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Abstract

In this study, the synthesis of FeBTC (BTC = 1,3,5-benzenetricarboxylate) also known as MIL-100 (Fe) metal organic
framework (MOF) has been carried out successfully using green mechanochemical method (neat grinding and liquid
assisted grinding). The effect of solvent used in the synthesis was investigated for the first time to elucidate the
physicochemical properties of FeBTC including crystal structure, thermal stability, pore size and specific surface area.
The physicochemical properties of all FeBTC obtained in this study were compared to commercial FeBTC (Basolite F-
300), characterized using powder X-Ray Diffraction (XRD), Thermogravimetric Analysis (TGA) and nitrogen
physisorption isotherms. All Fe-BTC MOF synthesized in this study showed improved textural properties compared to
commercial Basolite F-300 such as higher crystallinity, higher surface area and larger pore size. It was found that the
best synthesis method was by using the mixture of ethanol and water with equal volume ratio as solvent. The highest
BET surface area of FeBTC synthesized using this method was 972 m?/g for FeBTC-EtOH/H20. This value is 2.3 times
higher than the surface area of commercial Basolite F-300 (418 m?2/g). FeBTC with higher surface area is expected to
have higher catalytic activity which makes this FeBTC an excellent candidate as a heterogenous catalyst for many
reactions such as aldol condensation or esterification reaction.
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1. Introduction benzenetricarboxylate) also known as MIL-100

(Fe) is one of the most promising materials due to
extraordinary properties including high thermal
stability, relatively strong acid sites, high porosity,
and high specific surface area [3,4]. In contrast to
most MOF which decompose upon moisture
exposure, FeBTC 1is stable to moisture or
hydrothermal condition and showed notable
framework stability which is useful for adsorption

Metal-organic frameworks (MOF) are a class
of crystalline materials constructed from metal
1ons or clusters linked together by organic ligands
with strong covalent bonds forming a highly
microporous framework [1,2]. Among various
types of MOF, FeBTC (BTC = 1,3,5-

* Corresponding Author.
Email: indriyati.1@brin.go.id (I. Yati);
marzia.pentimalli@enea.it (M. Pentimalli);
Telp: +62-21-7560929

application such as heavy metal adsorption or
degradation of organic pollutants in water [6—11].
The nature of FeBTC is nontoxic which make them
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potentially effective for drugs delivery [12,13].
FeBTC framework consist of a hybrid super
tetrahedral structure build up from oxocentered
trimmers of iron(IIT) octahedron which connected
by 1,3,5-benzenetricarboxylate anions, formin
mesoporous cages with diameter of 25 and 29 A
[14]. Activation of FeBTC by removing adsorbed
water from the iron(III) octahedron -creates
coordinatively unsaturated metal sites which act
as an electron acceptors or Lewis acid sites [15].
FeBTC has emerged as a highly active material for
many catalysis reactions which required Lewis
acid sites, including aldehydes acetylation, aldol
condensation, esterification, isomerization and
amine methylation [14,16-19].

FeBTC was firstly synthesized via
solvothermal reaction which required high
reaction temperature, high pressure condition,
long reaction time and used large amounts of
solvents [12]. Large scale synthesis for industrial
application using solvothermal method seems to
be ineffective. An alternative method to synthesize
MOF is by using mechanochemical method which
has advantage of high yield, rapid reaction time,
room temperature and ambient pressure reaction
condition, also requires no solvent in neat grinding
method (NG) or little amount of solvent in liquid
assisted grinding method (LAG) [20]. The
mechanochemical method involved a friction or
impact between solid reactant and milling balls
resulting in high mechanical and thermal energy
which induce the formation of reactive atom layers
to initiate a chemical reaction without the need of
external heating [21]. These makes the
mechanochemical method a facile green synthesis
method to overcome the extensive use of
hazardous solvents in the conventional MOF
synthesis and contributing to liquid wastes and
energy consumption reduction [22].

