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ABSTRACT

Activated carbon photocatalyst with high surface area has been synthesized and modified
with iron oxide nanoparticles by microwave heating technique. The surface-modified
microporous activated carbons were characterized by BET surface area and XRD analysis.
Degradation experiments were conducted in batch mode with the variables such as
contact time (0–120 min), photocatalyst dosage (0.01–0.2 g/L), initial solution concentration
(50–150 mg/L), and solution pH (2–10). The iron oxide-modified activated carbon
(3-Fe-MAC) was found to be more active compared to the free iron oxide nanoparticles
and pristine activated carbon for methylene blue (MB) degradation. Kinetic studies on the
photocatalytic degradation of MB using zeros, linear regression data suggested that the
degradation followed first-order kinetics. The optimal conditions for the degradation of
MB dye were 75 min, 100 ppm dye concentration, neutral pH, and 0.13 mg/L of
3-Fe-MAC dosage.

Keywords: Activated carbon; Iron oxide nanoparticles; Microwave modification; Surface
modification; Photodegradation; Methylene blue

1. Introduction

Wastewaters from productions like textile, dying,
printing, greasepaints, and food coloring are the main
providers of colored wastes [1]. There are more than
100,000 commercially available dyes with over
7 × 105 tons of dyes manufactured by the year [2]. It is
expected that 2% of dyes manufactured yearly are
discharged in waste from manufacturing operations,
while 10% was discharged from textile and associated
productions [3]. Discharging of dyes into water
resources even in a low quantity can disturb the
aquatic life and food web. Dyes can also cause allergic

dermatitis and skin irritation. Some of them have been
reported to be cancer causing and mutagenic for
aquatic organisms and humans [4–6]. Methylene blue
(MB) (C16H18N3SCl·3H2O) is one of the most applied
dyes [7], it is significant basic dye extensively used for
printing calico, cotton, and tannin, indicating
oxidation–reduction, and dyeing leather. In purified
zinc-free form, it is used as an antiseptic and for other
medicinal purposes [8].

Beside adsorption method [9–18], photochemical
procedures containing the transition metal ions,
mainly iron have attracted significant consideration
for degradation of dyes [19–25]. Apart from its
benefits such as non-toxic nature, low-cost, and high
reactivity, nanostructured metal oxides possess high*Corresponding author.
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band energy and Lewis acid nature which have been
exploited for variety of applications such as sensors
[26,27], drug delivery [28], and catalyst [29] also it can
be extended for photodegradation of dyes [19–25].

To progress its stability and reusability, iron oxide
nanoparticles have been immobilized on colloidal
solutions, porous glasses, polymers, and alumina. In
this context, porous materials with uniform pore sizes,
such as activated carbon and activated carbon might,
serve as host media for metal oxide nanoparticles.
Microwave energy has been used more and more on
synthetic organic chemistry because of its great ability
to accelerate reactions and to improve yields and
selectivity [30]. In recent years, some researchers have
started to modify activated carbon samples by
microwave irradiation [30].

A detailed survey of literature reveals no informa-
tion on photocatalytic degradation by iron oxide-
supported activated carbon. The iron oxide-supported
activated carbon is expected to incorporate the
catalytic properties of iron oxide as well as activated
carbon apart from high surface area, thermal stability,
and chemical inertness of activated carbon. In this
study, the effect of microwave modification of acti-
vated carbon by iron oxide nanoparticles on MB dye
degradation is examined.

This work aims to synthesize and characterize
novel microporous activated carbon with high surface
area from grapevine rhytidome as an abundant and
low-cost precursor via H3PO4 chemical activation
under microwave, after that additional microwave
modification has been done using Fe(NO3)3·9H2O. The
activity of this catalyst was compared with pure iron
oxide nanoparticle in the photodegradation of MB in
aqueous solution. The effects of contact time, initial
solution concentration, and solution pH on MB dye
degradation have been investigated. The kinetics
analysis and modeling of MB removal via adsorption
and photodegradation were carried out.

2. Experimental section

2.1. Materials

The reactants used in this study were the
grapevine rhytidome was collected from Sari city’s
agricultural province and washed several times with
distilled water and derived in an oven at 70˚C
overnight. The dried materials were crushed to small
pieces. Phosphoric acid (85 wt%, Merck Co.) as an
activating agent and Fe(NO3)3·9H2O (99 wt%, Merck
Co.) as functionalization agent, magnetic iron oxide
nanoparticles (Fe3O4, 99 wt%, Merck Co.), and MB
were used.

