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Hydrothermal Synthesis of MIL-53 Catalyst for Liquid Phase Oxidation of Phenol

Fenoliin Sivi Faz Oksidasyonu igin Mil-53 Katalizoriiniin Hidrotermal Sentezi
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ABSTRACT

For the removal of toxic organic phenol pollutants, to find a new alternative oxidation catalyst has been an important
topic for a long time. Iron terephthalate (MIL-53) is an efficient catalyst for oxidation processes with high porosity and
high surface area. In this study, MIL-53 was used for the oxidation of phenol. The catalyst was synthesized by hydrothermal
method at 150°C for 2 h. It was structurally characterized by FT-IR and p-XRD. Thermal properties were also examined. The
surface area was found as 152 m?/g with micropore areas. The liquid phase oxidation of phenol by hydrogen peroxide was
performed on MIL-53. The reaction time, reaction temperature, catalyst amount and oxidant amount were also investigated.
The phenol was removed with 91% conversion for 3 hours at 80°C. MIL-53 was enhanced as an alternative catalyst for liquid
phase oxidation of phenol with high efficiency, selectivity, and conversion.
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0z

Toksik organik fenol kirleticilerini uzaklastirmak igin yeni bir alternatif oksidasyon katalizori bulmak uzun zamandan beri

onemli bir konudur. Demir tereftalat, yiksek gozenekliligi ve yiksek ytizey alaniyla oksidasyon stregleri igin etkili bir kata-
lizordur. Bu galismada, fenol oksidasyonu igin MIL-53 kullaniimistir. Katalizor 2 saatte 150°C'de hidrotermal yontemle sentez-
lendi. FT-IR ve toz-XRD ile yapisal olarak karakterize edildi. Termal ozellikleri de incelendi. Yizey alani, mikrogozenekli alan-
larla 152 m?/g olarak bulundu. Fenoliin hidrojen peroksit ile sivi faz oksidasyonu MIL-53 Gzerinde uygulandi. Reaksiyon suresi,
reaksiyon sicakligi, katalizor miktari ve yikseltgen miktari da incelendi. Fenol 80°C'de 3 saatte %91 donisimle uzaklastirildi.
MIL-53, fenolln sivi faz oksidasyonu igin yluksek verimlilik, segicilik ve donistm ile alternatif bir katalizor olarak gelistirildi.

Anahtar Kelimeler
Hydrothermal sentez; MIL-53; fenol oksidasyonu.

Article History: Received: Oct 30 2018; Revised: Dec 31, 2018; Accepted: Jan 25, 2019; Available Online: Sep, 2019.
DOI: 10.15671/hjbc.623801
Correspondence to: O. Icten, Department of Chemistry, Hacettepe University, Ankara, Turkey.

E-Mail: okanicten@hacettepe.edu.tr


https://orcid.org/0000-0002-1658-1685
https://orcid.org/0000-0003-0862-9607
http://www.hjbc.hacettepe.edu.tr

220

0.licten and D. Ozer / Hacettepe J. Biol. & Chem., 2019, 47 (2), 219-226

INTRODUCTION

evelopments in urbanization, population growth
Dand industrialization cause pollution in wastewa-
ter and threaten human and animal health. Removal
of pollutants is a crucial process. Phenol and phenolic
compounds are a common organic pollutant and for-
med in different industries as detergents, plastics, dyes,
organic solvents, drugs, petroleum and etc. Several
methods like adsorption [1], filtration [2], oxidation
[3], degradation [4], precipitation [5] and coagulation
[6] have been utilized for the removal of these type of
pollutants. Among these methods, oxidation has gained
great attention because of economic, simplicity, time
and energy saving, high efficiency, reliability [7], high
chemical stability and low biodegradability [8]. This pro-
cess generates strongly oxidizing hydroxyl radicals for
the decomposition of phenolic organic pollutants into
non-toxic products [9] and it treats as an effective oxi-
dant [10]. Hydrogen peroxide is one of the preferable
electron acceptors to form hydroxyl radicals [11] and
transition metals [12], UV-irradiation [13], Fe,O, [14],
photocatalysts [15], zeolites [16] can also be used as an
activator for hydrogen peroxide.

