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Abstract Magnetite (Fe3O4) nanoparticle-encapsulated
mesoporous carbon nanocomposite was fabricated from
Fe-based metal–organic framework (MOF) (MIL-102)
through carbonization. It was found that Fe-based MOF
(MIL-102) is a potential precursor for the fabrication of
hexagonal mesoporous carbon nanodisk functionalized
with Fe3O4 nanoparticles. The obtained nanocomposite
was characterized by XRD, FT-IR, N2 adsorption and de-
sorption, FE-SEM and HRTEM techniques. As a Fenton-
like solid catalyst for phenol degradation, Fe3O4

nanoparticle-encapsulated mesoporous carbon showed
greater catalytic activity for the production of hydroxyl
radical from the decomposition of H2O2 and it accom-
plished 100% phenol and 82% total organic carbon
(TOC) conversion, within 120 min of reaction. This en-
hanced catalytic performance was due to confined access
for the pollutant to the iron oxide nanoparticles provided
by mesopores in carbon shell. Bare Fe3O4 nanodisk shows
poor catalytic performance in the degradation of phenol,
and it obviously reveals the significance of the mesopo-
rous carbon support for iron oxide nanoparticles.

Keywords Heterogeneous Fenton . Fe-MOF . Phenol
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Introduction

Worldwide surface water contamination is a critical environ-
mental concern because of continuous release of polluted wa-
ter by pharmaceutical, petrochemical, textile and paper indus-
tries (Santos et al. 2010). In the field of clean water produc-
tion, it is a huge challenge to treat the water having trace level
of refractory organic compounds (ROC). Among the ROC,
phenolic compounds are classified as priority contaminant
by the US Environmental Protection Agency (EPA) because
of their toxicity even at very low concentration (Kavitha and
Palanivelu 2016). Phenol is applied as germicidal and local
anaesthetic substance, and it is also prescribed for animal’s
internal antiseptics and gastric anaesthetics. Coal processing
unit involves the release of water containing 9–6800 mg/l of
phenol; oil refineries and manufacture of petrochemicals also
contaminate the water by adding phenol in 1000 mg/l (Busca
et al. 2008). However, the enforced law given by EPA allows
only less than 1 ppb (parts per billion) in surface waters.
Deplorably, the available traditional physical, chemical and
biological methods for the remediation of organic pollutants
in the water claim high cost and prolonged treating time.
Heterogeneous Fenton system is one of the advanced oxida-
tion process (AOP) for the mineralization of organic pollut-
ants in the aqueous solution by the production of oxidative
hydroxyl radicals. Heterogeneous Fenton system is an upright
alternative for the conventional homogeneous Fenton system
where the mineralization attains only at the condition that
cannot be maintained in environmental systems and it also
leaves the unwanted sludge (Hartmann et al. 2010). The ulti-
mate objective of the heterogeneous Fenton system is miner-
alization of organic pollutants in water at mild condition with-
out production of secondary pollutant. However, the applied
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catalysts undergo leaching of active iron sites in the case of
supported iron species and the solid iron oxide nanoparticles
show lesser efficiency towards mineralization of organic pol-
lutants due to the non-selective decomposition of hydrogen
peroxide (Hartmann et al. 2010). Thus, it is still a challenge
task to design heterogeneous catalyst with highly stable and
active catalytic sites. Many approaches have been made to
examine the catalytic activity of heterogeneous Fenton system
by immobilized and substituted iron ions, iron oxide nanopar-
ticles and iron oxide cluster on solid matrices towards miner-
alization of phenols (Martínez et al. 2007; Melero et al. 2006,
2007; Nidheesh 2015).

