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Abstract

Magnetic graphen oxide (Fe;04-GO) is applied for preparation of Fe;04-GO-ZnO (MGOZ) nanocomposite as photocat-
alyst. The photocatalysts are characterized by FTIR and UV spectrophotometer. FTIR results confirm the presence of Zn-O
bonds and Fe—O bonds that are attributed to the ZnO and Fe;Qy,, respectively. The removal efficiency of methyl orange
(MO) is compared using MGOZ and Fe;04-ZnO at different irradiation time (ranging from 5 to 40 min) and pH (in the
range of 3 to 11). The experimental results show that the removal efficiency of MO using MGOZ and Fe;04-ZnO enhanced
with respect to the irradiation time. Meanwhile the lowest and highest removal efficiency are obtained at pH = 7 and
pH = 3, respectively. The comparison between removal efficiency of MO using MGOZ and Fe;04-ZnO reveals that GO
has a significant effect on the photocatalytic activity. Meanwhile, the removal efficiency of MO using MGOZ is higher than
that of Fe;04-ZnO. The statistical analysis of results using design of experiments (DOE) and Duncan’s multiple range test
at o = 0.05 confirm that irradiation time, pH and their interactions have a significant effect on the removal efficiency of

MO.
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Introduction

Graphene (Gr) as an allotrope of the carbon materials with
two-dimensional structure has received abundant interests
in the scientific investigations. Grapheme oxide (GO) as
the most important derivative of Gr is extraordinary
applied in the hybrid materials, composites and catalysts
[1-4]. It may be attributed to the excellent specific surface
area, hydrophilic property. The presence of the oxygen
containing groups such as hydroxyl (OH) and carboxylic
(COOH) in the structure of GO can eventuate to the con-
junction between GO and different kinds of organic pol-
lutants [5-7]. Therefore, the GO can be as an applicable
material for augmentation of the adsorption capacity of
organic pollutants that dissolved in the wastewater.
Recently, the depletion of the industrial wastewater to the
water sources such as seas and oceans is very detrimental
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for the environment and can threat the aquatic life [8—11].
Therefore, the elimination of the dispersed organic pollu-
tants in the water systems is a critical issue. Among dif-
ferent decomposition procedures, photocatalytic oxidation
of the organic pollutants is a common method that can be
applied for a wide range of contaminants [7, 12—14]. The
performance of the photocatalytic oxidation is dependent
on the applied semiconductor and the amount of irradiated
energy from the light source. Thus, irradiation of the dye
organic suspension with energy higher than that of semi-
conductor’s band gap can excite the electron from valence
band to the conduction band of semiconductor. It leads to
the formation of electron (e”) and hole (h™) in the con-
duction band and valence band, respectively. The produced
electron—hole pairs are the most important factors in the
production of reactive species in the decomposition of
contaminants. The decomposition efficiency of the organic
pollutants depends on the separation degree of the gener-
ated electric charges. [15—-17]. The most-used single and
hybrid semiconductors for purifying the organic pollutants
are TiO, [9], SnO; [18, 19], ZnO [20], TiO,-SnO; [9] and
Zn0O-Sn0O; [18, 19, 21].
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The bonding of the semiconductors on the surface of
materials with a high surface area (such as GO) can prevent
the recombination of the produced electric charges and
enhance the elimination of organic pollutants from
wastewater. Based on the previous reported results, the
attachment of different kinds of semiconductors on surface
of GO leads to the enhancement of the removal efficiency
of organic pollutants [22-24]. Due to the hydrophilic nat-
ure of GO, the separation of semiconductor-GO is very
difficult and expensive. A practical way to overcome to this
problem is the introducing of the magnetic nanoparticles
such as Fe;0, into the matrix of the applied semiconduc-
tors [25]. As a result, with the addition of an external field,
semiconductors can be easily separated from the suspen-
sion. The decomposition of varying range of contaminants
using ZnO-Fe, 05 [26] and Fe;04-Zn0O [27-29] is studied
by several researchers. Despite several studies for degra-
dation of dye organic pollutants using GO-semiconductors
and Fe;04-semiconductors, the application of Fe;04-GO-
semiconductor is not yet been investigated. Therefore, in
this study we want to synthesize the novel Fe;04-GO-ZnO
nanocomposite for degradation of methyl orange as an
organic dye pollutant. For this purpose, magnetic GO
(MGO) is prepared by introducing the Fe;O,4 nanoparticles
on the surface of GO. Thus, the photocatalytic activity of
the synthesized MGO-ZnO nanocomposites (MGOZ) is
investigated for degradation of methyl orange (MO) as
organic dye pollutant. The synthesized nanocomposites are
characterized and the photocatalytic performance of them
is optimized using design of experiments (DOE).