For catalysis application, the synthesis
method is crucial for targeting desired FeBTC
properties such as crystal structure, pore
dimension and surface areas to gain high catalytic
activity. There are many synthesis factors that
play significant roles in the MOF crystallization
which will affect the overall MOF properties
including solvent, pH of solution, reactant molar
ratio and reaction temperature [23]. The effect of
solvent has become a major concern because it
regulates the coordination environment of metal

no solvent

3 FeCl;.6H,0 + 2 HBTC +

ions and organic linkers, controlling organic
linkers deprotonation, act as a directing agent and
medium for the MOF crystal growth [24].
Conventional solvothermal method commonly uses
polar organic solvents such as dimethylformamide
or diethylformamide which may generate
hazardous amines substance wupon heating,
contributing to MOF toxicity [25]. Green and
environmentally friendly solvents have been
explored in the solvothermal synthesis of MOF
such as water, ethanol, and mixed solvent between
water and ethanol [26-29]. Previous studies have
shown that the mixture of ethanol and water in 1
to 1 ratio is the optimum solvent mixture for MOF
synthesis such as iron and zirconium-based MOF
[30-32]. The solvent mixture improves the self-
assembly to produce small and uniform particle
size.[30] In contrast, ethanol as single solvent
decreased the nucleation rate thus aggregation
rate becomes slow, producing large particle size
[31,32]. In an industrial scale synthesis of MOF,
the large amount use of ethanol as single solvent
needs to be avoided because although it is
considered as green solvent, the use of ethanol has
some issues and competes with the extensive use
of ethanol in medical, as fuel and as feedstock for
other chemical production [33—35]. To the best of
our knowledge, there has been no study reported
on the effect of solvent in the synthesis of FeBTC
via mechanochemical method. In fact, the
mechanochemical synthesis of FeBTC has only
been reported once by our group using tetramethyl
ammonium hydroxide (TMAOH) aqueous solution
as the solvent in LAG method [15]. The use of
TMAOH as a base solvent has successfully
produced high quality FeBTC. However, it is
highly corrosive and may potentially produce toxic
fumes. It also required more cautious handling
under chemical fume hood.

In this study, we discussed the synthesis of
FeBTC using iron chloride hexahydrate as iron
source and trimesic acid as organic linker via
mechanochemical method (NG and LAG). For the
first time, the effect of green solvent used in the
synthesis was evaluated to provide wvaluable
insights on the physicochemical properties of
FeBTC in terms of crystal structure, thermal
stability, pore size and specific surface area. The
physicochemical properties of all FeBTC obtained
in this study were compared to commercial FeBTC
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Figure 1. Reaction scheme of FeBTC preparation.
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(Basolite F-300), characterized using powder X-
Ray Diffraction (XRD), Thermogravimetric
Analysis (TGA), and Nitrogen (N2) physisorption
isotherms.

2. Materials and Methods
2.1 Preparation of FeBTC

The FeBTC samples were synthesized at
neutral pH by mixing 0.97 g of iron chloride
hexahydrate (FeCls.6H20) as the iron source and
0.83 g of trimesic acid (HsBTC) in Teflon lined
stainless-steel reactor. Three different conditions
were investigated as seen in Figure 1, where the
first reaction was performed without any solvent
addition (FeBTC-No Solvent), the second reaction
was performed by adding 2 mL of distilled water
into the reactor (FeBTC-H20) and the third
reaction was using a mixture of 1 mL distilled
water and 1 mL of ethanol (FeBTC- EtOH/H20). In
these reactions, 21 zirconium oxide (ZrO2) balls
with diameter of 5 mm were used. The Teflon lined
stainless-steel reactor was saturated by Argon and
the milling action was carried out for one hour by
using a SPEX 8000 ball milling apparatus (1425
rpm). A thick orange paste was collected and dried
overnight under air at room temperature. The
dried powder was then purified with ethanol by
using Soxhlet extraction for 24 hours and washed
three times with fresh ethanol using centrifuge
until the solution was clear and then dried
overnight at room temperature.

