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JQP]LWÛQKULWHLMH_̀ aHVQUP\HTZRV[G

bc;<569:3<<32d6eB45=26f53;:50d6gB23cc3h6ij692c3hd6g30k5C36l?3=;C4m3d6jjj6n;:B<h6l?3=;C4m;

90:;1<56opqrss

./0123456.78 90:;1<56=05>;5?

@5453012630:;1<5 9A4:031:6BC<D

tGNLuQZHLMHJQKULWUJHQWVHQWULWUJHV\GTHMPLNHQvRGLRTHOFQTGH]\HwQZZHJZQ\HxHyQW[QWGTG

VULzUVGHWQWLJLNOLTUKGT

{2;0/cBB0:2D6ld6l0;42C36|6l

90:;1<56opqr}~

./0123456.78 90:;1<56=05>;5?

@5453012630:;1<5 9A4:031:6BC<D
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unNJKJ�QYTSbPNmQSJSTRWTtJkau}MTnQURVŜJNQTPOPRSmQQNSTWRUTQPmOPcQYTVJSJaMQTMJ_mN

OSSJSNQYTnmRNRcONOMbNJcTYQ_UOYONJRPTRWTNQNUOcbcMJPQTOPNJaJRNJcS

.Gz;><5x=�;gi=/d5.G�=315:=3

� �

� �

x4G; v4=/2<51G50<1>5�F;/G=3

v;Eg105HF;/5=/01234

�F;/G=35F�5�GB1/FGg4G0=35�<4g12=35�G�1G44/1G�
v;AAF/0>5�����������



���������������	
 ������������������������������������������������������ !!�����"�#���$��%�%���&������'�����(����#$���!�����

���)!���***(!������+�����(����,������,�����-��-�������������-��������-�������������������!!��� �.���

/0123456789:;<

=>03?@A56=BC /0123456D05E25F

G5A5@03?6@012345 /HA10@316IJ4K
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A B S T R A C T

The aim of this work is to evaluate the influence of the pore structure of Fe-supported carbon catalysts in
heterogeneous Fenton oxidation. For such goal, two types of porous carbons i.e. biomass-derived carbon (BDC)
and polymer-derived carbon (PDC) were employed as catalytic supports. Both solids present the same specific
surface area (ca. 1300m2/g) but a different character of porosity. The former showed a remarkable pore fraction
in the range of micropores (< 2 nm) whereas the latter displayed substantial pores in the range of micro- and
mesopores (2–5 nm). The Fe2O3/carbon catalysts were produced by wet impregnation of iron oxide precursor
followed by calcination at 300 °C. Elemental mapping of EDX analysis confirmed the evenly distribution of metal
on carbon, which Fe loading was set to 0.5, 1 and 2wt.%. Remarkably, the specific surface area of the supports
remained almost unchanged after the immobilization of iron oxide (below 5% drop). The performance of the
catalysts was investigated in the oxidation of methylene blue (MB) under ambient conditions
([MB]0=20mg L−1; [H2O2]0= 12.5mL L−1; [catalyst]= 125mg L−1; 30 °C). The experimental data were
successfully described by an intraparticle gradient model with first order of reaction of methylene blue and
accounting adsorption equilibrium. The mass transfer and reaction parameters showed that the porous structure
of the support plays a key role on the oxidation process. Iron oxide dispersed on mesoporous support was more
advantageous i.e. featuring a higher reaction rate constant (40% increase in removal capability). Regarding the
stability, the mesoporous catalyst maintained its high activity upon four consecutive runs.

1. Introduction

Methylene blue (MB) is a thiazine dye widely used in textile in-
dustries. This compound is difficult to degrade naturally due to its low
biodegradability, hence it can harm the balance of environment eco-
system. Adsorption method e.g. using porous carbon as the adsorbent is
one popular technique in dye removal [1–5]. However, this adsorptive
removal only transfers the pollutant compounds to other media or
phases. Thus, additional process to treat dye loaded in the porous
material might apply, which is not desirable from economic and en-
vironmental issues. In this context, the application of heterogeneous
Fenton oxidation appears as a promising alternative as it allows to
degrade completely the organic pollutants [6,7]. This process is based
on the decomposition of H2O2 by a solid catalyst leading to the for-
mation of hydroxyl radicals, highly reactive species which attack non-