Metal-organic frameworks are used as an efficient
oxidation catalyst because of their desirable porosity,
tunable pore size and shape, high surface area and
easy modification [17]. They are multifunctional inor-
ganic-organic hybrid porous crystalline materials and
mostly used in removal, adsorption, and oxidation of
pollutants. Chromium terephthalate (MIL-101) was first
applied in phenol adsorption by Bhadra and co-authors
in 2016 [18]. Cadmium terephthalate was used in highly
selective adsorption removal of lead and copper [19].
Toxic metal ions were adsorbed and removed by copper
terephthalate [20]. Iron terephthalate was used on dif-
ferent oxidation processes like oxidation of alkenes [21],
water oxidation [22], degradation of dye [23] with high
selectivity, high conversion and high efficiency.

In this study, iron terephthalate (MIL-53) was synthesi-
zed through the hydrothermal method as an alternative
catalyst for the activation of hydrogen peroxide. It was
characterized by FT-IR, powder XRD, and TGA techniqu-
es. The surface properties were obtained via SEM and
BET. The catalyst was used in the liquid phase oxidation
of phenol with hydrogen peroxide. The reaction con-
ditions (reaction time, reaction temperature, catalyst
amount, oxidant amount) were optimized. The phenol

was removed using 10 mg iron terephthalate catalyst
at 80°C for 3 hours with 91% conversion. Iron tereph-
thalate (MIL-53) was found as a promising oxidation
catalyst for oxidation of phenol and removal of phenol
pollutants.

MATERIALS and METHODS

Materials: Terephthalic acid (H2BDC, Aldrich 98%),
iron(lll) chloride hexahydrate (FeCl,.6H,0, Aldrich 99%),
phenol (C6H50H, Sigma 99%), hydrogen peroxide (Sig-
ma, 30%) were purchased and used without any further
purification.

Synthesis of Catalyst: MIL-53 was synthesized accor-
ding to previous studies. The mixture of 1 mmol of
FeCl,.6H,0, 1 mmol of terephthalic acid and 5 mL DMF
was heated at 150°C for 2 h in reactor vessel modified
with Teflon inner chamber. The resulting solid was filte-
red, the product was purified by washing in hot ethanol
and dried in a vacuum oven at 150°C for 12 h [24].

Characterization of Catalyst: Fourier transform infrared
(FTIR) spectra were performed Perkin-Elmer Spectrum
One instrument using the KBr pellet method (4000-400
cm™). X-ray powder diffraction was collected in Rigaku
DMAX-2200 diffractometer with Cu Kal radiation (26=
0-60°). N, adsorption isotherms were applied at 77 K
using Quantachrome Quadrasorb SI Automated Surfa-
ce Area Analyzer. The thermal behaviors of the samples
were studied by TG-DT analysis (Shimadzu DTG-60H)
under N, atmosphere (T= 25-800°C). The SEM images
were obtained using Quanta 200 FEG scanning electron
microscopy.

Oxidation of Phenol: 1 mmol phenol and 1 mmol hydro-
gen peroxide were dissolved in 10 mL acetonitrile and
put in a bottom connected reflux. Reaction time, reacti-
on temperature, catalyst amount and hydrogen peroxi-
de amount were optimized under atmospheric pressure.
The catalytic results were calculated Thermo DSQ Il GC-
MS using naphthalene as an internal standard.

RESULTS and DISCUSSION

To investigate the structural properties of iron tereph-
thalate (MIL-53), FT-IR and p-XRD analyses were obta-
ined. From FT-IR spectrum (Figure 1), the broadband
seen at 3600-2900 cm? was the hydroxyl stretching
vibrations corresponded to typical of adsorbed water
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Figure 1. FT-IR spectrum of iron terephthalate.

molecules [25]. The two sharp peaks at 1671 cm™ and The XRD pattern of catalyst was shown in Figure 2 and
1606 cm™ were the C-O asymmetric vibrations and the highly crystalline product was obtained via the hydrot-
peak at 1400 cm™ was assigned to the C-O symmetric hermal method. The characteristic XRD peaks (26=9.2,
vibration confirming the presence of the dicarboxylate 12.26, 17.94, 18.46, 24.46 and 26.48) were found and
ligand. The peaks at 636 cm*and 676 cm™ were the C-H the pattern was identical with previous studies [26].
stretching vibrations of benzene rings. All peaks were The results of structural analyses clearly conform the
correlated with the formation of iron terephthalate. formation of iron terephthalate (MIL-53).

Figure 2. p-XRD diffractogram of iron terephthalate.
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Figure 3. TG analysis of iron terephthalate.