Several improvements of catalytic performance and
stability of catalytic sites were examined by a supporting
catalyst in the porous solid support (Li et al. 2016;
Satishkumar et al. 2013; Zhou et al. 2014). Activation of
catalytic sites by Cu2+ complex with the suitable ligands
(Lyu et al. 2015) and increase of Fe2+ content by the
partial pyrolysis of Fe3O4@g-C3N4 composite (Luo
et al. 2016) were implemented in order to enhance the
catalytic degradation of organic pollutants in water.
Single-site iron catalyst has been applied to prevent
leaching of ions during the catalytic degradation of organ-
ic pollutants (Zhang et al. 2015). Oxalic acid-treated Fe–
silicate for the degradation of EDTA (Sashkina et al.
2016), hydrophilic modification of carbon support of the
catalyst (Zheng et al. 2015) and morphology-driven
Fenton catalyst (Datta et al. 2016) are some of the recent
developments of heterogeneous Fenton catalyst. FeOCl
supported on SBA-15 creates thin-film surface around
the catalytic sites; thereby, it reduces the scavenging of
hydroxyl radicals and increases the catalytic activity
(Yang et al. 2015). These successfully applied catalysts
were able to perform only in the limited period of time
in batch reactors. In order to develop the catalysts with
greater performance and prolonged stability, heteroge-
neous catalysts are also applied in fluidized bed, packed
bed and membraned reactors (Duarte et al. 2013; Martínez
et al. 2017; Satishkumar et al. 2013; Wang et al. 2016).
However, the demonstrated high catalytic performance
retained for short period of time due to leaching of cata-
lytic sites. Hence, construction of specific nanostructure is
one of the several recent approaches made to enhance the
catalytic performance of iron-based catalyst in Fenton
system. Li et al. (2015a) prepared a Fe2O3@C core–shell
by the coating of carbon on the surface of Fe2O3 nano-
particles, and it increases the number of active sites on the
surface of Fe2O3 nanoparticles. Spindle of Fe2O3 nanopar-
ticles and Au nanoparticles was established in mesopo-
rous silica for the fabrication of multi-yolk–shell struc-
ture, and it displays a non-contact synergetic effect for
the efficient removal of methylene blue (Chen et al.
2016). The confined space in the yolk–shell structure

composed of Fe3O4@Fe3O4/C improved the catalytic deg-
radation of 4-chlorophenol (Zeng et al. 2014). Li et al.
(2015b) utilized the confined environment provided by
the mesopores of SBA-15 in Fe/Pd@SBA-15 to enhance
the catalytic performance towards degradation of Acid
Red 73. However, in the case of yolk– or core–shell
nanoarchitectures, metal oxide core nanoparticles encap-
sulated with the shell support cannot be accessed easily
by reactant molecules. Thus, shells decorated with pores
have gained attention in the field of catalysis.

Metal–organic frameworks (MOFs) is a new type of
crystalline porous materials have gained great attention
in various fields such as separation, gas storage, catalysis,
chemical sensors and drug delivery (Torad et al. 2014; Liu
et al. 2015). MOF provides the efficient dispersion of
catalytic sites with controlled size and composition.
Moreover, it provides inbuilt catalyst system for the car-
bonization process and it could be a single precursor for
defined formation of iron oxide carbon nanocomposites.
Iron oxide nanoparticles-supported carbon nanocompos-
ites prepared from Fe-MOF are widely applied as hetero-
geneous Fenton system because of stabilization of metal
oxide nanoparticles provided by carbon (Banerjee et al.
2012; Hao et al. 2014; Lee et al. 2014; Ribeiro et al.
2016). MOF is an excellent source for carbon than the
p r e cu r s o r s app l i e d i n t h e p r ev i ou s me t hod s .
Carbonization of MOF produces metal oxide nanoparti-
cles and carbon matrix. At certain carbonization tempera-
ture, the formed metal oxide nanoparticles undergo
carbothermal reduction by the consumption of carbon
around the iron oxide nanoparticles; thereby, pores are
generated in the carbon matrix. Formed pores in the car-
bon matrix around iron oxide nanoparticles provide the
accessibility to reach catalytic sites. Fe-MIL (102) is a
coordination polymer formed from Fe2+ and naphthalene
tetra carboxylate ligand having micropores with the low
surface area (Su et al. 2012). Recently, we synthesized the
Fe3O4 nanoparticle-encapsulated mesoporous carbon
compos i t e f rom Fe-MIL (102 ) a s a p r ecu r so r
(Angamuthu et al. 2017). Herein, we report the catalytic
activity of Fe3O4@mesopore carbon shell nanocomposite
as heterogeneous Fenton catalyst towards degradation of
phenol. The mesoporous carbon support prevents the ag-
gregation of iron oxide nanoparticle, and it also provides
confined access of iron oxide nanoparticles in order to
prevent the non-selective decomposition of hydrogen per-
oxide. To evaluate the importance of porous carbon sup-
port for iron oxide nanoparticles, bare Fe3O4 nanoparti-
cles are prepared by burning carbon in air and it is applied
in the degradation of phenol. The influence of oxalic acid,
a stable intermediate formed during the oxidation of phe-
nol, over Fe3O4@mesopore carbon shell nanocomposite is
also investigated.

