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ABSTRACT
In order to achieve size-selective property and enhance the photocatalytic activity
of the photocatalyst on emerging contaminants in the water systems. VNU-1, a kind of
Metal-Organic Frameworks (MOFs) with enlarged pore size and ameliorated optical
properties by elongating the organic linker was synthesized and applied in this field.
In comparison with UiO-66 MOF, VNU-1 has reached 7.5 times higher adsorption and
a 100% photodegradation on sulfamethoxazole in 10 minutes while UiO-66 reached
only 30% photodegradation. The effective performance was benefited from the
outstanding adsorption capacity, wide light-harvesting properties, and the prolonged
lifetime of photoinduced charge carriers of VNU-1. Moreover, the tailored pore size of
VNU-1 also resulted in the size-selective properties between small-molecule
antibiotics

and

big-molecule

humic

acid.

VNU-1

also

maintained

high

photodegradation performance after 5 cycles and the toxicity test has shown that the
photodegradation products have no toxic effect on V. fischeri bacteria. These results
indicating that VNU-1 is a promising photocatalyst. This study also provided a new
sight for developing MOFs photocatalyst to eliminate emerging contaminants in the
wastewater systems.

Keywords: Metal-Organic Frameworks, Emerging Contaminants. Size-Selective
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摘要
為了增加光觸媒對水中新興污染物的選擇性以及增強對廢水中抗生素的光催
化效率，我們合成了金屬有機框架材料（VNU-1）。VNU-1 是一種由鋯金屬以及
有機配位基（H2CPEB）自組裝所形成的金屬有機框架。由於它的有機配位基的
長度較長，因此所合成的 VNU-1 有著比其它金屬有機框架更大的孔徑。在對磺
胺甲惡唑的吸附實驗中，吸附量隨著金屬有機框架的孔徑增大而變多。與 UiO66 光觸媒相比，VNU-1 的吸附效率比其高 7.5 倍，且在照光 10 分鐘後即可達到
100% 的降解效果，而相同時間下 UiO-66 只達到 30% 的降解效率。VNU-1 的高
效能主要歸功於其高吸附能力，較寬的吸光特性以及比較不容易再結合的電子電
洞對特性。
除此之外，VNU-1 的孔徑大小使其擁有對小分子抗生素以及大分子腐植酸
的選擇性。VNU-1 可以通過吸附小分子的抗生素並進一步光降解以達到降解抗
生素，並留下對水體有益的腐植酸的效果。觸媒的再利用測試中也顯示 VNU-1
在 5 個循環之後仍然保持著極高的光催化效率。毒性測試也表明，抗生素的光分
解產物並沒有對費氏弧菌產生任何毒性作用。基於以上結果，VNU-1 是一種適
合處理水中污染物的光觸媒。最後，此研究也為開發有機金屬框架以增強污染物
吸附以及光催化效果提供了另一個視角。

關鍵字：有機金屬框架，新興污染物，孔徑，選擇性，吸附，光催化
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1. Introduction
Before the wide use of pharmaceutical drugs and mass production of industrial
chemicals, the first consideration comes into our mind for our drinking water and
wastewater treatment was to remove the viral and bacterial in the water systems. But
today, a new class of chemical compounds such as industrial chemicals, pharmaceutical,
and personal care products was detected in our water sources, all these unregulated
compounds are so-called emerging contaminants1. The biggest concern from emerging
contaminants is that the toxicology of these compounds on humans and the environment
has not fully discovered yet and in fact that the poor elimination and the difficulty to
detect in our water environment due to the limit of the current system has the possibility
to bring out a serious drawback on the water bodies. However, although the emission
standard, relative directives, and legal frameworks are not set up yet by the government2.
Emerging contaminants are still continuously discharging into the water bodies with a
low concentration. Thus, the development of methods to achieve the effective degradation
of these pollutants in the water bodies has become an urgent task for scientists3.

1
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1.1. Antibiotics

Antibiotics, a medicine that widely applied as the disease control of humans and
animals were increased with consumption of 21.1 billion defined daily doses (DDD) in
2000 to 34.8 billion DDDs in 20154, the huge consumption leads to the over-discharge of
pharmaceuticals into water bodies and in fact that these recalcitrant pollutants can persist
in the environment for more than a year and can further transform into some biologically
active organic compound. Some reports also revealed that the conventional water
treatment process such as coagulation, biological treatment, and sedimentation is not
efficient enough to completely remove the antibiotics in the water environment because
of their polarity and antibacterial nature5-6. However, most of the antibiotics have a
relatively small molecular weight around 500Da7, which might be the breakthrough for
scientists to develop the elimination route of these contaminants.