The thermal properties of the catalyst were also inves-
tigated and shown in Figure 3. Iron terephthalate (MIL-
53) possessed three gradual steps which are totally
90% weight loss. 5.4% weight loss of iron terephthalate
between 25-200°C was attributed to moisture, water
absorbed on the surface of the catalyst and water ad-
sorbed to the molecular cavities. The other weight loss
from 200°C to 600°C of 52.8 % was due to the burning
of terephthalate ligand in the structure. The last weight
loss of 31.5% up to 1000°C corresponded to the remo-
val of all remaining ligand from the structure. The last
residual mass (nearly 10%), as seen in the TGA curve,
was the result of iron oxide formation owing to increa-
sing temperature.

According to TG analyses, the removal of water was
finished at 200°C and to find surface area of the iron
terephthalate, it was degassed at 200°C. The Brunau-
er-Emmett-Teller surface area of the catalyst was calcu-
lated as 152.13 m?/g and total pore volume was 0.046
cm3/g. The isotherm of MIL-53 (Figure 4) represented
Type | isotherm characteristic of microporous solid,
which was concave to relative pressure (P/P°). Type 1
isotherm has powerful adsorbate-adsorbent interac-
tions and its pore volume is based on the saturation
value according to the International Union of Pure and
Applied Chemistry (IUPAC) in terms of isotherm shapes
[27].

Figure 4. N, sorption isotherm of iron terephthalate.
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Figure 5. SEM images of iron terephthalate.

The morphology and particle size of the catalyst were
observed from the SEM picture (Figure 5) with diffe-
rent view fields. As seen in Figure 4, iron terephthala-
te (MIL-53) consisted of nano-sized spherical particles
adhered on the surface of aggregate micro-particles
that are irregular shapes. The whole structure formed
as nano- and micro-particles would contribute to the
catalytic reaction for liquid phase oxidation of phenol
as a catalyst.

The oxidation of phenol reaction was applied on hydrot-
hermal synthesized iron terephthalate (MIL-53). To ob-
tain maximum phenol conversion, the reaction para-
meters (reaction temperature, reaction time, catalyst
amount and oxidant amount) were optimized. First,
different reaction temperatures were performed and

Figure 6. Different reaction temperatures for oxidation of
phenol (1 mmol phenol; 1 mmol H,0,; 10 mg catalyst; 120
min).
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shown in Figure 6. The phenol conversion was increa-
sed up to 80°C which is the boiling point of acetonitrile.
After that, hydrogen peroxide decomposed faster and
the conversion was started to decrease. The reaction
temperature was found as 80°C with the maximum con-
version. In the second, reaction time was optimized. As
the reaction time increased, the phenol conversion was
also increased. After 180 minutes, no significant chan-
ge was observed. The catalyst amount was investigated
and increasing catalyst amount (20 mg, 30 mg, and 40
mg) did not change the conversion. It was said that 10
mg catalyst was enough to 1 mmol phenol. The last pa-
rameter was the oxidant amount and hydrogen peroxi-
de/phenol mole ratio was raised to 2:1. The maximum
phenol conversion was obtained as 91% with hydrot-
hermal synthesized iron terephthalate (MIL-53). The ad-

Figure 7. Different reaction times for oxidation of phenol (1

mmol phenol; 1 mmol H,0,; 10 mg catalyst; 80°C).
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Figure 8. The proposing mechanism for oxidation of phenol.

sorbate-adsorbent interactions and hydrogen bonding
of adsorbate molecules with Bronsted acid sites of the
metal-organic framework have increased the efficiency
[28] and the catalyst was improved as an alternative oxi-
dation catalyst for phenol removal. The proposing reac-
tion mechanism was shown in Figure 8 and the phenol
was successfully removed as nontoxic chemicals [29].

CONCLUSION

Iron terephthalate was successfully synthesized via the
hydrothermal method as an alternative catalyst for oxi-
dation of phenol to nontoxic chemicals. The catalyst
was structurally characterized and thermal properties
were also investigated. The catalytic reaction parame-
ters were optimized and 91% conversion was obtained
at 80°C for 3 hours. The hydrothermal synthesized of
iron terephthalate supplied higher conversion and hig-
her efficiency than the solvothermal synthesized iron
terephthalate [30]. The difference came from the sur-
face properties which was changed the surface proper-
ties. The hydrothermal synthesized MIL-53 has 152.13
m?/g surface area and 0.046 cm?®/g pore volume with
the shape of nano-sized spherical particles adhered on
the surface of aggregate micro-particles. As a result,
an alternative catalyst for the oxidation of phenol was
determined.
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