20420 Environ Sci Pollut Res (2018) 25:20419–20429



Materials and methods

Chemicals

Ferrous sulphate (FeSO4·7H2O) (99.5%), sodium hydroxide
(98%), hydrochloric acid (35%) and phenol (AR) were ac-
quired from SRL. 1,4,5,8-Naphthalenetetracarboxylic
dianhydride (NTCDA) (97%), orthophosphoric acid (99%)
and catechol (99%) were bought from Alfa Aesar. Hydrogen
peroxide (30% in H2O) and acetonitrile (HPLC grade) were
procured from Merck. Oxalic acid (99%) and fumaric acid
(99%) were acquired from Sigma-Aldrich. All the chemicals
were used without further purification.

Synthesis of Fe-MOF

Fe-MOFwas synthesized by following the procedure reported
i n t h e l i t e r a t u r e ( S u e t a l . 2 0 1 2 ) . 1 , 4 , 5 , 8 -
Naphthalenetetracarboxylic dianhydride (0.025 mmol) was
dissolved in 25 ml of 0.002-M NaOH solution in 50-ml bea-
ker. FeSO4·7H2O (0.05 mmol) is entirely dissolved in 5 ml
water. These two solutions are mixed and stirred for 30 min at
room temperature to get the homogeneous solution, it is trans-
ferred to a polypropylene bottle, and it was maintained at
60 °C for 24 h in a hot-air oven. Afterwards, the resultant
precipitate was separated by centrifugation. The obtained
product was washed with distilled water and then dried at
hot-air oven.

Preparation of Fe-HCNA300

Fe–hexagonal, carbon matrix, nitrogen atmosphere, and air
treated at 300 °C (HCNA300) is prepared by following the
synthesis procedure reported in the literature (Angamuthu
et al. 2017). Fe-MOF was calcined in a tubular furnace at
725 °C with the heating rate of 5 °C/min in nitrogen atmo-
sphere and maintained for 30min at the final temperature. The
obtained sample is brought to the room temperature in nitro-
gen atmosphere. Then, the sample is treated at 300 °C under
air atmosphere for 2 h with the heating rate of 5 °C/min to
obtain Fe-HCNA300.

Catalytic studies

In a 250-ml reagent bottle, 100ml of 200-ppm phenol solution
and 50 mg of Fe-HCNA300 catalyst were taken. The required
pH of the solution was adjusted with dilute hydrochloric acid
and sodium hydroxide. The temperature of the reaction medi-
um was maintained in oil bath equipped with thermocouple,
and the pH of the solution was monitored using a pH elec-
trode. Before the initiation of catalytic performance, 30 min of
adsorption and desorption was allowed to attain equilibrium.
It was found that 5% phenol has been adsorbed in 30 min and

further increase of contact time does not increase the phenol
adsorption. Following that, defined amount of H2O2 was
added and the samples are taken in specific interval of time.
In order to quench the radicals, one drop of 1 M sodium
hydroxide solution was added. Samples are filtered using ny-
lon 66membranewith 0.2-μmpore size to remove the catalyst
before further analysis of the samples. For the recycle study,
catalyst was separated with external magnetic field, washed
and dried overnight in a hot-air oven for the next cycle.