Experimental
Materials

Methyl orange (MO, C;4H4N3NaOsS, 327.33 g/mol,
99.9%) as an organic dye pollutant is provided from Merck
Company. The precursors of ZnO, SnO, and Fe;0, are
Zinc chloride (ZnCl,) and Ferric acetylacetonate
(Fe(acac)s), respectively. The other materials such as gra-
phene oxide (GO), Ammonia solution (25%), Ammonium
acetate (NH4Ac) Ethylene glycol (EG) and Sodium
hydroxide (NaOH) are the analytical grade.

Instruments

The Fourier transform infrared (FTIR) analysis is used for
characterization of the functional groups on the surface of
the synthesized samples. The characterization is done using
a Tensor 70 and the percentage of the transmittance from
each sample is recorded by variation of the wavenumber
from 400 to 4000 cm ™.
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Preparation of MGO

The synthesis procedure of MGO is illustrated in Fig. 1.
For a typical, the mixture of as received GO and EG
(45 mg: 45 ml) is sonicated for about 30 min. Then,
0.225 g of Fe(acac); is dissolved in the prepared mixture
and mixed 30 min using magnetic stirrer. Subsequently,
1.5 g NH4Ac is dispersed in the above mixture. After
30 min agitation, the mixture is sealed in a Teflon auto-
clave and heated at 200 °C for 24 h. The autoclave is
cooled and prepared precipitated is separated from the
solution using an external magnetic field. Finally, the col-
lected precipitates are washed several times with distilled
water and dried at 60 °C for 24 h. The dispersing of the
Fe(acac); leads to the preparation of Fe>™ in the suspension
containing EG and GO. The released Fe’" ions are cap-
tured using the oxygen containing groups such as hydroxyl
and carboxyl. The applied NH4Ac acts as a reducing agent
of Fe** to Fe;0,. In addition to the role of EG as a solvent,
it can be considered as a reducing agent of GO and Fe*" to
grapheme Nano sheets and Fe;O,, respectively.

Preparation of MGOZ

The precipitation method is applied for the preparation of
MGOZ. At the first, 0.1 g of prepared MGO is added into
distilled water (40 ml) and mixing is done using an ultra-
sound bath for about 30 min. Afterwards, 0.15 g of ZnCl,
is added to the MGOZ suspension and the temperature of
suspension is enhanced to 90 °C. Dispersion of ZnCl, leads
to the formation of Zn*" ions in the suspension. These
produced ions is attached to the functional groups on the
surface of GO and Fe;O,.

After adding the aqueous solution of NaOH (5.3 ml,
5 M), Zn*" ions are converted to the amorphous ZnO
nanoparticles. Finally, the collected powders are washed
and calcined at 300 °C for about 3 h. The obtained sample
is labeled as MGOZ#1.

The Photocatalytic Study

The Schematic of the photocatalytic experiments setup is
presented in Fig. 2. Based on this Figure, it can be
observed that a UV lamp (150 W) is placed in a quartz tube
in the center of the photo reactor. The applied irradiation
intensity is 13,000 Lumen. The temperature of the organic
dye pollutant suspension containing synthesized photocat-
alysts os controlled using circulation of water. It can
remove the heat generated by light source. Each experi-
ment containing specified amount of prepared photocata-
lyst (ranging from 0.1 to 0.3%wt) is carried out in at
different pH (3, 7 and 11). The photocatalytic performance
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Fig. 1 Schematic of the synthesis procedure of MGO

of the synthesized photocatalysts is evaluated based on the
photo degradation of MO (Eq. 1) [8, 9].

Ag — A
0

RE (% ) =

x 100. (1)

where, RE is referred to the removal efficiency of MO, A,
and A, are the absorbance of MO solution (464 nm) at the
beginning of the experiment without irradiation and time t
with UV irradiation.

Statistical Analysis Study

Duncan’s multiple range test (¢ = 0.05). is applied for
investigation of the significance of the studied main
parameters and the interaction between them. Meanwhile,
according to this study the importance of the each level of
the main factors can be specified. The statistical analysis

study is investigated using MSTAT-C software (Ver 1.42).
Simultaneous analysis of more than one main parameter on
the removal efficiency of MO is carried out using response
sface methodology (RSM). For this purpose Minitab
release software (ver 13.1) is applied.

