Chemistry, Biology & Environment

Synthesis of MIL-101(Cr) metal-organic framework material and
research photocatalytic capability of material for nitrate removal in water

Nguyen Quang Huy”, Nguyen Cao Tuan, Nguyen Dinh Hung,
Pham Viet Anh, Nguyen Thi Thu Huong

Institute of New Technology, Academy of Military Science and Technology, 17 Hoang Sam, Cau Giay,
Hanoi, Vietnam.

“Corresponding author: huyvndmt89@gmail.com

Received 8 Oct. 2024; Revised 14 Dec. 2024; Accepted 19 Dec. 2024; Published 25 Feb. 2025.

DOI: https://doi.org/10.54939/1859-1043.j.mst.101.2025.102-109

ABSTRACT

This paper presents the research results on some characteristics of the metal-organic
framework material MIL-101(Cr) and its ability to remove nitrate from aqueous environments
based on photocatalytic reactions. This material was synthesized using the hydrothermal method
in the laboratory. Techniques such as FE-SEM, XRD, FT-IR, and BET were employed,
demonstrating that the porous structure of the material is highly developed, with a specific surface
area of up to 3017 m?/g and characteristic octahedral crystal size ranging from approximately 100
to 300 nm. Experimental results show that under UV light conditions at a wavelength of 365 nm
and a power of 250 W, the MOF MIL-101(Cr) can catalyze nitrate removal under UV light,
achieving a maximum removal efficiency of up to 99% after 180 minutes of reaction. The nitrate
removal efficiency of MIL-101 is significantly improved, and reaches nearly 100% within a
reaction time of 40 minutes when formic acid (HCOOH 46 mM) is used as a hole scavenger.

Keywords: MOF; MIL-101; Nitrate removal efficiency; Hole scavenger.
1. INTRODUCTION

Nitrogen is the main element in fuels, and explosives and primarily exists in the form of nitrite
(NOy) and nitrate (NO3). Nitrate is a stable ion in water and not toxic to humans, but when
absorbed into the body, it is converted into nitrite by gut bacteria [1]. Nitrite oxidizes hemoglobin
in red blood cells, transforming it into methemoglobin, which inhibits oxygen transport, leading
to oxygen deficiency in the blood. Moreover, research has shown that nitrate and nitrite can cause
cancer in humans because nitrite can combine with amino acids in food to form nitrosamines, a
family of precancerous compounds [2]. Nowadays, nitrate treatment can be attributed to three main
methods: chemical, physical, biological, and combined methods. In recent years, scientists have
studied and developed nitrate treatment through photocatalysis both domestically and
internationally due to its advantages, such as high treatment efficiency, low cost, environmentally
friendly, no secondary pollution, and the ability to handle high concentrations of nitrate [3].

Porous materials with large surface structure and capillary pores provide a large contact surface
area to enhance the performance of the photocatalyst. Traditional porous materials have mainly
been studied as either inorganic or organic substances [4]. Among them, the most common organic
material is activated carbon, which has a large surface area and high adsorption capacity but lacks
an orderly structure. Meanwhile, inorganic porous materials have highly ordered structures (like
zeolites), but their frameworks easily collapse and are not diverse [5]. To combine the advantages
of organic and inorganic porous materials, Yaghi et al. first introduced metal-organic frameworks
(MOFs) in 1995 [6]. MOF materials, due to their highly porous structure and chemical tunability,
can absorb light and participate in photocatalytic reactions [6]. Among the MOF material systems,
MIL(Materials of Institut Lavoisier)-based materials have a significant advantage over other
photocatalytic materials due to their porous structure, large surface area, and diverse active sites.
MIL-101(Cr) is a chromium-based metal-organic framework, and this material has fixed, uniform

102 N. Q. Huy, ..., N. T. T. Huong, “Synthesis of MIL-101(Cr) metal-organic ... removal in water.”


mailto:huyvndmt89@gmail.com

Research

porous cavities and a very large surface area compare with other MOF such as MOF-5, ZIF-8,
UiO-66, MOF-74, etc. leading to numerous active sites and good mass transfer properties [7].
Previous studies on MOF materials have mainly focused on the treatment of organic pollutants,
while research on the treatment of inorganic pollutants remains limited. Therefore, studying nitrate
removal using MOF materials helps explore another aspect of MOF materials [8].