Analysis

Thermogravimetric analysis (TGA) of Fe-MOF was per-
formed at the heating rate of 5 °C/min under nitrogen atmo-
sphere using a TA Q600 SDT instrument. The crystalline
phase of Fe-MOF and Fe-HCNA300 was determined through
a Bruker, D8 X-ray diffractometer, Cu Kα radiation; the ap-
plied accelerating voltage was 30 kVand 40-mA current. The
diffraction angle 2θ values are from 10° to 80° with a step size
of 0.02°/min. The specific surface area, pore volume and pore
size distribution of the materials (Fe-MOF, Fe-HCNA300)
were characterized by BET methods and Barrett–Joyner–
Halenda (BJH) methods using a Micromeritics ASAP 2020
instrument at 77 K. The surface morphology of Fe-HCNA300
was acquired by field emission scanning electron microscope
(FE-SEM) (Supra 55 Carl Zeiss equipped with Oxford X-act
energy-dispersive spectrometer (EDS)). High-resolution
transmission electron microscope (HRTEM) image of Fe-
HCNA300 was obtained through a JEOL JEM 2100 instru-
ment. FT-IR spectra of Fe-MOF and Fe-HCNA300 were re-
corded in the range of 4000–400/cm using a Shimadzu IR
Affinity-1 instrument equipped with a high-sensitivity
DLATGS detector. A TOC-L Shimadzu instrument was used
to determine the amount of total organic carbon present in the
treated water sample through the NPOC method. The leached
iron ions were detected using an atomic absorption spectrom-
eter (AAS), Varian AA240. Intermediates from degradation of
phenol were identified using HPLC (JASCO LC 4000). C18
reversed-phase column was used with methanol and water
(50:50) as the mobile phase.

Results and discussion

Physicochemical characterization of catalytic materials

The X-ray diffraction pattern of as-synthesized Fe-MOF is
shown in Fig. 1(a), which obviously expresses a crystalline
structure, and the major diffraction peaks observed at the 2θ
values between 20° and 50° are indexed to Fe-MOF (MIL-
102) without any additional diffraction peaks (Su et al. 2012).
The recorded N2 adsorption and desorption isotherm (Fig.
2(a)) and pore size distribution of Fe-MOF shown in Fig.
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3(a) endorse the microporous nature of the as-prepared Fe-
MOF. It is further supported by the measured very low pore
volume (0.019 cm3/g) of Fe-MOF with the surface area of
60.363 m2/g. The presence of absorption band at 1609/cm
for coordinated C=O groups and the absence of absorption
band for uncoordinated C=O groups at 1730/cm in the FT-
IR spectra (Fig. 4(a)) of as-synthesized Fe-MOF confirm the
coordination of iron ions and NTCDA ligand. The transfor-
mation of Fe-MOF to carbon-based heterogeneous Fenton
catalyst was performed by carbonization of Fe-MOF under
N2 atmosphere at various temperatures. In order to observe
the applicable temperature for the calcination of Fe-MOF,
TGA was carried out under the nitrogen atmosphere.
Thermogram (Fig. 5) of Fe-MOF displays the thermal decom-
position of Fe-MOF under the nitrogen atmosphere. The
weight loss observed up to 220 °C (19.8%) is due to the
departure of water molecules adsorbed at the micropores of
Fe-MOF. The weight loss perceived from 230 to 380 °C
(39.47%) is because of the decomposition of naphthalene tetra
carboxylate ligand of the Fe-MOF. The 15.6% weight loss
observed near 700 to 780 °C is crucial for the catalytic graph-
itization. Active composition, size of catalytic sites and the
generation of mesopores in the carbon framework could be
improved by carbonization time and temperature. Amorphous
carbon encapsulated around the Fe3O4 nanoparticles is graph-
itized into crystalline carbon by the reduction of Fe3O4 nano-
particles into α-Fe (Maldonado-Hódar et al. 2000; Lei et al.
2007; Tang et al. 2013), and this process generates the
mesopores in the carbon framework. Based on TGA results,
725 °C was chosen as the optimum temperature for the car-
bonization of Fe-MOF towards fabrication of iron oxide
nanoparticle-embedded mesoporous carbon. However, the ex-
istence of α-Fe in the heterogeneous Fenton systems leads to
leaching of iron ions due to the attack of acidic intermediates
formed in the course of degradation. Hence, calcined material
derived at 725 °C was exposed into 300 °C heat treatment