selectively most of the organic pollutants. Iron represents the main
active phase for this system [8] although other transition metals such as
cobalt [9], ceria [10] and niobia [11] have been also investigated.
Regarding the catalytic supports, alumina [12], pillared clays [13] or
silica [14] have been evaluated but carbon materials are usually re-
garded as the most promising solids due to their outstanding properties
such as good physical and chemical stability, high specific surface areas
(500-2000m2/g), well developed and different porous structures and
variable surface composition [15–17]. The scheme of removal of MB
using a heterogenous Fenton reaction is shown in Fig. 1 when using a
standard catalyst for Fenton reaction i.e. iron oxide.

Many works in the literature have been devoted to the application of
different carbon materials as catalyst supports for heterogeneous
Fenton oxidation [7,8,18]. Nevertheless, the influence of the pore
structure of these materials on the catalytic performance has not been

https://doi.org/10.1016/j.jece.2019.102921
Received 5 October 2018; Received in revised form 8 January 2019; Accepted 23 January 2019

⁎ Corresponding author at: Department of Chemical Engineering, Faculty of Engineering, Universitas Gadjah Mada, 55281 Yogyakarta, Indonesia.
E-mail address: teguh.ariyanto@ugm.ac.id (T. Ariyanto).

Journal of Environmental Chemical Engineering xxx (xxxx) xxxx

2213-3437/ © 2019 Elsevier Ltd. All rights reserved.

Please cite this article as: Amelia, S., Journal of Environmental Chemical Engineering, https://doi.org/10.1016/j.jece.2019.102921

http://www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2019.102921
https://doi.org/10.1016/j.jece.2019.102921
mailto:teguh.ariyanto@ugm.ac.id
https://doi.org/10.1016/j.jece.2019.102921


investigated in depth so far. The pore structure of carbon plays im-
portant roles e.g. for transporting metal precursor and providing area
for dispersing active metal. Furthermore, the pore sizes could influence
reaction environment inside pores, when a combination of strong ad-
sorption of compound and Fenton reaction happens simultaneously.
Therefore, in the end the performance of synthesized catalyst is in-
directly influenced by the support. This work is focused on evaluating
the effect of pore character of carbon support on the resulting Fenton
catalyst and its performance in the degradation of MB. Two different
carbon supports have been used for such goal: biomass-derived carbon
(BDC, dominant microporous structures) and polymer-derived carbon
(PDC, dominant mesoporous structures). PDC is porous carbon pre-
pared by carbonization of synthetic polymer and its pore size can be
easily tuned by altering polymeric precursors [16,17,19]. Accordingly,
although PDC exhibits a mesoporous structure, it also shows a specific
surface area similar to the microporous carbon of BDC (ca. 1300m2g-1).
Both carbons were employed as catalyst support of iron oxide and the
properties of the synthesized catalysts were characterized in detail. To
qualitatively describe the performance of the catalytic systems, data of
dye removal were evaluated using an intraparticle gradient model ac-
counting methylene blue reaction and adsorption equilibrium. Finally,
the stability of the optimum catalyst was studied upon its sequential use
in four consecutive runs.

2. Experimental section

2.1. Materials

The carbon supports used in this study were biomass-derived carbon
(BDC), available from PT. HOME System Indonesia, and polymer-de-
rived carbon (PDC) synthesized by pyrolysis of phenolic resin. Fe
(NO3)3.9H2O (99% purity Merck, Germany) was employed as iron
oxide precursor. In the Fenton reaction, methylene blue (95%, Sigma
Aldrich, Singapore) was used as target pollutant and H2O2 (50% purity)
available from Merck, Germany, was used as a hydroxyl radical pro-
ducer.

2.2. PDC preparation

PDC material was prepared by two steps i.e. preparation of phenolic
polymer and its subsequent conversion to carbon. The polymeric pre-
cursor was composed by resorcinol (R), formaldehyde (F) and cetyl-
trimethylammonium bromide (CTAB). Methods of polymer preparation
and carbonization process are provided elsewhere [16]. In short, solu-
tion was prepared by mixing formaldehyde (37%), CTAB (98%),
Na2CO3 as catalyst (99.9%) and resorcinol (99% purity). All reagents

for preparation of polymer were purchased from Merck, Germany. The
molar ratio of formaldehyde to resorcinol was fixed to 2.8 (1mol re-
sorcinol in 0.28 L of formaldehyde solution). Concentration of CTAB
and catalyst used were 0.01M and 6× 10−5 M, respectively. The
mixture was gently stirred till resorcinol formaldehyde polymer was
formed. The dried polymer was then carbonized at 850 °C in furnace,
with heating rate of 5 °C/minute and under nitrogen atmosphere.