2.2 Characterizations

Powder X-ray diffraction (XRD) analysis was
carried out using X-RED 3000 simultaneous
diffractometer at 30 kV and 20 mA filament
current using Fe-Ka radiation (A =1.94 A). Specific
surface area and pore size distribution was
measured using NOVA 2000 sorptometer by N2
physisorption at liquid nitrogen temperature (77
K). The specific surface area was determined using
Brunauer-Emmet-Teller (BET) method and the
pore size distribution was determined using
Horvath-Kawazoe method. Thermogravimetry
(TG) analysis was performed simultaneously using
Perkin Elmer TG/DTA to analyze the thermal
stability of all samples.

3. Result and Discussion

FeBTC MOF in this study were prepared by
mechanochemical method with reaction conducted
without solvent addition (FeBTC-No Solvent),
with water as solvent (FeBTC-H20) and with
mixture of ethanol and water in equal volume ratio
as solvent (FeBTC-EtOH/H20). The crystal
structures of these FeBTC were characterized
using powder XRD analysis and the diffraction
peaks were presented in Figure 2. Commercial

sample of FeBTC, Basolite F-300 from BASF was
analyzed using the same XRD instrument with
our FeBTC samples and used as a standard
reference. The XRD patterns of all the synthesized
FeBTC samples are in good agreement with the
characteristic peaks of Basolite F-300 as the
standard reference, featuring strong diffraction
peaks at 20: 13.6, 55.3, 64.7, and 98.5°. This result
suggested that the MOF crystal formation of all
FeBTC samples obtained under different reaction
conditions is completed after one hour of Neat
Grinding (NG) and Liquid-assisted Grinding
(LAG) process. The samples obtained with
mechanochemical process in this study have
higher diffraction peaks intensity compared to
commercial Basolite F-300, indicating a better
crystallinity of MOF FeBTC structures. The
FeBTC-EtOH/H20 showed the highest diffraction
peaks intensity compared to other samples,
indicating that it has the best crystallinity among
all samples. The crystallinity of each sample was
calculated by comparing the area of crystalline
peaks to the total area of all peaks (crystalline and
amorphous). Basolite F-300, FeBTC-No Solvent,
FeBTC-H20 and FeBTC-EtOH/H:O have
crystallinity of 65, 70, 71, and 92 %, respectively.
This result confirms that FeBTC-EtOH/H20 has
the highest crystallinity among other samples.
The crystallite size of FeBTC samples calculated
based on the highest peak using the Scherrer
equation were found to be 66, 62, 62, and 59 nm
for Basolite F-300, FeBTC-No Solvent, FeBTC-
H20, and FeBTC-EtOH/H:20, respectively. While
Basolite F-300 has the largest crystallite size,
FeBTC-EtOH/H20 has the smallest crystallite
size among all samples.

—— FeBTC-EtOH/H,0
—— FeBTC-H,0
—— FeBTC-No Solvent
— Basolite F-300
E d s
S
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A =
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Figure 2. XRD pattern of commercial Basolite F-
300 and FeBTC obtained without solvent addition
(FeBTC-No Solvent), with water as solvent
(FeBTC-H20) and with mixture of 1:1 water and
ethanol as solvent (FeBTC-EtOH/H:0),
respectively.
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TGA analysis was performed on all FeBTC
samples to investigate the thermal stability of the
samples as compared to the commercial Basolite F-
300. The Basolite F-300 and FeBTC samples were
heated at a constant rate of 10 °C/min under Argon
from 25 to 600 °C. As seen in Figure 3, all FeBTC
samples have the same thermal stability as the
commercial Basolite F-300. All the samples are
stable up to 330 °C and at higher temperature the
structure collapses. Thermal decomposition data
of Basolite F-300 and FeBTC samples obtained
from TGA analysis was summarized in Table 1.
The first weight loss of about 6-13 wt% which
starts immediately after the heating up to 35 °C
was due to a surface desorption of the slightly
bound water molecules. The second weight loss of
about 15 — 22 wt% that ends below 200 °C for
Basolite F-300 and FeBTC-H20 or below 330 °C for
FeBTC-No Solvent and FeBTC-EtOH/H:20,
referred to the removal of the guest molecules and
adsorbed solvents in the pore of all samples. Above
330 °C, a third weight loss begins and ends at
about 480 °C with 33-50 wt% weight loss
corresponds to the collapse of FeBTC frameworks