under air atmosphere for the conversion of α-Fe to the
Fe3O4 nanoparticles (Angamuthu et al. 2017). It was observed
and accepted that the composition and morphology of the
carbon source define the morphology and structure of the
resulting carbon material (Wei et al. 2015). Hence, it is antic-
ipated that the resulting carbon materials would possess the
hexagonal morphology of Fe-MOF. Accordingly, the calcined
material is termed as Fe-HCNA300. X-ray diffraction patterns
of Fe-HCNA300 shown in Fig. 1(b) denote the planes of
Fe3O4 nanoparticles (220), (311), (400), (422), (511) and
(440) with the 2θ values of 30.0°, 35.5°, 43.2°, 53.8°, 57.2°
and 62.6° (JCPDS No. 65-3107). There are no corresponding
peaks for α-Fe, and it confirms the complete conversion of α-
Fe into Fe3O4 nanoparticles during the 300 °C air treatment.
Moreover, the obtained X-ray diffraction pattern resembles
with the previous literature (Angamuthu et al. 2017).
Scherer’s equation was applied to define the size of catalytic
site (Fe3O4) dispersed in carbon matrix during the carboniza-
tion, and the result shows that Fe-HCNA300 was dispersed
with 20 nm of Fe3O4 nanoparticles. The N2 adsorption and
desorption isotherm of Fe-HCNA300 shown in Fig. 2(b) is a
typical type IV isotherm, and the hysteresis loop at the high

Fig. 1 Powder X-ray diffraction pattern of a Fe-MOF, b Fe-HCNA300
and c Fe-HCNA300 after three catalytic cycles

Fig. 2 N2 adsorption and desorption isotherm of a Fe-MOF and b Fe-
HCNA300

Fig. 3 BJH pore size distribution of a Fe-MOF and b Fe-HCNA300
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relative pressure validates the presence of mesopores in Fe-
HCNA300. The peak centred at 3.36 nm in the BJH pore size
distribution of Fe-HCNA300 shown in Fig. 3(b) endorses the
mesoporous nature of Fe-HCNA300. The carbothermal re-
duction and escape of residues in the carbon framework dur-
ing the air treatment have increased the surface area to
212.6 m2/g with the pore volume of 0.11 cm3 compared to
Fe-MOF. Low-angle XRD pattern (not provided) of Fe-
HCNA300 explains that there are no diffraction peaks for
ordered pore structure. Thus, formed mesopores during the
carbonization of Fe-MOF are disordered and open to access.
The recorded FT-IR spectra of Fe-HCNA300 shown in Fig.
4(b) describe the stretch of Fe–O bond in Fe3O4 nanoparticles
around 547/cm, and it further supports the presence of Fe3O4

in Fe-HCNA300. FE-SEM of image Fig. 6a shows the well-
defined uniform shape with evenly dispersed hexagonal par-
ticles of Fe-HCNA300. During the thermal treatment, there is
no distortion in porous network of carbon structure and it is
confirmed by FE-SEM image. The recorded EDAX pattern
for the selected area provides composition (25.45 wt% carbon
and 36.7 wt% iron) of Fe-HCNA300. The porous nature of
Fe-HCNA300 further is revealed byHRTEM image displayed
in Fig. 6b. Both FE-SEM and HRTEM declare that the car-
bonized products recovered the inherited morphology of Fe-
MOF. The composition and structural features of Fe-
HCNA300 were explored in our previous report
(Angamuthu et al. 2017).

Performance of catalyst towards degradation
of phenol

A series of contrast experiments were implemented for the in-
vestigation of catalytic performance of Fe-HCNA300 as a het-
erogeneous Fenton catalyst towards degradation of phenol. The
experiments were divided into three parts. The first part investi-
gates the influence of reaction conditions such as initial hydrogen

peroxide concentration, initial pH of the solution, temperature
and time. The stability and recyclability of Fe-HCNA300 were
explored in the second part. Intermediates produced during the
Fenton oxidation of phenol and the influence of oxalic acid
(stable and acidic intermediate formed from the degradation of
phenol) were observed in the third part of the study.