2.2. Photocatalyst preparation

2.2.1. Microporous activated carbon samples

The novel activated carbon was prepared accord-
ing to the procedure reported by Hejazifar et al. [31].
In optimum condition, the grapevine rhytidome was
added to phosphoric acid with 85 wt% concentration
and acid/precursor weight ratio (5:1) for 24 at room
temperature. The impregnated samples were heated in
a microwave oven (LG, WD700, 2,450 MHZ) with
microwave power 400 W, microwave radiation time
2 min. Then the samples were placed in an oven at
110˚C for 24 h. The obtained samples were washed for
several times with hot and then cold distilled water to
the pH of 7, and dried in an oven at 50˚C overnight.
Finally, resultant activated carbons were crushed and
sieved to particle mesh size of 20 and stored in a
desiccator.

2.2.2. Iron oxide-supported samples

The experimental procedure was carried out using
Fe(NO3)3·9H2O with prepared activated carbon, and
the composition ratio 5.4 gr activated carbon, 2.5 gr of
Fe(NO3)3·9H2O, and 5 gr water has been used. The
mixtures were then heated under microwave irradia-
tion (LG, WD700, 2,450 MHZ) by microwave power
400 W for 1–5 min (1-Fe-MAC to 5-Fe-MAC). Nanos-
tructured carbon impregnated with the acetone
solution was then filtered and dried at 60˚C for 4 h.
The activation temperature was 760˚C and optimum
N2 gas flow rates (250 cc/min) for 2 h were used [32].

2.3. Textural and structural studies

The porous structure of the surface-modified
samples was estimated by powder XRD (Philips 1830
diffractometer) using graphite monoarsenated Cu Kα
radiation. Adsorption isotherms of the activated
carbon samples were obtained using a N2 gas microp-
orosimeter (micromeritics model ASAP 2010 sorp-
tometer) at 77 K. Pore size distribution and specific
surface area were calculated by Dollimore and Heal
[33] and BET [34] methods. Pore volume was esti-
mated from the amount of adsorbed N2 gas at 0.963 in
relative pressure, which derives from 25 nm radii
pores. Micropore volume was calculated by t-plot.
SEM images were obtained with JEOL 6300F SEM.
Thermal analysis was carried out using NETZSCH
STA449C analyzer. The instrument settings were:
heating rate 10˚C/min and air atmosphere with
100 mL/min flow rate. For each measurement, about
25 mg of a ground adsorbent sample was used. From
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the weight loss curve, the differential weight loss was
calculated where peaks represent the weight loss.

2.4. Photocatalytic activity measurements

The photodegradation of MB was done in order
to calculate the photocatalytic activity of 3-Fe-MAC
photocatalyst. About 10-mg catalyst was mixed with
50 ml of MB aqueous solution (100 ppm) under mag-
netic stirring in dark for 30 min to reach the adsorp-
tion equilibrium of the dye on the catalyst prior to
irradiation. The photocatalytic activity of 3-Fe-MAC
was evaluated in the degradation of MB aqueous
solution under UV irradiation. The UV source was a
125 W Hg lamp with maximum emission at approxi-
mately 365 nm. The lamp was placed in an inner
irradiation cell in the center of a cylindrical flask
(capacity ca. 100 ml) as the reaction vessel. After
irradiation and separation of the catalyst by cen-
trifugation, the concentration of MB was determined
with a Perkin–Elmer Lambda 35 UV–vis spectropho-
tometer. The MB dye has an absorption maximum at
665 nm. The concentration of MB at diverse irradia-
tion times was gained by converting absorbance of
the solution to MB concentration (Beer–Lambert’s
law, A = εbC, where A: absorption, ε: proportion con-
stant, b: light length, C: concentration). A standard
calibration curve (not shown here) was built by
adjusting a different concentration of MB solution
and the absorption at 665 nm. This calibration curve
refers to the situation of the absence of byproducts
co-adsorption. A blank test was done in the solution
without a catalyst, where the concentration of the
MB indicates constancy.

