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Abstract— Metal-organic framework materials (MOFs) comprise organic bridges and metal centers (as
connection points). MOFs have unique properties such as crystal structure, large specific surface area, flexible
structural framework, and can change the size and shape of pores and diverse chemical functional groups inside
the pores. In this study, metal-organic framework materials based on iron (Fe) and the organic ligand H3BTC
were successfully synthesized by ultrasonic method and evaluated for their ability to remove MB dye through
Investigate the effects of MB concentration, pH, isotherm model, and adsorption kinetics. With a size of about
100 - 200 nm and an excitation wavelength in the ultraviolet region, the synthesized material shows potential in
environmental treatment when the adsorption efficiency reaches over 60% after just 10 minutes and over 80%
both processes under sunlight conditions. In addition, the synthesized material is also evaluated to have selective

adsorption with Methylene Blue dye.

Keywords—Metal-organic frameworks, removing dye, methylene blue, treatment wastewater.

I.  INTRODUCTION

In recent years, industrial wastewater from textile
industries containing many organic pigments has become a
severe problem in developing countries [1]. Most organic
colors are chemically stable, difficult to decompose, and
can destroy the environment if not handled properly [2]. In
particular, Methylene Blue (MB) is a popular organic
colorant in the textile industry [3]. This type of organic
pigment has a long-term impact on the environment due to
its ability to block sunlight from entering the aquatic
environment, thereby affecting living organisms. On the
other hand, for public health, MB can cause eye burns and
permanent damage. It produces a burning sensation if
swallowed, leading to nausea [4]. Therefore, advanced
technology to treat wastewater from dye production is
exciting. Up to now, a series of wastewater treatment
technologies have been developed, such as biodegradation
[5], physical adsorption [6], chemical reaction [7], etc. In
advanced oxidation processes, photocatalytic degradation
technology is highly effective in decomposing organic
pigments into less toxic or biodegradable molecules or
even minerals. Transform them into less harmful
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substances such as CO, and H,O under sunlight and have
more economical treatment costs [8, 9].

The current potential type of material for
environmental treatment based on adsorption and
photocatalysis mechanisms is organometallic framework
materials (MOFs) [10]. Compared with traditional system
photocatalysts, MOF materials have many advantages in
improving photocatalytic efficiency due to their high
topology and surface area, which are favorable for the
rapid migration and accumulation of organic dye
molecules [11]. In particular, iron-based metal-organic
framework materials (Fe-MOFs), an essential branch of
MOFs, not only have topological properties and a high
specific surface area similar to many other MOF materials
but are also more environmentally friendly [12]. The
methods for synthesizing Fe-MOF materials are very
diverse. Among those methods, the solvothermal method
is mainly used, but ultrasound-based synthesis is preferred
because it saves synthesis time and energy [13]. During
ultrasound, periodic mechanical vibrations with large
wavelengths interact with the liquid, creating sudden
pressure fluctuations. The bubbles forming, growing, and
collapsing inside these points lead to localized hot zones
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with extremely high temperatures and pressures, creating
favorable conditions for chemical reactions in a solution
containing precursors and forming material structures [14].

In this study, metal-organic framework materials based on
iron (Fe) were synthesized by direct ultrasonic method
with green water solvent. It was evaluated for structural
characteristics and decomposition ability with MB organic
pigment. Among them, the organic ligand 1,3,5-benzene
dicarboxylate (BTC), one of the most versatile ligands for
synthesizing MOFs thanks to its different binding sites
[15], was used to construct MOFs. Build the structural
framework of the material.

Il. EXPERIMENTS
Chemicals

Iron (111) chloride hexahydrate (FeCls.6H20, 99%, Xilong,
China); 1,3,5-benzenetricarboxylic acid (HsBTC, 98%,
Macklin, China); Ethanol (C;HsO, 95%, Macklin, China);
Sodium hydroxide (NaOH, 99%, Macklin, China);
Hydrochloric acid (HCI, 37%, Xilong, China); distilled
water.

Synthesis of Fe-BTC material

First, 5.4 grams of FeCl;.6H,O material were wholly
dissolved in 200 ml of distilled water, and 2.8 grams of
H3BTC material were added and then stirred well on a
magnetic stirrer at a speed of 400 rpm. After stirring for 30
minutes, the solution system was sonicated with an
operating capacity of 1440W run/rest pulse of 10
seconds/5 seconds for 10 minutes. The product was then
centrifuged, the solution removed, washed several times
with ethanol, and then dried at 120 °C for 6 hours.

Characterizations

Scanning electron microscopy Hitachi S-4600 was
employed to observe particle size and morphology. An
X’Pert PRO PANalytical instrument with a radiation
source of 0.154 nm CuK, has obtained XRD patterns for
all samples. Fourier transform infrared spectroscopy
(FTIR, TENSOR 11, Bruker) was used to investigate the
surface functional groups of the MOF material. The N
adsorption isotherm at 77 K using a BET TriStar 1l Plus
377 was employed to calculate the surface area of the
material.

