradiation time, the
more number of excited electrons can move from the VB
to the CB. Dissolved oxygen (O,), acting as an electron
scavenger, reacts with these electrons to yield active free
radicals (*OH, O,*", efc.). The holes will react with electron
donors (H,0) to yield active *OH free radicals. Subsequently,
the surface adsorbed aromatic DR81 molecules are attacked
by the h* and other free radicals leading to degradation and
ring opening reactions®: .

Figure 8a shows the degradation percentage of DR81
versus time in the presence of NCoEN, and NCoENK
composites. The amount of degraded dyes increases with the
increase in irradiation time, this is due to the amount of formed
OH radicals increases. For large scale practical application of
this catalyst, its long-term reuse is of economic significance®.



8 Rahmayeni et al.

100+ a) i = B
g
2 80- _
S -9-ZCoENK
£ 601 ® ~W-ZCoEN
k5
£ 40-
=]
&
R 20.
0* L L] L] Al
0.0 05 1.0 1.5 2.0
Time (h)
4.5
Y}
4.04
O 3.51
=]
Q
= 3.0+
— &~ ¥~ 09835x+2.36015
5.5 RZ = 0.9899
2.0 L] Al L] Al
0.5 1.0 1.5 2.0

Reaction Time (h)

Materials Research

100+

o
T

>Z20MIMMIMMMIY
~Z20MHMMMMM

o
=

-
(=]
2

Degradation (%)

[\
=
1

(=

2
Cycle

[y
S
(—]

N’

—&-without catalyst d
—4—ZCoENK

Degradation (%)
- (=) @®
A .

(]
S
4

04

05 10 15 2.0

Reaction Time (h)

0.0
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in the presence of ZCoENK

To evaluate the photo stability and reusability of ZnO-CoFe,O,
(ZCoENK) samples, four successive recycling tests for
degradation of DR81 solution were performed under solar light
irradiation, as shown in Figure 8b. Between each cycle, the
ZCoENK nanoparticles were recovered by filtration, washed with
distilled water and dried at 105 °C. The degradation of DR81
by ZCoENK nanoparticles during the fourth cycle was 87%, a
reduction of 11.4% compared to the first cycle. The loss of this
activity could be due to the formation of microscopic aggregate
during the recycling process as was observed previously'®.

The photocatalytic decomposition of DR81 on the
surface of composites follows a pseudo-first-order kinetic
law, expressed as:

In(Co/C) =kt “)
where C and Co are the reactant concentration at time
t and =0, respectively, k and ¢ are the pseudo-first-order
rate constant (reaction rate constant) and time, respectively®.

The relationship between In(C/Co) and irradiation time
(reaction time) is shown in Figure 8c.

For the dyes in waste water from washing batik cloth, the
activity of the nanocomposite ZCoENK was examined in the
same way as DR81 (Figure 8d). Without a catalyst, the amount
of degraded batik cloth dye was 13%, whilst the presence of
the ZCoENK catalyst degraded 81% of the dye. This value is
lower than the degradation percentage of DR81 because the dyes
of batik cloth has more complex compounds than DR81 dye.

4. Conclusions

Zn0O-CoFe,0, magnetic nanocomposites were synthesized
by hydrothermal method in the presence of rambutan fruit
peel extract as capping agent. XRD patterns show the peaks
corresponded to the structure of ZnO and CoFe,O, in the
composites. The nanocomposites absorb the visible light
and have superparamagnetic so that they are potential to be
used as a photocatalyst for dye degradation under solar light.
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Furthermore, they can also be reused for the next process. The
combination of homogeneous fine grains and conducive band
gap of the nanocomposites have produced a good photocatalytic
activity on degradation of DR81 and batik dyes in 2 h. Higher
activity was obtained from the ZCoENK nanocomposite.
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