2.5. Photodegradation kinetics

Photocatalytic degradation of MB yields carbon
dioxide, nitrate, sulfate, and water. The reaction can
be written as follows [34]:

C16H18N3S
þ þ 25:5O2 �! 16CO2 þ 3NO�

3 þ SO�
2

þ 6Hþ þ 6H2O

If the reaction follows zero-order kinetics, is as
shown in Eq. (1):

MB½ �i� MB½ �t¼ k0t (1)

If the reaction follows first-order kinetics, is as
shown in Eq. (2):

ln
MB½ �t
MB½ �i

¼ �k1t (2)

where [MB]i and [MB]t indicate MB concentration at
t = 0 and t = t, respectively. If the reaction follows
second-order kinetics, gives Eq. (3) which can
also be rewritten in a non-linear form as shown in
Eq. (4):

1

MB½ �t
� 1

MB½ �e
¼ k2t (3)

MB½ �t¼
MB½ �e

MB½ �ek2tþ 1
(4)

3. Results and discussion

3.1. Textural characterization

Nitrogen physisorption is the method of choice
to gain knowledge about nanoporous materials. This
method gives information on the specific surface
area and the pore diameter. Calculating pore
diameters of nanoporous materials using the BJH
method is common. Previous studies show that the
application of the BJH theory gives appropriate
qualitative results which allow a direct comparison
of relative changes between different nanoporous
materials [30].

Nitrogen adsorption isotherms of the MAC and
Fe-MACs are shown in Fig. 1. A high adsorption at a
low relative pressure reveals that MACs is mainly
microporous. The increase in the adsorption at a high
relative pressure is due to multilayer adsorption on
the mesoporous, macroporous, and on the external
surface [31]. The presence of hysteresis loop could be
due to the existence of mesoporous. Table 1 shows the
textural properties of the nanostructured samples as
indicated by the N2 adsorption isotherms. The iron
oxide-supported MAC samples manifested a decreas-
ing specific surface area as well as decreasing total
and micropore volumes with increasing electroplating
time. The pore size distributions (see the insets of
Fig. 1) are slightly shifted to smaller values in contrast
to the host materials. This effect is due to the meso-
pore filling with the iron oxide. Beside the reduction
in the pore sizes, a slight broadening of the distribu-
tions is observed for the host–guest compounds.

In order to check the structural degradation, XRD
data of carbonaceous adsorbents were obtained on
Philips 1830 diffractometer using Cu Kα radiation of
wavelength 0.154 nm. In Fig. 2, the XRD patterns of
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MAC, 1-Fe-MAC, 3-Fe-MAC, and 5-Fe-MAC are pre-
sented. Well-defined peaks at 30.1˚, 35.4˚, 57˚, and
62.5˚ 2θ, characteristic of Fe3O4 appears after iron
oxide modification. The strong and sharp peaks (espe-
cially in the case of 3-Fe-MAC and 5-Fe-MAC) indicate
that large iron crystals formed outside of the carbon
particles.

In order to understand the surface morphology,
shape and size of iron oxide microporous activated
carbon, SEM analysis was performed on 3-Fe-MAC
sample (Fig. 3). SEM picture exhibits an irregular por-
ous structure. The micrograph also revealed clearly
that the resulting particles were almost perfectly
loaded on carbonaceous surface.

Fig. 4 shows thermogravimetric analysis (TGA)
curve of the 3-Fe-MAC using a heating rate of

5 ˚C min−1. The 3-Fe-MAC composite showed a 78%
weight loss from 360 to 520˚C related to the oxidation
of the carbon. A weight of 22% is found after oxida-
tion of the activated carbon, which is related to the Fe
oxide in the prepared nanocomposite.

3.2. Photocatalytic activity of metal oxide-supported
activated carbon photocatalyst

Fig. 5 displays the effectiveness of photocatalysts
(iron oxide nanoparticles, MAC, 1-Fe-MAC, 3-Fe-
MAC, and 5-Fe-MAC) in MB photodegradation in
UV light. Among all photocatalysts, 3-Fe-MAC has
been shown the best results for MB photodegrada-
tion. After 40 min irradiation, about 50% MB concen-
tration was misplaced and after 75 min MB removed
completely from media. The higher activity of
3-Fe-MAC was due to the presence of nanostructure
carbon structure and iron oxide in optimum concen-
tration. Several investigations have shown that carbon
nanomaterials are good adsorbents for dye adsorp-
tion [34,35]. The experimental results have shown
that the photodegradation activity of 3-Fe-MAC cata-
lyst was clearly enhanced in contrast with the other

Fig. 1. (a) Adsorption–desorption isotherms of nitrogen at
77 K on MAC, 1-Fe-MAC, 3-Fe-MAC, and 5-Fe-MAC and
(b) the BJH pore size distribution calculated from the des-
orption branch of the isotherm.