This study introduces the fabrication of MIL-101(Cr) by hydrothermal methods and the
characteristics of synthesized MIL-101(Cr) were evaluated using several analysis methods Field
Emission Scanning Electron Microscope (FE-SEM), X-ray Diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FT-IR), Brunauer-Emmett-Teller (BET). The nitrate removal performance
of the MOF was investigated through several experiments, including MIL-101 dosage, hole
scavenger and kind of hole scavenger.

2. MATERIALS AND METHODS

2.1. Chemicals and equipment

All the chemicals used for analysis were of analytical grade and used as received without further
purification. Chromic nitrate nonahydrate (Cr(NO3)3.9H.0, 99%), Hydrofluoric acid (HF, 40%),
1,4-benzene dicarboxylic acid (H:BDC, 99%), N,N’-dimethylformamide (DMF,99%) was
obtained from Macklin, China. Potassium nitrate (KNOs, > 99% Macklin ACS reagent) was used
as the model nitrate source and pollutant, acid Formic (HCOOH, 99%), acid oxalic (H2C204.2H0,
99%), was supplied by Aladin, China.
2.2. Material synthesis

The MIL-101(Cr) was synthesized using the hydrothermal method in the laboratory through
the following steps [9]: 1.64 g Terephthalic acid, 4.0g Cr (NO3)s-9H,0, 0.25 ml 40% HF and de-
ionized water (24 mL) were placed in a 40 mL Teflon-lined autoclave and heated 230 °C for 8 h.
After cooling, wash the solid with distilled water 5 times, hot ethanol 3 times, and DMF 3 times,
then dry the material at 80 °C for 8 hours.
2.3. Mechanism and data analysis

The mechanism for treating nitrate through photocatalytic reactions and when adding hole
scavengers as follows [11]:

MIL-101 + hv — hwe)" + ecay 1)
2NO;™ + 10e™ + 12H* — Ny(gas) + 6H.0 2
2NO;™ + 26+ 2H* — NO; + 6H,0 3)
2NO;" +6e +8H" — Np+ 4H,0 4
hye)" + OH — «OH (5)

HCOOH + h(VB)+ — CO2+ H> (6)
H2C204 + hyyg)" — 2C0O2+ H; 7

When stimulated by light, the photocatalyst generates electron-hole pairs, and there is an
electron exchange between the adsorbed substances via a semiconductor bridge, as described in
equation (1). The photogenerated electron-hole pairs move to the surface and interact with
adsorbed nitrate, where nitrate ions (NOs’) can either be directly reduced to nitrogen gas (N2)
(equation (2)), or only reduced to nitrite (NO2") and released from the material’s surface as in
equation (3). Then, the nitrite ions in the aqueous solution can continue to be reduced to the final
product, nitrogen gas (N-), as per equation (4). The photogenerated holes (hweg)*) interact with H.O
to produce hydroxyl radicals (*OH"), which are strong oxidizing agents (equation (5)), and the
recombination of electron-hole pairs reduces the material’s nitrate reduction efficiency. Therefore,
to prevent electron-hole recombination, hole scavengers must be added to eliminate the
photogenerated holes (equations (6), (7)), enhancing the reduction efficiency of the material [10].
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The nitrate reduction process and the reduction of nitrate to nitrogen are calculated using the
following formulas:
- [NO3 ]o — [NO3 ¢
C(NO5™) (%) = = x 100%
’ [NOsIo
While [NO3; ] and [NO3; ], (mg/L) are the concentrations of NOs" at the initial and at time t,
respectively.

2.4. Photocatalytic experiment for nitrate treatment in water
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Figure 1. Schematic Diagram of the photocatalytic experiment for nitrate treatment in water.