1.1.1. Sulfamethoxazole

Sulfamethoxazole (SMX), a typical sulfonamide antibiotic which applied in
veterinary and human medicine to treat respiratory, urinal, and gastrointestinal diseases
are currently recorded by the World Health Organization (WHO) as the fourth highest use
of antibiotics in the world. The high consumption resulted in the frequently detected with
2
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concentration as high as 13.7 μgL-1 in wastewater treatment plant secondary effluent8.
Some studies also reported that continuous exposure of bacteria to SMX has the
possibility of risk to induce the resistance to drug properties of bacterial9.

1.1.2. Lincomycin

Lincomycin (LIN) is an antibiotic under the lincosamide group. According to its
worldwide production, it is one of the 20 most important antibiotic compounds. They are
active against most gram-positive bacteria and mainly applied to animals curing. It was
reported with a concentration of 21.1 μgL-1 detected in surface water10. However, due to
its antibacterial properties, lincomycin could not fully remove in wastewater treatment
plants and therefore it could cause some potential risk on water bodies11.

1.1.3. Ampicillin

Ampicillin (AMP) is semi-synthetic penicillin which widely used in veterinary
medicine. According to the World Health Organization (WHO) statistics, penicillin was
the most consumed antibiotics in the world12. However, the β-lactam ring in its structure
provided ampicillin with the antimicrobial properties and therefore resulted in the poor

3
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removal efficiency in biodegradation and possible risk to create new microorganisms with
antibiotic-resistance genes13.

1.2. Humic Acid

Humic acid is one of the most active organic matters that can greatly enhance seed
germination and improve the absorption of nutrients by plants and soil microorganisms14.
They are complex polymeric organic acids consisting of aromatic, aliphatic, phenolic, and
quinolinic functional groups with a wide range of molecular weights between 300700,000 from different sources15. For example, the International Humic Substances
Society (IHSS) provides a humic acid standard with a molecular weight of 3730Da which
extracted from leonardite mineraloid (Catalog number = 1S104H-5)16.

1.3. Photocatalyst

The photocatalyst is a type of material which can absorb light and further exciting
the electron to higher energy level and provide energy to make a chemical reaction occur.
According to the previous studies, it is believed that the photo-generated electrons and
holes can directly drive the reduction and oxidation degradation of pollutants. On the
other hand, the photo-induced electrons and holes can also produce reactive oxygen
4
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species (ROS) such as superoxide radical (·O2-) and hydroxyl radical (·OH) by reacting
with the adsorbed oxygen (O2) or adsorbed water (as shown in Figure 1.1). These
generated ROS could further react with organic pollutants and eventually mineralize these
organic compounds17-18.

In the past few decades, many scientists have studied and proved that the kinetic
processes of photocatalysis is strongly followed by the scheme in Figure 1.2, which is
related to the light-harvesting properties, separation kinetics of the photo-generated
electron-hole pairs, the migration and transport of photo-induced electron-hole pairs, and
the surface charge utilization. Therefore, many studies have put much effort into
enhancing such properties. It is worth noting that the high crystallinity also has a positive
effect on improving the kinetic of photodegradation because the defects will act as a
recombination site of the photogenerated electron-hole pairs19.

5
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Figure 1.1 Schematic of photocatalytic degradation of pollutants over a semiconductor
photocatalyst under light irradiation17

Figure 1.2 Kinetic processes of photocatalysis17
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1.4. Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are a crystalline porous material constructed
by coordinating the metal ions or clusters (noted as secondary building units, SBUs) with
organic linkers. The diverse combination property of MOFs (shown in Figure 1.3) in
which the pore size, surface functionality, and topology can be varied has led to more than
80,000 different MOFs being reported and studied with the past decades20-21. On the other
hand, MOFs with their extraordinarily high surface areas, tailorable pore size, tunable
internal surface properties, and extremely uniform pore cavities22 have resulted in the
extensive study in the field of heterogeneous catalysis reactions23, gas storage24, chemical
sensor25, and separator26, etc.