Effect of hydrogen peroxide

Hydrogen peroxide (H2O2) is a source for hydroxyl radical
formation, and its concentration influences the efficiency of
the phenol mineralization in the Fenton reaction. Fourteen
moles of H2O2 is a theoretical requirement for the complete
mineralization of 1 mol of phenol (Liao et al. 2009).
Therefore, in our case, 200 mg/l of 100 ml phenol solution
requires 2.97 mmol of H2O2. The effect of initial hydrogen
peroxide (H2O2) dosage on the degradation of phenol was
investigated by increasing the concentration of hydrogen per-
oxide from 2.97 to 4.158 mmol, and the obtained results are
shown in Fig. 7a. It could be seen that increase of H2O2 dos-
age results only in marginal effect on total organic carbon
(TOC) conversion. H2O2 dosage of 4.158 mmol achieved
around 85% of TOC conversion within 120 min of degrada-
tion reaction and in the case of 3.56 mmol demonstrated 82%
of TOC. It is interesting to note that after 120 min of reaction,
2.97mmol of H2O2 (stoichiometric) is able to show 80%TOC
conversion and the remaining 20% TOC is responsible for the
biodegradable carboxylic acid intermediates such as formic,
acetic and oxalic acids. Based on the economic and TOC
removal performance, 2.97 mmol (stoichiometric) is preferred
as the H2O2 concentration for further studies. The observed
80% TOC conversion highlights the 80% H2O2 efficiency
towards production of OH radicals. The increase of H2O2

dosage increased leached iron concentration from 7 (3.8%)
to 10 ppm (5.6%) (Fig. 7a). However, the contribution of
leached iron ions towards homogeneous Fenton reaction is
negligible, since it does not meet the minimum requirement
of iron ion concentration.

Fig. 5 Thermogravimetric analysis of Fe-MOF under N2 atmosphere
Fig. 4 FT-IR spectra of a Fe-MOF, b Fe-HCNA300 and c Fe-HCNA300
after three catalytic cycles
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Effect of temperature

The degradation of phenol was executed at the tempera-
tures between 40 and 80 °C to assess the influence of

temperature on the degradation of phenol involving Fe-
HCNA300 as catalyst, and the observed results are shown
in Fig. 7b. The degree of mineralization of phenol im-
proved with the increase of temperature. The surge of

Fig. 7 Optimization of operation conditions for 100 ml of 200 ppm
phenol degradation over 50 mg of Fe-HCNA300. a Effect of hydrogen
peroxide concentration (pH = 3, 80 °C). b Effect of temperature (pH = 3,

stoichiometric H2O2). c Effect of pH (80 °C, stoichiometric H2O2). d
Effect of time (stoichiometric H2O2, pH = 3, 80 °C) (S stoichiometric)

Fig. 6 Fe-HCNA300. a FE-SEM. b HRTEM
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temperature from 40 to 80 °C drastically raises TOC con-
version from 45 to 79% within 120 min of the reaction
time with 3.82% of Fe leaching. The decline of TOC
conversion (40%) was observed while dropping the tem-
perature to 40 °C is due to the reduction in ∙OH radical
production. Rate constants for hydroxyl radical formation
and Fe3+/Fe2+ redox cycle are exponentially related with
temperature. Thus, the rate of the mineralization reaction
increases while increasing the temperature of the reaction
medium. Rising of temperature above 90 °C leads to the
non-selective thermal decomposition of H2O2, which

leads to less efficiency (Herney-Ramirez et al. 2008;
Melero et al. 2007). Hence, 80 °C is chosen as an opti-
mum temperature for the degradation of phenol.

Effect of pH

Initial solution pH has a significant influence on H2O2 to-
wards hydroxyl radical formation. As per mechanism pro-
posed by Lin and Gurol (1998), hydroxyl radicals are gener-
ated from H2O2 at the surface of the Fe3O4 nanoparticles as
follows:

Fe IIð Þ H2Oð ÞþH2O2 →Fe IIð ÞH2O2 formation of H2O2 complex at the surface Fe3O4nanoparticleð Þ
Fe IIð ÞH2O2 →Fe IIIð Þ þ OHþ OH formation of hydroxyl radical from the complex of H2O2‐Fe3O4ð Þ
OH þ Phenol → : : :CO2þH2O mineralization of phenol by oxidation of hydroxyl radicalð Þ

The above equations describe the requirement of protons
for the formation of hydroxyl radical by the catalytic decom-
position of hydrogen peroxide. The role of pH on the

degradation of phenol was studied with three different pH
values varying from 3 to 5, and the catalytic results are shown
in Fig. 7c. Higher catalytic performance 82% of TOC conver-
sion was accomplished at pH 3, and the further increase of pH
to 4 lowers the catalytic performance to 42%TOC conversion.
While, at pH 5, only 29% TOC conversion was detected. The
observation of lowering catalytic performance with increasing
of pH value is distinctive of Fenton reaction as referred from
literature (Herney-Ramirez et al. 2008).