The experiment to investigate the photocatalytic ability of the material for nitrate treatment in
water was conducted using the photocatalytic experimental setup described in figure 1. A 250 W
high-pressure mercury lamp was utilized as the light source, primarily emitting at a wavelength of
365 nm. The reaction vessel, with a capacity of 100 ml, was made of borosilicate glass, and the
temperature inside the reaction vessel was maintained at room temperature (20 - 25 °C) using a
continuous water cooling circulation system. The working solution with a nitrate concentration of
100 mg/L (calculated as nitrogen) was prepared, and then experiments were conducted to
investigate the nitrate treatment efficiency with catalyst weights of 0.01 g, 0.02 g, 0.05 g, 0.08 g,
0.1 g, and 0.15 g of MIL-101. The nitrate treatment efficiency was also assessed with a hole
scavenger, formic acid (HCOOH), at molar concentrations of 23 mM and 46 mM. During the
reaction process, samples were periodically collected to analyze nitrate, nitrite, and ammonium
concentrations using a UV-Vis spectrophotometer (Aligent 8453) at wavelengths of 415 nm, 540
nm, and 690 nm, respectively.

3. RESULT AND DISSCUSION

3.1 Properties of the material
3.1.1. Morphology of the material

The morphology of the fabricated material was determined using Scanning Electron
Microscopy (SEM) on a HITACHI S-4800 device. FE-SEM image (figure 2) has shown that the

synthesized material has the characteristic octahedral structure of MIL-101, with relatively high
crystal intensity, particle size ranging from 100-300 nm, and a fairly uniform and porous structure.
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Figure 2. FE-SEM image of MIL-101 material.
3.1.2. Crystal structure and bonding characteristics of the material

The D8-Advance X-ray diffractometer (Bruker) was used with a CuKa radiation source (A =
1.5406 A) operating at a power of 1000 W (40 kV, 25 mA) at room temperature, with a 20 scan
range from 5° to 50° and a scan speed of 0.02°/0.2 seconds to measure the XRD of the material.
Figure 3 shows the peaks at 8.3°, 10.3°, and 16.6° corresponding to the Miller indices (020), (220),
and (240) of MIL-101 material, with high and distinct XRD peaks, indicating that the synthesized
MIL-101 material has a good crystalline structure and high order within the framework structure.
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Figure 3. XRD and FT-IR of MIL-101 material.

The bonding characteristics were determined using FTIR spectroscopy on the TENSOR 1l
device from Bruker, Germany, with a wavelength range of 400 to 4000 cm™. The FT-IR spectrum
of the MIL-101 sample shown in figure 4 reveals a prominent absorption band at 1389 cm™!, which
is associated with the symmetric stretching vibration of the O-C-O group, characteristic of the
dicarboxylate group in the MOF framework. A characteristic absorption peak at 1536 cm™
corresponds to the C=C or C=0 bond in organic molecules bound to the metal. Additionally, the
absorption band at 1693.54 cm™ indicates the presence of -OH groups within the porous structure
of the material. These characteristics confirm that the synthesized material exhibits all the
characteristic properties of MIL-101 [6].

3.1.3. Specific surface area of the material

The specific surface area was determined based on the nitrogen adsorption isotherm at 77K
using the TriStar Il Plus surface area analyzer. The results of the porosity analysis have shown that
the MIL-101 material has a specific surface area of 3017 m2/g, a pore radius of 1.68 nm, a pore
volume of 0.396 cm3/g, and a pore surface area of 230.65 m?/g. Compared to previously published
studies [6, 9], the MIL-101 material synthesized in this study exhibits relatively high porosity.
MIL-101, with a larger surface area, provide more active sites for molecules nitrate to interact and
undergo photocatalytic reactions and increases the material's ability to absorb light, as more
particles are exposed to illumination. This promotes the generation of reactive radicals (*OH, *O2"),
which are essential for degrading pollutants.
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Figure 4. Specific surface area and porosity of MIL-101 material.
3.2. Performance of nitrate removal using MIL-101 material in aqueous solution
a) The nitrate adsorption capability of MIL-101

The nitrate adsorption experiment of MIL-101 was carried out in the dark at room temperature
using a YIHDER TS 520D shaker. 0.08 g of MIL-101 was added to 100 ml of a 100 mg/I nitrate
solution and shaken at 150 rpm for 12 hours. At the end of the experiment, the solution was
centrifuged and the nitrate concentration was analyzed, resulting in a measured concentration of
98.7 mg/l, indicating that the nitrate adsorption capacity of MIL-101 is negligible.