Table 1
Textural parameters of the MAC, 1-Fe-MAC, 3-Fe-MAC, and 5-Fe-MAC employed in this study

Adsorbent Average pore diameter (nm) ABET (m2 g−1) Total pore volume (cm3 g−1) Micropore volume (cm3 g−1)

MAC 2.3 1,640 0.93 0.73
1-Fe-MAC 2.2 1,547 0.88 0.72
3-Fe-MAC 2.22 1,531 0.86 0.69
5-Fe-MAC 2.21 1,511 0.81 0.64

Fig. 2. Wide-angle XRD patterns of the microsporous acti-
vated carbon adsorbents (MAC, 1-Fe-MAC, 3-Fe-MAC,
and 5-Fe-MAC).
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photocatalysts. The iron oxide-supported activated
carbon catalysts were more active than iron oxide
nanoparticle (Fig. 5), probably due to the better
porosity and structure. These outcomes propose that
the loading of the iron oxide particles on the surface
of the support and the better accessibility of the reac-
tants might be more favorable for the photocatalytic
reaction. The activated carbon had a larger specific
surface area than iron oxide nanoparticles and iron
oxide-modified activated carbon but had a lower cat-
alytic activity.

The role of activated carbon structure in the
enhancement of MB degradation by iron oxide might
be because of

(1) Increasing adsorption capacity of the photo-
catalyst. MB molecules would transfer from the
solution to the catalysts’ surface and be
adsorbed with offset face-to-face orientation via
p–p conjugation between MB and aromatic
regions of the carbonaceous photocatalyst.
Therefore, the adsorption of dyes is increased
compared to iron oxide.

(2) Extending light absorption. The chemical bonds
of Fe–O–C and good transparency of carbona-
ceous photocatalyst made a red shift in the
photo-responding range and facilitate a more
efficient use of light for the photocatalysis.

(3) Overpowering charge recombination. Carbon
surface can act as an acceptor of the photo-
generated electrons for iron dioxide particles
and confirm a fast charge moving in view of its
great conductivity, and therefore, an effective
charge separation can be attained [22]. The bet-
ter charge transportation would provide more
photo-induced carriers for the associated photo-
catalytic reactions, cause to a higher photocat-
alytic activity.

For kinetic estimation, the standard zero-, first-,
and second-order kinetics equations were fitted to the

Fig. 3. SEM image of the 3-Fe-MAC.

Fig. 4. TGA plot of the 3-Fe-MAC. Fig. 5. The photocatalytic activities of Fe3O4, MAC, 1-Fe-
MAC, 3-Fe-MAC, and 5-Fe-MAC photocatalysts (a) the
effect of contact time (b) photocatalyst comparison in MB
dye decolorization percent in tubular form at 90 min
(catalyst dosage = 0.2 g/L, [MB] = 60 ppm, pH 4, tempera-
ture = 25˚C).
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experimental data to conclude the appropriate model
which shown the kinetic of degradation. Table 2
summarizes the fitting of the photodegradation data
with various kinetics models. Based on linear regres-
sion method, the kinetic data of 3-Fe-MAC fits better
to first-order model (R2 = 0.995) and good degree of
deviation (SSE = 11.09) than zero- and second-order
models.

The photodegradation of MB dyes by 3-Fe-MAC
under UV irradiation followed photocatalytic
mechanism. Firstly, MB dye adsorbed on the surface
of 3-Fe-MAC photocatalyst. In second step, MB dye
molecule will photodegradated by UV irradiation.
The photodegradation of MB dye is the rate-deter-
mining step which involves direct charge transfer
from the 3-Fe-MAC to MB dye adsorbed at 3-Fe-
MAC active surface. Finally, photon-generated holes
(hþ

vb), electrons (e�cb), hydroxyl radicals (OH�), and
superoxide ions (O��

2 ) take part in redox reactions if
thermodynamically promising [36,37]. The species
hþ
vb, e

�
cb, (OH�), and (O��

2 ) broke down MB dye mole-
cule to small fragments that in the end decomposed
into simple inorganic minerals. The photodegrada-
tion of MB by 3-Fe-MAC included the following
reactions.