2.3. Catalyst preparation

Iron oxide was loaded onto the porous carbons by a wet impreg-
nation method followed by calcination process. About 2 g of porous
carbon was degassed at 150 °C for 2 h. Subsequently, a proper amount
of Fe(NO3)3.9H2O dissolved in isopropanol was then added. After
evaporation of the solvent, the solid was dried at 60 °C overnight. The
calcination process was then carried out at 300 °C in a quartz tubular
reactor (ramp rate of 2 °C/min) for 3 h in nitrogen flow. According to
the literature, the iron oxide phase produced under these conditions is
hematite (α-Fe2O3) [20]. The loading of Fe2O3 was established at 0.5, 1,
and 2wt.%. The resulting iron oxide-loaded porous carbons were de-
noted as X wt.% Fe2O3/type of carbon. For instance, 2% Fe2O3/PDC
refers to a 2% loading of iron on the polymer-derived carbon.

2.4. Fenton reaction test

A 200ml of methylene blue solution (20mg L−1) was placed in a
three-neck flask. The solution was stirred at a constant speed of
450 rpm (at a room temperature of 30 °C). Then, a 5mL H2O2 aqueous
solution (50%) and 25mg of Fe2O3/C were simultaneously added into
the reactor while stirring. Prior the analysis of the reaction sample, the
catalyst was separated using a 0.45 μm syringe filter. The concentration
of methylene blue was determined by ultraviolet–visible (UV/VIS)
spectrophotometer (Shimadzu UV Mini 1240, Japan) at a wavelength of
663 nm.

2.5. Reaction modeling

An intraparticle reaction model was employed to describe the ex-
perimental data by generating mass balance in the volume element of a
sphere particle. In this model, the MB concentration gradient and re-
action within the solid phase are considered. The diffusion of the dye
follows the Fick equation of mass transfer and the degradation of this
substance within the catalyst is assumed to attend a first reaction order
(rA= krCA). The formula of the model is given in the Eq. (1).
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where CA is the concentration of MB, kr is the first-order reaction
constant, De is the effective diffusivity, and ε is the material porosity.
Since it is first order in the time (t) and two orders in the radius (r), to
solve the equation there are one initial condition and two boundary
conditions as shown in Eqs. (2), (3) and (4). Eq. (3) means that at the
solid surface and at any time, the diffusion flux has the same amount
with the mass transfer flux in the bulk phase. Whereas, Eq. (4) means
that the concentration of methylene blue in the center of solid is in a
minimum value.
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where kc is the mass transfer coefficient and H is the Henry constant.
The parameters i.e. kr, kc, De and H were obtained by fitting the ex-
perimental data with least square regression rate approaches.

Fig. 1. Schematic of degradation of methylene blue with a help of iron oxide/
carbon catalyst and peroxide (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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2.6. Characterization methods

Pore structure of carbon support and iron oxide-loaded carbon
(Fe2O3/C) was characterized by N2-sorption analysis (Nova 2000,
Quantachrome, USA). Multipoint Brunauer–Emmett–Teller (BET) with
a positive value of constant physical parameters was employed to de-
termine the specific surface area [21]. The pore size distributions
(PSDs) were evaluated using Quenched Solid Density Functional Theory
(QSDFT) model from equilibrium adsorption-desorption isotherm for
slit/cylindrical pores [22]. The morphology of material was observed
by scanning electron microscope (SEM) of JSM-6510 LA (JEOL, Japan).
The elemental mapping of iron oxide in carbon was investigated using
SEM-energy dispersive X-ray spectroscopy (SEM-EDX).