Effect of reaction time

The degradation of phenol is monitored with the TOC con-
version at different reaction times (Fig. 7d). It is observed that
an increase of reaction time beyond 120 min does not improve
the TOC conversion. It is interesting to note that 65% of min-
eralization was achieved within 60 min of the reaction; how-
ever, it takes additional 60 min to reach the 76% of TOC

Fig. 8 HPLC chromatogram of
phenol conversion and its
intermediates at a 15, b 30, c 60
and d 120 min

Fig. 9 Recycle study of Fe-HCNA300 towards degradation of phenol
(50 mg Fe-HCNA300, 200 ppm of phenol, H2O2 (stoichiometric), 80 °C,
120 min)
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conversion. It is due to the formation of robust intermediates
during the course of reaction. HPLC analysis (Fig. 8) was
applied to monitor the conversion of phenol during the oxida-
tion and identification of intermediates formed. It could be
seen that the presence of phenol at trace level in the samples
recovered at 30 min. However, peak for phenol is not ob-
served in the HPLC chromatogram of the sample collected
after 60-min reaction. This observation endorses higher cata-
lytic activity of Fe-HCNA300 towards phenol conversion.
HPLC chromatogram further suggests that the major interme-
diates formed within 15 min of reaction, and it required
120 min to reach the negligible concentration (Fig. 8). Thus,
120 min was chosen as the preferred reaction time for the
degradation of phenol. The enrichment of degradation prod-
ucts in the mesoporous channels of Fe-HCNA300 creates a
concentration gradient, which increases diffusion of reactant
molecules through mesopore channels to reach catalytic sites.

Recyclability and stability of Fe-HCNA300

Recyclability of Fe-HCNA300 catalyst was tested at the opti-
mized condition. After the completion of each run, external

magnetic field is applied to recover the catalyst from the reac-
tion medium. Before the use of the catalyst for the next cycle,
the catalyst was repeatedly washed with ethanol in order to
remove the adsorbed phenol and its intermediates on the surface
of the catalyst and then the catalyst was dried in a hot-air oven at
100 °C overnight. Figure 9 shows the results of the recycle test
of Fe-HCNA300 towards mineralization of phenol (200 mg/l
100 ml of phenol, 2.97 mmol of H2O2, pH 3, 2 h and 80 °C).
The Fe-HCNA300 catalyst shows persistent results with high
TOC conversion. The dissolution of percentage of iron ions into
the reaction medium gradually decreases to 1.2%. The FT-IR
spectra of fresh Fe-HCNA300 and spent catalyst that has per-
formed 3 cycles resemble with the fresh Fe-HCNA300 (Fig. 4).
It demonstrates that the catalytic active and carbon support did
not undergo any change during the catalytic performance. It is
additionally supported by X-ray diffraction pattern of spent Fe-
HCNA300 (Fig. 1(c)), and there is no change in diffraction
pattern after three catalytic cycles. The SEM image (Fig. 10a)
confirms that the majority of Fe-HCNA300 retained hexagonal
morphology after three catalytic performances. The above cat-
alytic performance and characterization results of spent catalyst
describe the stable structure of Fe-HCNA300.