Results and Discussion
FTIR Analysis

FT-IR spectroscopy is applied at room temperature to
confirm the structure of the synthesized samples. Accord-
ing to the FTIR spectrum of MGO (Fig. 3), the peaks at
437 and 565 cm™ " are assigned to E; mode of Zn—O bonds
in ZnO [19] and the stretching vibration mode of Fe-O
bonds in Fe;O, [30], respectively. Additional peaks
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Fig. 2 Schematic of the photocatalytic experiments setup
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Fig. 3 FTIR spectra Fe304-ZnO

centered at 1371 and 1630 cm™' may be due to the sym-
metrical and asymmetrical stretching of the zinc carboxy-
late [20, 31]. The appeared a broad peak at about
3376 cm ™' can be attributed to hydroxyl groups (O-H)
[32-34]. The FTIR spectra MGOZ is presented in Fig. 4.
As can be seen, a broad peak at about 3403 cm ™' may be
assigned to the stretching vibrations of hydroxyl groups.
Two main peaks centered at 440 and 568 cm ™' is attributed
to the Zn—-O bonds and Fe-O bonds, respectively. In
addition, of the mentioned peaks, several peaks can be
observed at 1076, 1160, 1550 and 1603 cm™! that can be
related to the alkoxy functional groups (C-O stretching),
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Fig. 4 FTIR spectra MGOZ

O-H deformation, =CH2 groups and sp*-hybridized C=C
[31, 35], respectively.

Interaction Analysis Among Main Factors

Figures 5 and 6 illustrate the interaction between irradia-
tion time and pH (A-B) for removal efficiency of MO
using Fe;04-ZnO and MGOZ, respectively. The results of
these Figures confirm that the curves of the removal effi-
ciency variations at different irradiation time are not par-
allel to each other. It means that both of the main factors
(irradiation time and pH) have the significant influence on
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Fig. 5 Interaction between irradiation time and pH (A-B) for removal
efficiency of MO using Fe;04-ZnO
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Fig. 6 Interaction between irradiation time and pH (A-B) for removal
efficiency of MO using MGOZ

each other. Therefore, the interaction between main factors
can be considered as a significant parameter in the mod-
eling of removal efficiency variation with respect to the
main factors and their interactions [16]. Meanwhile, the
results of Figs. 5 and 6 reveal that the removal efficiency of
MO using both of the synthesized nanocomposites enhance
whit respect to the irradiation time. It may be attributed to

the influence of UV light energy on the stimulation of
electron and transmission from valence band to the con-
duction band [36-38]. Therefore, increasing the irradiation
time (from 5 min to 40 min) to the suspension containing
organic dye pollutant and photocatalysts leads to the
enhancement of electron excitation. To the number of
excited electrons, the electron (e~) and hole (h") can be
produced in the conduction band and valence band,
respectively. The produced e —h™' pairs can adsorb the
soluble oxygen in the suspension and water, respectively. It
can lead to the generation of oxidant radicals such as O5.
and OH' [13, 20, 36]. Thus, the amount of produced oxi-
dant radicals and removal efficiency of MO enhance by
increasing the irradiation time. Based on the variation of
removal efficiency of MO with respect to pH, it can be seen
that the lowest and highest removal efficiency of MO using
Fe;04-ZnO and MGOZ occur at pH =7 and pH =3,
respectively. The high removal efficiency of MO at pH = 3
is due to the presence of a large amount of hydrogen ions
(H") in the suspension. The hydrogen ions in the suspen-
sion are capable of absorbing soluble oxygen. The reaction
between hydrogen ions and oxygen leads to the formation
of active radicals such as OH'. Consequently, the formed
ions can decompose the organic pollutants [37, 39]. Hence,
the photocatalytic activity of the applied photocatalysts can
be enhanced in the acidic suspensions. As well due to the
presence of the charge on the surface of the synthesized
photocatalysts, the dispersibility of them in the solution
increases dramatically [13, 40]. Therefore, it can be
eventuate to the enhancement of active surface area,
excitation of electrons in the valence band and photo
degradation of MO.