Removal of methylene blue

The experiments were conducted with the ratio of Fe-BTC
material to the amount of MB solution of 0.5 g per litter.
The Fe-BTC material and the MB solution were put into a
transparent glass tube, sealed with a tight cap, and put into
a closed dark box to study the MB adsorption capacity of
the material. For the experiment to evaluate the
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simultaneous adsorption-catalysis ability, the tube is put
under simulated sunlight by Xenon lamp. After the time
needed to survey, filter out the material from the solution
to analyze the MB concentration by UV-Vis photometric
method on a UV-Vis DV-8200 device (Drawell).

The equation for the determination of MB
concentration was built as follows:

C = 6.2933Abs + 0.12955 1)
with (. = 664 nm, R? = 0.9983).

Where, C is the concentration of MB in the solution, mg/L.
Abs is the intensity of light absorption. R? is the
correlation coefficient of the empirically constructed
standard curve equation.

The formula calculated the MB removal efficiency of
the material:

H (%}:% x 100 2)

The adsorption capacity was calculated according to
the procedure:

V % (Cy-
g (mg/g) = = ©)

m

Where, Co, C; are MB (mg/L) concentrations initially and
at time t; V is the volume of MB solution (L); m is the
mass of material Fe-BTC (g).

I11.  RESULTS AND DISCUSTION

Characterization of Fe-BTC

— Fe-BTC
——H,BTC

Intensity (a.u.)

2 theta (degree)

Fig. 1: X-ray diffraction pattern of the Fe-BTC by
ultrasound.

The structural phase characteristics of the synthesized
material are shown in Fig. 1. The signal intensity of the
XRD spectrum shows that the material has poor
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crystallization. However, the presence of H3BTC material
at position 24.725° can be assessed initially. Besides, a
unique diffraction peak appears at position 4.39°
corresponding to the (001) lattice of the monoclinic crystal
system in the material Fe4012C116H128 [16]. Although no
characteristic peak exists at the angular position 5° to 15°,
the synthesized material exhibits a broadened peak from
16° to 22.5°. The impact on this structure may be due to
the nano size of the material [17] or the existence of some
a-Fe,Os particles [18]. The 33.45° and 35.97° peaks
correspond to the standard spectrum 96-901-4881.

The morphology of the synthesized material is shown in
Fig.2. The particle material was evaluated with sizes
ranging from 100 to 200 nm. At the same time, the
material system agglomerates together due to the influence
of the magnetic material o-Fe;O3 [19], but this
accumulation is not significant.

Fig. 2: Scanning electron microscopy (SEM) images of Fe-
BTC by ultrasound.

The FTIR spectrum of the synthesized material and
HsBTC is shown in Fig. 3. In the spectrum of the Fe-BTC
material, a broadened peak appears at the wavenumber
position of about 3400 cm, representing the OH group
vibration of the molecules. Water molecules are adsorbed
on the surface [20]. The peaks at positions 1627 cm™ and
1574 cm™ represent asymmetric stretching vibrations of
the carboxylate group in the organic ligand BTC. In
addition, the symmetric vibrations of this group are also
shown at two peaks at 1376 cm™ and 1450 cm. The peaks
at wave number 710 - 757 cm* represent the CH bond of
the aromatic ring. In particular, the peaks at positions 459 -
479 cm* represent the Fe-O vibrations of the material [17,
20, 21].
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Fig. 3: FTIR spectra of Fe-BTC by ultrasound.

N2 adsorption isotherm research is used to predict the
adsorption capacity of Fe-BTC material. The N
adsorption-desorption diagram of Fe-BTC is recorded in
Fig. 4. The BET surface area of the Fe-BTC sample was
259.846 m?/g.
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Fig. 4: FTIR spectra of Fe-BTC by ultrasound.
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Fig. 5: The UV-Vis spectrum of Fe-BTC by ultrasound.
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From the characteristic properties analyzed above, the
research team confirmed that they have successfully
synthesized the metal-organic framework material Fe
using the organic ligand BTC. On the other hand, for
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applications in the field of adsorption and photocatalysis,
parameters related to the optical band gap of the material
are critical to determine the optical activity of the material
[22]. Using the Tauc method [23], the calculated width
energy is about 3.29 eV (Fig. 5), equivalent to the
excitation wavelength in the ultraviolet region.

Removal of methylene blue

The material's ability to process MB over time in dark
conditions (adsorption) and sunlight conditions (adsorption
- photocatalysis) with a Fe-BTC mass of 10 mg per 20 mL
of MB solution with a concentration of 10 mg/L is shown
in Fig. 6. In general, the efficiency of photocatalytic
adsorption treatment is much higher than that of adsorption
treatment, about 16 - 31% for each measurement time. For
adsorption-photocatalytic treatment, the efficiency reaches
61.48% after 10 minutes and reaches adsorption
equilibrium after 60 minutes with an efficiency of about
86%. Meanwhile, adsorption treatment got 30% after 10
minutes and nearly 70% after 60 minutes.
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Fig. 6: Adsorption performance of Fe-BTC by
ultrasound.