7
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Figure 1.3 Different constituents of (A) Inorganic secondary building units and (B)
organic linkers21

8
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1.4.1. MOF-based Photocatalyst

Photocatalysis has been studied as a promising technology to convert solar energy
into chemical energy. In the past two decades, MOFs have received much attention in the
field of photocatalysis which benefit from its large specific surface area, well-ordered
porous structure and tunable organic linkers/metal clusters properties27. The diverse
combination of MOFs can enhance not only the reactant adsorption and light harvesting
properties, but also the charge separation and transfer of photoexcited electron-hole pair,
therefore MOFs have widely applied in photodegradation of contaminants, hydrogen
generation, CO2 reduction, and organic transformations28. Other than that, a series of
strategies, including modification of organic linker/metal clusters for a better light
harvesting and reactant adsorption properties, adding guest metal particle to enhance the
charge separation also frequently reported by the researchers29.

Among the Metal-Organic Frameworks, Zirconium-Based MOFs have been
reported as a potential porous photocatalyst because of its rich structure types and
outstanding water stability30. The rich selection of organic linkers as shown in Figure 1.4.
was frequently studied by the scientist to tune the optical properties of Zirconium-based
MOFs in order to improve the photocatalytic activity31.

9
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Figure 1.4 (a) Experimental MOFs powders (bottom row) and the original organic
linkers (top row), (b) the structure of UiO-66 framework, (c) experimental linker spectra
of the pure linkers31

10
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2. Literature Review
Sulfamethoxazole is known as an antibiotic in water environment that very
difficult to be degraded. As one of the most used antibiotics in the world,
sulfamethoxazole has been detected in the water system with a concentration as high as
13.7μgL-1. Some report also revealed that the high exposure time of sulfamethoxazole
with the bacterial might induce the resistance to drugs properties of bacterial. Therefore,
it is an urgent task for human to eliminate the sulfamethoxazole in the water systems.

In the past few decades, multiple strategies, such as biodegradation, sedimentation,
coagulation, adsorption, and photodegradation have been developed to remove the
sulfamethoxazole from waterbodies. Among them, adsorption and photodegradation,
which reported as a high efficiency and easy operation methods has shown its superior
performance on sulfamethoxazole degradation and thus widely investigated by the
researchers.

To understand the removal efficiency of sulfamethoxazole, a literature review of
adsorption and photodegradation of sulfamethoxazole has been studied and shown in
Table 2.1. In 2016, Darwish et al., take the advantage of high surface area properties of
graphene and further synthesized a composite material graphene-NiCdS. The catalyst
reached an adsorption percentage of sulfamethoxazole around 10% after 30 minutes
11
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stirring, and the optical properties such as light harvesting ability was improved by the
narrowed band gap and also the electron-hole separation enhanced after the Ni doping32.
In 2018, Wang et al., has synthesized a composite porous photocatalyst AgI/UiO-66 and
applied in the adsorption and photodegradation of sulfamethoxazole, AgI/UiO-66 can
reach a 16% of adsorption after 30 minutes stirring and further reach 100%
photodegradation after 15 minutes light irradiation33. The rate constant has increased
significantly which benefits from the adsorption of sulfamethoxazole by UiO-66 and the
increased active site by dispersing AgI in the pores.

Other than improving the adsorption and photodegradation efficiency, the
selectivity on degrading organic compounds in the water systems is also very important,
because the actual wastewater usually containing diverse components, which means that
antibiotics always present with other organic components containing low- or non-toxicity,
such as humic acid34. Also, many papers have reported that the mainly generated reactive
oxygen species during photodegradation, such as hydroxyl radicals and superoxide
radicals, do not specifically target any organic compound. Thus, photocatalysis usually
shows a low selectivity in a mixed pollutant system.

Despite this situation, we still found from the literature that humic acid usually
has a molecular weight as high as a few thousand and antibiotics have a molecular weight

12
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generally lower than 500. The size difference of both organic compounds points out the
potential of relatively small molecular size antibiotics to be adsorbed and further degraded
by a suitable pore size porous photocatalyst.