120

—— FeBTC-EtOH/H,0
FeBTC-H,0

—— FeBTC-No Solvent
Basolite F-300

100

80
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Weight (%)

40

20

0 100 200 300 400 500 600

Temperature (°C)

Figure 3. TGA curve of Basolite F-300 and FeBTC
obtained without solvent addition (FeBTC-No
Solvent), with water as solvent (FeBTC-H20) and
with mixture of 1:1 water and ethanol as solvent
(FeBTC-EtOH/H20), respectively.

and decomposition into iron oxide. All FeBTC
samples synthesized in this study showed higher
thermal stability compared to the one prepared
through solvothermal method which showed
thermal stability up to 270 °C [36].

In order to study the pore structures of
FeBTC samples, N2 physisorption isotherm were
conducted at 77 K by previously degassing the
samples overnight at 150 °C. The N2 physisorption
isotherms of commercial Basolite F-300 and the
synthesized FeBTC samples are shown in Figure
4 and the N2 physisorption isotherm data are
summarized in Table 2. Meanwhile, the pore size
distribution of Basolite F-300 and all the
synthesized FeBTC samples were determined
using H-K models are shown in Figure 5. It can be
seen from Figure 4 that the N2 physisorption
isotherms of Basolite F-300 follows type I
isotherms, indicating a microporous material.
Meanwhile, the FeBTC-No Solvent, FeBTC-H20
and FeBTC-EtOH/H20 follows type I isotherm
with small hysteresis indicating the presence of
additional mesopore. It is interesting to note that
all FeBTC samples have much higher BET surface

—m— FeBTC-EtOH/H,0O

4001 —8— FeBTC-H,0
—m— FeBTC-No Solvent
—m— Basolite F-300
ul
300 e
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[ | a—Hn = 1
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Figure 4. N2 physisorption isotherm of Basolite F-
300 and FeBTC obtained without solvent addition
(FeBTC-No Solvent), with water as solvent
(FeBTC-Hz20) and with mixture of 1:1 water and
ethanol as solvent (FeBTC-EtOH/H20),

respectively.

Table 1. Thermal decomposition data of Basolite F-300 and FeBTC samples obtained from TGA analysis.

Weight Loss (%)

Temperature

°C) Basolite FeBTC- FeBTC- FeBTC- Inference
F-300 No Solvent H-0 EtOH/H20
<35 10 10 13 6 Surface desorption of water
molecules
35-330 15 20 16 22 Removal of guest molecules and
adsorbed solvents in the pore of
all samples
330—-480 50 33 45 43 Decomposition to iron oxide
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areas and average pore size compared to the
commercial basolite F-300 which has BET surface
area of 418 m?/g and average pore size of 6.4 A.
FeBTC-No Solvent has BET surface area of 650
m?/g and average pore size of 7.2 A. Meanwhile
FeBTC-Hz0 has higher BET surface area, which is
875 m2?/g and pore size of 7 A. This is reasonable
since the liquid assisted grinding (LAG) in ball
milling method helps to improve the homogeneity
during the reaction which resulted in a better
crystallization and porosity of FeBTC. The highest
BET surface area of 972 m?/g was achieyed by
FeBTC-EtOH/H20, with pore size of 7.2 A. The
utilization of ethanol and water mixture as solvent
improved the solubility of trimesic acid compared
to the reaction using only water as solvent.
Therefore, the exchange of ligand and carboxylates

groups coordination with Fe becomes more
favorable resulting in a better crystallization and
pore structure of FeBTC samples [27].