The influence of pH on MB removal efficiency was
evaluated in the range from 3 to 11 (adjusting the pH of
the stock MB solution with 1 M HCI and 1 M NaOH
solutions). The chart evaluating the influence of pH (Fig.
7a) shows that MB treatment efficiency under light
conditions is significantly higher than under dark
conditions. At the same time, through analysis of Fig. 7b,
it is found that the material achieves the highest MB
treatment efficiency at pH = 7 in dark conditions. The
equilibrium MB removal efficiency increases when pH
increases from 3 to 7 because, in acidic environments,
many H* ions exist that can compete with harmful cations
separated from MB, reducing adsorption performance [24].
On the other hand, when the pH value increases from 7 to
11, the adsorption efficiency and capacity decrease due to
the reaction between MB-S*Cl and NaOH in the solution
to form a solution containing MB-S*OH and NaCl. NaCl
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salt has been shown to reduce the adsorption process of
MB-S*OH on the surface of adsorbent materials [25]. The
treatment efficiency is similar for lighting conditions when
increasing pH from 3 to 7. However, when increasing the
pH value from 7 to 9, the treatment efficiency drops
sharply from 85.1% to about 59.0 % and then increases
significantly to 87.67% at pH 11. It can be explained by
the fact that in a solution of pH 9 and under solid
illumination, the reaction between MB and NaOH occurs
strongly, causing the adsorption efficiency to decrease.
However, when increasing the pH to 11 and under the
influence of solid light, MB's dimerization process occurs,
shifting the maximum peak from 662 nm to about 610 nm
(Fig. 7c).

24

(@) [7]a == Dark adsorption
100 77 & <0~ Photodegradation

Removal efficiency (%)
(B6/6w) Ayoedes uondiospy

pH

Control ——pH3 ——pHS5——pH 7 - -pH 9 pH 11

(b) (c)

Dark adsorption
Photodegradation

6('1[) GEIBZ G(I)O 6(;2
Wavelength (nm)
Fig. 7: Effect of pH on the ability to treat MB (a), UV-
Vis spectrum of MB solution after adsorption treatment
(b), and adsorption - photocatalysis (c).

Three isotherm equations are applied to study the
interaction between the adsorbent and adsorbate:
Langmuir, Freunlich, and Temkin. The correlation
coefficient R? values in Fig. 8 show that the adsorption
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data of FeBTC material is in good agreement with the
Freunlich model. Proving that the adsorption process is
multilayer on heterogeneous surfaces [26]. In addition, the
parameters of the models are summarized in Table 1.
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Fig. 8: Adsorption isotherm of the Fe-BTC toward MB.

Table 1: Adsorption isotherm parameters of Fe-BTC by

n = 3,1656
Kr = 29.20452
(mg/g)
R%=0.9968

1
= + -
Freunlich Inge = InKe+7In C

Bi=12, 1745
(J/mol)

K:=14 .02186
(L/mg)

R?2=0.9479

Temkin ge = Bt InK; + Bt InC;

ultrasound.
Model Equation Parameters
Qmax = 57.30659
c. 1 c, | (mg/g)
Langmuir | @, Kr.q, q, | Ku=1.804(L/img)
RL = 0.052506
R2=0.9507
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The adsorption kinetics of the material were studied
through first- and second-order kinetic models at an initial
MB concentration of 10 mg/L. Based on the correlation
coefficient of the two linear lines, it is found that the
material's kinetic model is more compatible with the first-
order kinetic model than the second-order kinetic model

(Fig. 9).
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Fig. 9: The kinetic models of Fe-BTC adsorption toward MB.
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Fig. 10: Adsorption performance of Fe-BTC materials for
different dyes after 60 minutes.

Finally, to evaluate the adsorption selectivity, two
solutions containing the dyes Methyl Orange (MO) and
Rhodamine B (RhB) with the same volume of 20 mL and
concentration of 10 mg/L were tested during the
adsorption 60-minute period. Based on Fig. 10, it is seen
that Fe-BTC material can adsorb dye MB more optimally
than the others because the adsorption efficiency after 60
minutes with RhB and MO is 47.02% and 30.22%,
respectively. Meanwhile, under the same survey
conditions, the MB adsorption efficiency of this material is
69.09%. Survey results show that Fe-BTC material can
adsorb all three families of dyes with decreasing levels in
the order MB > RhB > MO.

V. CONCLUSION

This research has successfully synthesized the iron-organic
framework material with water as a green solvent by direct
ultrasound. Fe-BCT in granular form with a size of about
100 - 200 nm determined the excitation light wavelength
of the material in the ultraviolet region. Experimental
evaluation of the ability to decompose MB pigment shows
that the material has an adsorption efficiency of up to 60%
in 60 minutes in dark conditions and over 80% in 60
minutes in sunlight conditions. The adsorption process of
the determined material is better compatible with the
Freunlich isotherm model and first-order adsorption
kinetics. In addition, the material also shows better
adsorption selectivity with MB than MO and RhB.
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