Among the porous photocatalyst, Metal-Organic Frameworks, a crystalline
porous solid material with high specific surface area, tunable pore size and extremely
uniform structured nanoscale cavities has been widely studied. For instance, UiO-66, a
kind of Zr-based MOFs with an excellent water stability and high surface area, has been
reported as a potential photocatalyst. However, UiO-66 still have some inadequacies such
as the short lifetime of photogenerated electron-hole pairs and the small pore size which
is not capable to adsorb contaminants. Therefore, several studies have focused on
increasing the pore size of UiO-66 by elongating the organic linker. Al-Jadir et al., did a
molecular simulation study about the influence of pore size in MOFs on adsorption and
separation. As shown in Figure 2.1, they changed different ligand lengths to generate
different MOFs with similar topology but differing pore sizes. The computation result
shows that the pore size has followed with an order which UiO-68 (9.7 Å & 17.2 Å) >
UiO-67 (5.5 Å & 13.1 Å) > UiO-66 (3.8 Å & 8.0 Å), means that the pore size can be
increased by using a longer linker35. However, in the real condition, the elongated ligand
lengths did not really increase the pore size of Zr-based MOFs, and in fact that the pore
size will become smaller due to the formed interpenetrated structure of UiO analog.
13
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Consequently, to deal with the problem of low adsorption, degradation and
selectivity of contaminants in the water systems, synthesizing a high efficiency and sizeselective photocatalysis is required.

Figure 2.1 Structure of UiO-66, 67, and 68 by simulation35

14
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Table 2.1 Adsorption and photodegradation efficiency of sulfamethoxazole using
different porous photocatalyst

Catalyst

Catalyst
dosage

GrapheneNiCdS

1 gL

p(HEA/NMMA)
-CuS

2 gL

AgI/UiO-66

0.5 gL

C/Ag3PO4

0.1 gL

Ag/P-g-C3N4

0.1 gL

-1

-1

-1

-1

-1

SMX/Catalyst

Adsorption
percentage after
30 minutes

Rate
Constant

-1

10 mg/g

10%

0.012 min

-1

25 mg/g

15%

0.003 min

-1

10 mg/g

16%

0.32 min

-1

10 mg/g

10%

0.043 min

1 mg/g

11%

0.356 min

SMX
dosage

10 mgL

50 mgL

5 mgL

1 mgL

-1

100 μgL

-1

-1

-1

-1

-1
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3. Objective
Emerging contaminants such as antibiotics were one of the most widely used
medicine in human life. But in recent years, the overuse and constant discharge of these
contaminants have caused to ubiquitous contamination within nature environmental
compartment like rivers, municipal wastewater, sediments, and seawater, etc. However,
the current photocatalyst (P25) mainly used today to remove emerging contaminants still
has some inadequacies, such as the inability to adsorb and low selective on organic
compounds in the water system, which result in the prolonged light irradiation time and
degradation of all compounds in the water system including the ecologically beneficial
compound.

To overcome these problems, there are two primary aims in this study: 1. To ascertain
the effect of pore size and optical properties on removing emerging contaminants in the
water system by tailoring different linkers while synthesizing Zr-based MOFs. 2.
Developing a new degradation pathway with size selectivity Zr-based MOFs to adsorb
the small molecule antibiotics in the water environment and further come out with
photodegradation to degrade the antibiotics, thereby avoiding the degradation of the
ecological beneficial compounds (humic acid). The objective is shown in Figure 3.1.

16
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Figure 3.1 Objective – (1.) Tailoring the pore size and optical properties (2.) Sizeselective degradation by MOF
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4. Experimental
4.1. Chemicals and Materials
Table 4.1. Chemicals and materials
Chemical

Formula

Manufacturer

Acetic Acid

C2H4O2

J.T. Baker

2-Aminoterephthalic Acid

C8H7NO4

Sigma-Aldrich

Ammonium Chloride

NH4Cl

TCI

Ampicillin

C16H19N3O4S

Sigma-Aldrich

Benzoic Acid

C7H6O2

TCI

4,4’-Biphenyldicarboxylic Acid

C14H10O4

TCI

C36H30P2PdCl2

Sigma-Aldrich

Chloroform-d

CDCl3

Sigma-Aldrich

Copper(l) Iodide

CuI

Sigma-Aldrich

Deionized Water

H2O

Thermal Scientific

1,4-Diethynylbenzene

C10H6

Sigma-Aldrich

N,N-Dimethylformamide

C3H7NO

Sigma-Aldrich

Dimethyl Sulfoxide-d6

C2D6OS

Sigma-Aldrich

Hexane

C6H14

Sigma-Aldrich

Bis(triphenylphosphine) Palladium(Ⅱ)
Dichloride
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Hydrochloric Acid