3. Results and discussion

3.1. Pore structure of the carbon supports

The textural properties of the carbon supports were characterized
using low-temperature nitrogen physisorption analysis. Fig. 2A displays
the sorption isotherms. BDC exhibits a characteristic isotherm for mi-
croporous material (Type I) while PDC displays a typical adsorption for
micro- and mesoporous material (a combination of Type I and IV) ac-
cording to the International Union of Pure and Applied Chemistry
(IUPAC) classification [21]. A substantial N2-uptake capacity of both
carbons indicate that highly porous material is present. The pore size
distributions (PSDs) calculated with the QSDFT model (Fig. 2B) showed
that BDC and PDC display different pore characteristics. BDC showed a
remarkable pore fraction in the range micropores (< 2 nm). On other
hand, PDC displays substantial pores in range of micro- and mesopores
(2–5 nm).

Textural properties (specific surface area (SSA), pore volume, mi-
croporosity and average pore size) of BDC and PDC are summarized in
Table 1. The pristine material (before immobilization of iron oxide) is
named as 0 wt.% Fe2O3. The SSA of both BDC and PDC is nearly the
same (ca. 1300m2/g). It is important to highlight that these solids
could compete with porous carbons synthesized from other polymeric
materials which are typically in the range of 1000-2000m2 g−1 [19].
The pore volume of PDC (0.8 cm3 g−1) is larger than BDC (0.6 cm3g-1)
due to a portion of mesopore volume. Mean pore diameter of carbon
was evaluated and is given in Table 1. PDC and BDC exhibit ca. 2.5 and
1.8 nm average pore size, respectively. Overall from the porosity ana-
lysis, it can be concluded that BDC and PDC feature a similar surface
area, but different pore sizes, thus they are suitable for the study of
effect of porosity on dye removal.

3.2. Characterization of Fe2O3/BDC and Fe2O3/PDC catalysts

Fe2O3/C catalysts was prepared by impregnation of the iron oxide
precursor followed by calcination. To investigate the distribution of the
active material on the carbon surface, SEM-EDX was carried out. Fig. 3
displays SEM image of Fe2O3/carbon and its Fe elemental mapping by
EDX (BDC, see Fig. 3A and B; PDC, see Fig. 3C and D). Based on SEM
images, the surface of BDC is rougher than that of PDC. This likely
relates to elemental composition and polymeric network of the carbon
precursor [16,23]. The yellow/green color of the elemental mapping
indicates the presence of Fe on the carbon surface. In both solids, iron
was homogeneously distributed, which is in good agreement with the
low content of active metal immobilized on the supports [24].

The pore structure of iron oxide-loaded porous carbon was char-
acterized using N2-sorption to investigate influences of iron oxide
loading on the carbon structural properties. The characterization results

Fig. 2. A) N2-sorption isotherm (closed symbol: adsorption, open symbol: desorption). (B) pore size distribution of carbon employed as support material.

Table 1
Pore structural properties of iron oxide/C.

Catalyst Specific surface area (SSAa)
[m2/gram]

Micropore surface portion (%
Smic

b) [%]
Total pore volume (VT

c)
[cm3/gram]

Micropore volume portion (%
Vmic

b) [%]
Mean pore diameter (dvd)
[nm]

BDC support
0wt.% Fe2O3 1320 92.12 0.60 75.50 1.82
0.5 wt.% Fe2O3 1236 92.55 0.56 77.30 1.81
2wt.% Fe2O3 1165 92.36 0.55 76.90 1.89
PDC support
0wt.% Fe2O3 1285 79.14 0.80 50.75 2.48
0.5 wt.% Fe2O3 1093 76.85 0.72 48.61 2.62
2wt.% Fe2O3 1195 78.74 0.76 51.71 2.53

a Multipoint BET with a positive value of constant physical parameters.
b Determined by t-plot method.
c Pore volume at 0.995 P/Po.
d Calculated with =dv

VT
SSA
4 .
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are shown in Table 1. It can be seen that for both carbon supports, the
specific surface area and pore volume were slightly decreased (5–12%)
when introducing Fe2O3 at different loadings. On the other hand, there
was no significant difference on the mean pore size between pristine
and loaded carbon. This implies that Fe loading does not change the
pore sizes, and thus, the minor decrease of SSA is likely induced by
mass addition from non-porous Fe2O3 material.