b) Photodegradation efficiency of nitrate by mass of MIL-101

The nitrate removal efficiency of MIL-101 material based on mass is shown in figure 5a with
a reaction time of 60 minutes, 100 mL solution, and an initial nitrate concentration of 100 mg/L.
The bar chart comparing the nitrate removal efficiency with different masses of MIL-101 material
indicates that MIL-101 can effectively remove nitrate under light irradiation. Figure 5a shows that
as the catalyst mass increases, the nitrate removal efficiency rate rises from 52.5% to 67.3%, with
the highest efficiency rate observed at a MIL-101 mass of 0.08 g, corresponding to a nitrate
removal efficiency rate of 67.3%. However, when the material mass is increased to 0.10 g and 0.15 g,
the efficiency rate gradually decreases to 61.0% and 58.5% within the same period of time,
respectively. The decrease in efficiency rate could be because when the material mass increases, a
large portion of the material's surface area may not be exposed to light, reducing the ability to
activate photocatalytically. The areas not illuminated do not participate in the photocatalytic
reactions, leading to a decrease in catalytic effectiveness.
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Figure 5. Nitrate removal efficiency of MIL after 60 mins and contact time.

Figure 5b shows the nitrate removal efficiency over time with the optimal MIL-101 mass is
0.08 g. It can be observed that as the reaction time increases, the removal efficiency also increases.
After 2 hours of reaction, the nitrate removal efficiency reaches 94.5%. In the first 30 minutes, the
efficiency may increase rapidly due to the chemical reactions between the free electrons generated
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and the nitrate, removal efficiency reaches 40%. After each subsequent 30-minute interval, the
removal efficiency decreases compared to the first 30 minutes. The nitrate removal efficiency
reaches 94.5% after 2 hours and reaches 99% after 3 hours, and the chemical reactions slow down
due to the decrease in the concentration of nitrate ions in the solution, resulting in a slower rate of
removal efficiency.

¢) Photodegradation efficiency of nitrate when adding hole scavengers

The influence of the hole scavengers on the nitrate treatment efficiency is illustrated in figure 6a.
The results show that when adding 2.3 mmol of HCOOH (23 mM), the nitrate concentration
significantly decreased over time, and after 30 minutes of reaction, the nitrate concentration reduced
from 100 mg/L to 11.2 mg/L, corresponding to an efficiency of 88.8%. In contrast, without adding
HCOOH and only using 0.01 g of MIL-101, the treatment efficiency reached only 30% after 30
minutes, indicating a significant increase in nitrate treatment efficiency with the presence of the hole
scavengers. When the amount of hole scavengers was doubled to 4.6 mmol of HCOOH (46 mM),
the treatment efficiency reached 92% after 30 minutes of reaction, an increase of nearly 4%. After 1
hour, no nitrate was detected in the solution with the addition of formic acid, and the nitrate removal
efficiency reached 100%. It can be observed that formic acid donates electrons to quench the
photogenerated holes through reaction (6), preventing the recombination of free electrons and
photogenerated holes, thereby significantly increasing the nitrate removal efficiency. Besides formic
acid and oxalic acid, there are many other hole scavengers in photocatalysis. However, both acids
have simple structures and are easily oxidized completely to CO- and H-O, without leaving any by-
products that cause pollution, making them suitable for environmental treatment.
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Figure 6. Treatment efficiency of the material in the presence of a hole scavengers.

Figure 6b show that when both sacrificial agents are added at the same concentration of 23 mM,
the nitrate concentration decreases considerably over time. After 30 minutes of reaction, the nitrate
concentration drops from 100 mg/L to 11.2 mg/L, corresponding to an efficiency of 88.8%, and
reaches 100% removal efficiency after 1 hour of reaction. In contrast, when oxalic acid 23 mM is
added, the nitrate removal efficiency reaches 80.2% after 30 minutes and 96.5% after 60 minutes
of reaction. Both formic acid and oxalic acid can act as sacrificial agents, providing electrons to
minimize the recombination process of electron-hole pairs in the photocatalyst, thus improving the
reaction efficiency according to reactions (6) and (7). However, at the same concentration, formic
acid exhibits higher nitrate reduction efficiency, because formic acid has a simpler structure and
smaller molecular size than oxalic acid, leading to faster decomposition under light irradiation,
thereby providing electrons more quickly and continuously during the photocatalytic process.