Fe-MAC�!hv Fe-MAC ðhþ þ e �Þ (5)

hþ þ OH� ! OH� (6)

O2 þ e� ! O��
2 (7)

O��
2 þ e� þ 2Hþ ! H2O2 (8)

O��
2 þO��

2 þ 2Hþ ! H2O2 þ O2 (9)

MB dye �!hv MB dye� (10)

MB dye� þ Fe-MAC ! MB dye�þ þ Fe-MAC ðeÞ (11)

MB dye�þ þ O��
2 ! CO2 þ H2O (12)

The effect of photocatalyst dosage on the pho-
todegradation of MB was examined in UV irradiation
by different dosage of 3-Fe-MAC varying from 0.02 to
0.2 g/L at a fixed dye concentration of 100 ppm. The
photodegradation rate for photocatalyst is presented
in Fig. 6, which shows that initial slopes of the curves
rise greatly by increasing catalyst amount from 0.01 to
0.15 g/L and after that the amount of degradation
remains almost constant. Hence, the maximum
photodegradation is shown with 0.15 g/L dose of
3-Fe-MAC. The MB dye degradation improved mean-
ingfully by increasing the dosage of photocatalyst. The
increase in the amount of catalyst increases the num-
ber of active sites of iron oxide that in turn growths
the number of OH� and O�

2 radicals. The photocat-
alytic destruction of other organic pollutants has also
shown a similar type of dependence on photocatalyst
dosage [38–40].

The influence of dye concentration on pho-
todegradation was investigated by changing the MB
concentration from 50 to 150 ppm at a 0.15 g/L of
3-Fe-MAC. Fig. 7 displays the rate of photodegrada-
tion in different concentrations of dye. It is observed
from Fig. 7 that photodegradation speed decreases
from 50 to 100 ppm and then it becomes almost con-
stant up to 150 ppm.

Fig. 7 shows a high efficiency at low initial concen-
tration of dye (50 ppm), which decreased with the
increase in substrate concentration from 50 to 100 ppm
and then it became almost constant. Increasing the
dye concentration from 100 to 150 ppm decreased the
degradation efficiency from 99.6 to 21.5%. Similar
results were obtained earlier by other researches [41].
It is due to the fact that with the rise in initial concen-
tration of dye, in the presence of UV irradiation and
catalyst dose constant, more dye molecules are
adsorbed onto the surface of activated carbon.

The photocatalytic degradation of MB has been
investigated in the pH range of 2–10 at a fixed MB
concentration of 100 ppm and 3-Fe-MAC dosage
(0.15 g/L). The consequences are shown in Fig. 8. It is
perceived that the degradation rises in the neutral to
high pH range as compared to the acidic pH situa-
tions. Implementation of the reaction rate in basic

Table 2
Zero-, first-, and second-order kinetics data of photocatalytic kinetics of MB degradation on 3-Fe-MAC photocatalyst

Sample

Zero-order First-order Second-order

k0 R2 SSE k1 × 10−3 R2 SSE k2 × 10−4 R2 SSE

3-Fe-OMC 1.012 0.984 21.06 9.904 0.995 11.09 1.43 0.991 16.41

A. Nasrollahpour and S.E. Moradi / Desalination and Water Treatment 57 (2016) 8854–8862 8859



environments might be credited to the growth of
hydroxyl ions, which in turn prompts the formation of
more hydroxyl radical formation.

4. Conclusions

Carbon nanoporous photocatalyst was synthesized
using a low-cost carbon source after that modified
with iron oxide. The structural order and textural
properties of the modified and unmodified activated
photocatalysts were studied by XRD and nitrogen
adsorption analyses. The photocatalytic activity of the
iron oxide nanoparticles, activated carbon, and iron

oxide-modified activated carbon composites (1-Fe-
MAC, 3-Fe-MAC and 5-Fe-MAC) was examined by
the degradation of MB in aqueous solutions under UV
light irradiation. It was observed that the pH, concen-
tration of MB dye, and photocatalyst dosage signifi-
cantly affect the decolorization of the dye. The
degradation efficiency of MB dye with the iron
oxide-modified activated carbons was much higher
than that with pristine activated carbon and iron oxide
nanoparticles. The enhancement of MB degradation by
iron oxide is mainly because of (a) increasing adsorp-
tion capacity of the photocatalyst, (b) extending light
absorption, and (c) overpowering charge recombina-
tion in iron oxide-modified activated carbon. Thus,
iron oxide-modified activated carbon could be used as
a practical and useful photocatalyst for the removal of
dyes from wastewater which contributes to the
environmental pollution.
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