In various applications of MOF including as
an excellent candidate for heterogenous catalyst,
the key parameter of the catalytic activity is
strongly related to their crystal structures, the
hybrid organic and inorganic intrinsic nature and
more importantly their well define textural
properties such as pore size and specific surface
area [37]. All Fe-BTC MOF synthesized via
mechanochemical method in this study have
improved textural properties compared to
commercial Basolite F-300. The FeBTC-
EtOH/H:20 has outstanding properties including
the highest crystallinity, highest BET surface
areas and large pore size which make it more
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Figure 5. Pore size distribution (H-K models) of (a) Basolite F-300 and (b) FeBTC obtained without solvent
addition (FeBTC-No Solvent), (¢) with water as solvent (FeBTC-H20) and (d) with mixture of 1:1 water and
ethanol as solvent (FeBTC-EtOH/H20), respectively.

Table 2. Summary data of N2 physisorption of Basolite F-300 and FeBTC samples.

Catalysts Basolite F-300  FeBTC-No Solvent FeBTC-H20 FeBTC-EtOH/H20
Surface area (m?2/g)2 418 650 875 972
Pore size (A)P 6.4 7.2 7.0 7.2

aSurface area was calculated using Brunauer-Emmet-Teller (BET) method.
bPore size was calculated based on the pore size distributions (H-K models).
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accessible for catalysis. A catalyst with higher
surface area has more active sites for adsorption of
reactant molecules thus increasing the catalytic
activity [38]. FeBTC-EtOH/H20 has 2.3 times
higher BET surface area compared to commercial
Basolite F-300. Therefore, it has great potential to
be applied as a heterogeneous catalyst and
expected to have higher catalytic activity
compared to that of commercial Basolite F-300.

The key parameter of FeBTC-EtOH/H:20
surface area in this study was then compared to
the reported reference in Table 3. The FeBTC-
EtOH/H20 has a higher surface area compared to
Fe-BTC synthesized using solvothermal method
for 12 h in sodium hydroxide aqueous solution and
comparable surface area to SUST/Fe-BTC and Fe-
BTC-24h  which also synthesized using
solvothermal method in sodium hydroxide aqueous
solution with 24 h reaction time. FeBTC-
EtOH/H20 has only a slightly lower surface area
compared to Fe-BTC synthesized using
solvothermal method for 24 h in water. Compared
to MFerLac synthesized using mechanochemical
method in our previous study, FeBTC-EtOH/H20
has comparable surface area. The findings in this
study revealed that FeBTC-EtOH/H20 prepared
using green solvent via mechanochemical method
has outstanding properties and surface area which
comparable with other FeBTC prepared in
conventional method. More importantly, the
mechanochemical method employed for FeBTC
synthesis in this study was more efficient, more
environmentally friendly, and far less time
consuming compared to those reported in the
reference.

4. Conclusion

The synthesis of FeBTC metal organic
framework using green mechanochemical method
has been carried out successfully and the effect of
different solvent system has been studied for the
first time. All Fe-BTC MOF synthesized in this
study have favorable textural properties compared
to commercial Basolite F300 such as higher
crystallinity, surface area and pore size. It was
found that the best method to prepare the highest
surface area of FeBTC is by using a solvent

mixture of water and ethanol with 1:1 volume
ratio. The FeBTC-EtOH/H2:0 has the highest
surface of 972 m2/g and average pore size of 7.2 A.
The mechanochemical method employed for
FeBTC synthesis in this study was more efficient,
more environmentally friendly, and far less time
consuming compared to conventional
solvothermal method.
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