3.3. Comparison of nitrate removal efficiency for different types of catalysts
Table 1 summarizes the results attained in this work with those reported in the bibliography.
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As can be observed, regardless of the hole scavenger, the use of MIL-101 compares favorably with
all of them in nitrate removal efficiency. Similar results with other solids require the presence of
noble and expensive metals (e.g., Au, Pd, and Pt).

Table 1. Comparison of nitrate removal efficiency for different types of catalysts.

Catalysts UV Source | [NOsTo scalj/grlfger gra-glmiion -Ic;:"‘fei?:?g?wir;/t Ref.
| FgRge 1000 HEOOH | g | o |
P2s pr'\e/éiﬂlrtér?ig mSg(;L 'gécnicl\)/f 4h 90% [11]
150 W

Ag:0/ P H'F?;ggegwe 100 mg| HOOOH 4h 072% | [12]
Fe/TiO; H'F?;Erlegwe nfgﬂ_ Prie 3h 100% | [13]
nanotube nang.Cu | 1 950 W | NAL-| toomw | Omin | 945% | 14
Srages, Fesmeaiiors oS | o | uoe | s
2:5 CZUSS/C“OZ' 400 W UVlamp 10|\?/ng Ngzrgiﬂo“ 3h 12,7% [16]

4. CONCLUSIONS

The metal-organic framework material MIL-101(Cr) was successfully synthesized using the
hydrothermal method. The synthesized material exhibits the characteristic octahedral structure of
MIL-101 with relatively high crystallinity and a uniform particle size distribution between 100-
300 nm. The material has a large specific surface area of up to 3017 m2/g, a pore radius of 1.68
nm, a pore volume of 0.396 cm?3/g, and a pore surface area of 230.65 m2/g, indicating a relatively
high porosity. The material demonstrates photocatalytic activity in nitrate removal with an initial
concentration of 100 mg/L (NOs~). Without hole scavengers, the material (0.08 mg/100 mL
solution) achieved a maximum nitrate removal efficiency of 99% after 180 minutes of reaction. In
the presence of hole scavengers, the solution reached a nitrate removal efficiency of 92% within
30 minutes of reaction with HCOOH 46 mM. Comparing the nitrate removal efficiency of this
study with previously published reports shows that MIL-101 effectively treats high-concentration
nitrate with a shorter treatment time. These results confirm the potential of MIL-101(Cr) as an
effective photocatalyst for nitrate removal in water, paving the way for development in
environmental treatment applications.
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TOM TAT

Nghién ctru ché tao vat liéu khung co kim MIL-101(Cr) va kha nang xuc tic quang
cua vit liéu dé xir ly Nitrat trong nuéc

Bai bdo nay trinh bay két qua nghién ciru mét s6 déc trung ciia vt liéu khung co kim
MIL-101(Cr) va kha nang xu Iy nitrat trong moi truong nuwdc cua vat liéu trén co so phan
ing xiic tde quang. Vit liéu nay dieoe ché tao bang phiong phdp thiyy nhiét trong phong thi
nghiém va cdc ky thudt FE-SEM, XRD, FT-IR, BET di duoc sir dung cho thdy cdu triic xop
ctia vt liéu rat phat trién, dién tich bé mat riéng lén dén 3017 mz/g, kich thude tinh thé bat
dién ddc trung voi kich thirde hat khodng 100 - 300 nm. Két qua thi nghiém cho thdy trong
diéu kién anh sang dén UV budc séng 365 nm, cong sudt 250 W, MOF MIL-101(Cr) ¢6 kha
ndng xic tdc xir 1y nitrat dwdi anh sang dén UV buée séng 365 nm, cong sudt 250 W véi
hiéu sudt xir Iy cao nhdt lén dén 99% sau 180 phiit phan vmg. Hiéu sudt xir 1y nitrat ciia
MIL-101 dat gan 100% trong thoi gian phan vmg la 40 phiit khi xudt hién tac nhan logi bo
16 axit fomic (HCOOH 46 mM).

Tir khéa: MOF; MIL-101; Hiéu suét xir 1y nitrat; T4c nhan loai b6 13.
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