Analysis the Studied Levels of Main Factors

The effect of each level of main factors on the removal
efficiency of MO is investigated based on Duncan’s

Fe;0,-ZnO
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Fig. 7 The alteration of removal efficiency of MO using Fe;04-ZnO
with respect to irradiation time
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multiple range test at 95% level of probability (o = 0.05).
Figures 7 and 8 illustrate the influence of irradiation time
on the removal efficiency of MO using Fe;04-ZnO and
MGOZ, respectively. As can be seen, the removal effi-
ciency of MO using Fe;04-ZnO and MGOZ increases by
enhancement irradiation time from 5 to 40 min. The
observed enhancement can be attributed to the effect of
irradiation time on the transition of excited electrons from
valence band to the conduction band [19, 20]. Meanwhile,
the results of Figs. 7 and 8 confirm that there is a signifi-
cant difference among studied levels of irradiation time at
o = 0.05. The maximum removal efficiency of MO using
both of the synthesized photocatalysts is happens at
40 min. The values of the removal efficiency of MO using
Fe;04-ZnO and MGOZ at 40 min of irradiation time are
83.98% and 92.34%, respectively. It is clear that the
removal efficiency of MO using MGOZ is higher than that
of Fe;04-ZnO. It can be related to the effect of GO. The
introducing of GO in the Fe;0,4-ZnO structure can decrease
the recombination rate of produced e —h™ pairs. Mean-
while, a large amount of organic dye pollutant can attach to
the surface of MGOZ base on n—mn stacking due to the
aromatic nature of GO [41].

Figures 9 and 10 show the alteration of removal effi-
ciency of MO with respect to pH using Fe;04-ZnO and
MGOZ, respectively. Based on these two Figures, it can be
deducted that all three pH (pH =3, pH =7 and pH = 11)
have significant effect on the removal efficiency. The
comparison between removal efficiency of MO using both
of applied photocatalysts reveals that at each studied pH
the photocatalytic activity of MGOZ is higher than that
Fe;0,4-Zn0O. As mentioned above, it can be due to the
presence of GO in the MGOZ nanocomposite. Also, the
results show that the highest removal efficiency using both
of used photocatalysts are at pH = 3. The obtained results
are in agreement with previous reports [37, 39, 42].

MGOZ

100 4 92.34
85.73

89.31

5 10 15 20 25 30 35 40
Time (min)

Fig. 8 The alteration of removal efficiency of MO using MGOZ with
respect to irradiation time
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Response Surface Analysis

Response surface of the removal efficiency of MO using
Fe;04-ZnO and MGOZ are presented in Figs. 11 and 12,
respectively. The results of these Figures confirm that the
photocatalytic activity of the both samples enhances by
increasing the irradiation time. Although, the variation of
the removal efficiency of MO using Fe;04-Zn0O is lower
than that of MGOZ. It can be attributed to the recombi-
nation rate of produced electron—hole pairs. In fact, the
recombination rate in the synthesized MGOZ is lower than
that of Fe304-ZnO. Therefore, the sequence of the photo-
catalytic activity is Fe304-ZnO < MGOZ. According to
the variation of removal efficiency with respect to the pH,
it is clear that the minimum photo degradation of MO is
observed at pH = 7. So that increasing pH from 3 to 7 leads
to the decreasing the photocatalytic activity of both sam-
ples. It is due to the reduction of hydrogen ions (H") in the
suspension [13, 36]. Then the enhancement of pH from 7 to
11 eventuates to the increment of removal efficiency.
Meanwhile, it can be confirm that the dependence of the
removal efficiency to irradiation time is more than pH. In
fact, the amount of produced reactive radicals enhance with
respect to irradiation time.

The contour lines of the removal efficiency of MO using
Fe;04-ZnO and MGOZ are presented in Figs. 13 and 14.
The dependence of irradiation time to applied pH can be
observed from these contour lines. It is clear that for obtain
the desired value of removal efficiency, the irradiation time
enhances by augmentation of pH from 3 to 7. Subse-
quently, by increasing pH of suspension ranging from 7 to
11, required irradiation time decreases. Therefore, based on
contour lines, the optimum values of main parameter such
as irradiation time and pH can be calculated.
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Fig. 12 Response surface of the removal efficiency of MO using
MGOZ
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Fig. 13 The dependence of the removal efficiency of MO using
Fe304-ZnO to irradiation time and pH based on contour lines
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Fig. 14 The dependence of the removal efficiency of MO using
MGOZ to irradiation time and pH based on contour lines

Conclusions

In this study, we present the preparation and characteri-
zation of Fe;04-ZnO and MGOZ nanocomposites as pho-
tocatalyst for degradation of MO. The phohocatalytic
activity study reveals that the removal efficiency of MO
increases by enhancement of irradiation time. Meanwhile
the results show that the variation of the removal efficiency
with pH is not linear. The results of Duncan’s multiple
range test show that all studied levels of irradiation time (5,
10, 15, 20, 25, 30, 35 and 40 min) and pH (3, 7 and 11)
have a significant effect on the removal efficiency at 95%
level of probability. The sequence of the photocatalytic
activity is Fe304-ZnO < MGOZ.
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