3.3. Catalytic performance

Prior catalytic test, a blank experiment with MB and H2O2 in the
absence of catalyst was performed to evaluate the possible role of H2O2

as direct oxidation agent (see Fig. 4A). As observed, no significant de-
crease of MB was observed after 24 h reaction time. It can be then
concluded that H2O2 cannot oxidize the dye in the absence of catalyst
under the operating conditions tested in this work. A negligible de-
gradation of dye with only using hydrogen peroxide is likely correlated
to its low oxidation potential, when hydroxyl radicals are not present
[25].

The results obtained in the heterogeneous Fenton oxidation of MB

using the own-prepared catalysts (1 wt.% Fe2O3) are summarized in
Fig. 4B. The experimental data were fitted using the intraparticle gra-
dient model considering first order of reaction for MB degradation and
accounting adsorption equilibrium. There is a 70% reduction of dye
from polluted water (red color, with catalyst but absence of H2O2) when
using only adsorptive method of BDC. With addition of peroxide in
1 wt.%/BDC, the Fenton reaction was occurred, and it led to remark-
able drop of methylene blue up to 85% at 3 h reaction. This was due to
the very strong oxidative properties of the hydroxyl radicals (HO·)
produced from hydrogen peroxide and Fe catalyst [26]. The reduction
of MB is even better when using 1 wt.%/PDC with almost full de-
gradation of methylene blue at 3 h. This result indicates that porous
structure of carbon influences the removal performance and likely
mesoporous support give more advantageous.

Fig. 5A displays the degradation of MB using catalysts with different
contents of iron oxide in PDC support (0.5, 1, and 2wt.%). The kinetic
rate of methylene blue decolorization increases when using a higher
oxide loading. To quantitively discuss the performance, the data were
fitted using Eq. (1) and the parameters are summarized in Table 2,
together with data on BDC support. The kinetic rate of decoloration is

Fig. 3. The SEM image and elemental mapping of Fe on 2wt. % of Fe2O3 on carbon: BDC (A, B) and PDC (C, D).

Fig. 4. (A) Concentration profile of methylene
blue (MB) in blank Fenton reaction. (B)
Concentration profile of methylene blue (MB)
in different system during Fenton catalytic
testing. Reaction conditions: 25mg of catalyst
(1 wt.% iron on carbon), 200mL volume,
20mg L−1 dye, 12.5 mL L−1 H2O2, 450 rpm
stir and 30 °C temperature (For interpretation
of the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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represented by kr value. For both carbon supports, the higher Fe loading
leads to increase the rate constant. This is likely induced by higher
active sites of iron oxide, hence accelerating the degradation of MB. The
kinetic rate parameters for iron oxide in BDC and PDC are in the range
of 0.04-0.075 s−1 and 0.07-0.23 s−1, respectively, hence indicating
excellent performances of iron oxide/PDC for MB removal (see Fig. 5B
for in graphics). The high performance of iron oxide/PDC is likely
supported by larger porosity of the support. The mesoporous structures
could give a good system for adsorption of dye on pore surface and
reaction of substance with hydroxyl radical which occurred simulta-
neously [27]. This is further proofed by higher values of mass transfer
(kc) and diffusion coefficient in case of PDC support compared to BDC
(see Table 2).

3.4. Recyclability tests of Fe2O3/PDC catalyst

To evaluate the reusability of the optimum catalyst (Fe2O3/PDC), it
was submitted to consecutive oxidation runs. The results obtained are
shown in Fig. 6. As can be seen, almost complete removal of the dye
(99%) was achieved after 3 h reaction time along the four runs. The
good reusability of the catalyst can be favorably compared with pre-
vious iron catalysts supported on commercial active carbon materials
[8]. The outstanding stability of the mesoporous carbon-based catalyst
can be related to the higher efficiency on the removal of the dye ad-
sorbed in the mesopores. In microporous supports, the organic pollutant
tends to be strongly adsorbed in the micropores, which can ultimately
be blocked and not further available in further uses [28].

4. Conclusion

The influence of the pore structure of the carbon catalytic support in
heterogeneous Fenton oxidation of methylene blue has been evaluated.
It has been demonstrated that the mesoporous solid is significantly
more efficient than the microporous one, obtaining up to 3-fold higher
oxidation rates. This outstanding performance was explained by the
faster diffusion of H2O2 within the mesopores of the carbon material.
Remarkably, the mesoporous catalyst Fe2O3/PDC showed a high sta-
bility, maintaining its activity almost unchanged upon four sequential
oxidation runs.
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