Fig. 10 SEM image of a Fe-HCNA300 after 3 cycles and b Fe3O4 nanodisk derived from Fe-HCNA300

Table 1 Comparison of phenol degradation over Fe-HCNA300 with other catalysts under similar reaction conditions

Catalyst
(weight)

Phenol (ppm)/
volume

Time (min) Temp. (°C) pH H2O2 Fe (wt%) Phenol (%) TOC (%) Fe leaching
(ppm)

References

Fe/ZSM (1.5 g/l) 0.069 mol (−) 180 70 3.5 1.5 S – 100 46 3.7 Fajerwerg and
Debellefontaine (1996)

Fe/AC (0.5 g/l) 100 (50 ml) 240 50 3 S 4 100 84 2.4 Zazo et al. (2006)

Fe3O4 (5 g/l) 4700 (20 ml) 360 35 6 86 S – 100 42.7 <1 Zhang et al. (2009)

Fe3O4 (0.25 g/l) 600 (100 ml) 90 25 4 0.45 S – 92 67 <1 Hou et al. (2014)

Fe-HCNA300
(0.5 g/l)

200 (100 ml) 120 80 3 S 36 100 82 6.3 This work

(−) Not reported, S stoichiometric
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Degradation of oxalic acid

Several aromatic ring compounds and short organic com-
pounds are observed as intermediates during the Fenton deg-
radation of phenol. Hydroquinone; catechol; and p-
benzoquinone maleic, oxalic, acetic and formic acids were
identified as intermediate products during the course of phenol
degradation (Zazo et al. 2005). Among the observed phenol
intermediates, oxalic and acetic acids are fairly refractory to
oxidation. Acetic acid degradation was examined using ZSM-
5 catalysts (Cihanoğlu et al. 2015), and they achieved 50.5% of
COD removal. The consequence of oxalic acid on the degra-
dation of phenol was studied by Nakagawa and Yamaguchi
(2012), and they conclude that degradation efficiency of
Fenton reaction obstructs by formation of excess oxalic acid
and suppression of reduction of Fe3+ ion by coordination.
Here, Fe-HCNA300 was applied to assess the catalytic perfor-
mance in the degradation of recalcitrant oxalic acid (50 ppm) at
the optimized condition with stoichiometric amount of H2O2.
The recalcitrant nature of oxalic acid for the mineralization is
evident from the observation of 15% of TOC conversion. This
illustrates that the degradation of phenol over Fe-HCNA300
was predominantly progressed through malonic acid interme-
diate, which attains the mineralization via formic acid, acetic
acid and oxalic acid (Zazo et al. 2005).

Fe3O4 nanodisk for the degradation of phenol

Fe-HCNA300 demonstrated high catalytic activity in the deg-
radation of phenol due to the mesopores in the carbon shell,
which provides confined space to access core catalytic site
Fe3O4 nanoparticles. In order to ascertain the role of confined
space provided by mesopore in the carbon shell of Fe-
HCNA300, it was calcined under the air atmosphere at
550 °C to form bare Fe3O4. The SEM image of Fe-
HCNA300 after calcination confirms the bare Fe3O4 having
hexagonal nanodisk morphology (Fig. 10b). The obtained
bare Fe3O4 nanodisks were applied in the degradation of phe-
nol under the optimized condition. After 10 h of reaction, the
maximum TOC conversion observed was only 23%. This
poor performance of Fe3O4 nanodisk is due to non-selective
decomposition of H2O2 and the absence of mesopore by iron
oxide agglomeration. Table 1 correlates the catalytic perfor-
mance of Fe-HCNA300 in the degradation of phenol with the
reported catalysts in the literature. The results suggest the
comparable high catalytic performance of Fe-HCNA300 to-
wards degradation of phenol.

Conclusion

The synthesis of mesoporous carbon nanocomposites dis-
persed with Fe3O4 nanoparticles was achieved by

optimization of calcination temperature and time of Fe-based
MOF. The characterization results evidence the formation of
mesopores in the carbon matrix and the efficient dispersion of
Fe3O4 nanoparticles. It demonstrated that the Fe-MOF is a
prospective precursor for the fabrication of Fe3O4-functional-
ized porous nanocomposite in a single step. The prepared
solid Fenton catalyst demonstrated enhanced catalytic activity
in terms of phenol and TOC conversion with less leaching of
iron ions. The recycle test of Fe-HCNA300 exhibits the great-
er stability and activity, suggesting that Fe-HCNA300 can be
applied towards degradation of ROC such as bisphenol,
chlorophenol and its robust intermediates. Fe-HCNA300 can
be a promising alternative for the available solid Fenton cata-
lysts, and it could be applied in the large-scale wastewater
remediation process.
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