HCl

Honeywell

Lincomycin

C18H34N2O6S

Sigma-Aldrich

Methanol

CH4O

-

Methyl 4-Iodobenzoate

C8H7O2I

Sigma-Aldrich

Potassium Hydroxide

KOH

Sigma-Aldrich

Sodium Chloride

NaCl

TCI

Sodium Hydroxide

NaOH

Honeywell

Sulfamethoxazole

C10H11N3O3S

Sigma-Aldrich

Terephthalic Acid

C8H6O4

Alfa Aesar

Tetrahydrofuran

C4H8O

Acros Organics

Titanium (Ⅳ) Oxide (P25)

TiO2

Sigma-Aldrich

Toluene

C7H8

Sigma-Aldrich

Triethylamine

C6H15N

Sigma-Aldrich

Zirconium (Ⅳ) Chloride

ZrCl4

Strem Chemicals

Zirconium (Ⅳ) Oxychloride Octahydrate

ZrOCl2．8H2O

Sigma-Aldrich
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4.2. Equipment
Table 4.2 List of equipment
Equipment

Manufacturer

Centrifugator

SIGMA 3-30KS

Field Emission Scanning Electron Microscope

NovaTM NanoSEM 230

(FE-SEM)
Hotplate

Thermal Scientific

HPLC-MS/MS
Laser Diffraction Particle Size Analyzer

Coulter LS230

Lyophilizer

EYELA FDU-1200

Microtox

Microtox M500

Nuclear Magnetic Resonance (NMR)

Bruker 400 MHz

Particle Size and Zeta Potential Analyzer

Malvern, Zetasizer Nano
Laser Scanning Confocal

Photoluminescence (PL)
Microscope 4.0
pH Meter

HACH SensION+ PH31

Rotary Evaporator

KNF Neuberger, RC 6000

Sonicator

DELTA

SUNTEST CPS+

ATLAS
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Specific Surface Area & Pore Size Distribution Analyzer BELSORP-series
Laser Scanning Confocal
Time-Resolved Photoluminescence (TRPL)
Microscope 4.0
UV-VIS-NIR Spectrophotometer

JASCO V-670

Vacuum Pump

KNF N840 Laboport

X-Ray Diffractometer (XRD)

Rigaku Ultima Ⅳ
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4.3. Preparation of H2CPEB linker
1,4-bis(2-[4-carboxyphenyl]ethynyl)benzene (H2CPEB) linker was synthesized
with two steps based on Sonogashira cross-coupling reaction36-37. Firstly, 2.62 g (10 mmol)
Methyl 4-iodobenzoate and 0.63 g (5 mmol) 1,4-diethynylbenzene dissolved in a roundbottom flask with 50mL of triethylamine and toluene solvents (v/v = 1:1). After fully
dissolved, 0.176 g (0.25 mmol) Bis(triphenylphosphine)palladium dichloride and 0.01 g
(0.05 mmol) Copper(Ⅰ) Iodide then added into the mixture and stir under room
temperature for 1 day to synthesis 1,4-bis(4-carbomethoxyphenylethynyl) benzene
(CMPEB). CMPEB was further purified by filtering and wash with a certain amount of
hexane, a saturated solution of NH4Cl and a saturated solution of NaCl to remove the
residual solvents. The obtained pink product (CMPEB) was then dried in the lyophilizer
to avoid water moisture.
To further synthesizing the H2CPEB organic compound, we prepared two aqueous
solutions in which the first solution contained 4.2 g (75 mmol) potassium hydroxide in
15 mL H2O, and the second solution contained 0.985 g (2.5 mmol) CMPEB in 60mL
mixture solvent of methanol and tetrahydrofuran (v/v = 1:1). Both solutions were mixed
and further running the hydrolysis reaction under 50 ℃ for 1 day. After that, we remove
the organic solvent by using a rotary evaporator and added hydrochloric acid (37% w/w)
dropwise into the remaining solution until pH = 1. The final yellow product then washed
22
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by using DI water and dried in lyophilizer overnight to remove the residual solvent.

4.4. Preparation of Zirconium-Based MOFs
4.4.1. Synthesis of VNU-1
The VNU-1 synthesis procedure is based on previously reported methods37. Two
aqueous solutions have prepared while solution 1 contained the mixture of 124 mg (0.340
mmol) H2CPEB linker, 5 mL acetic acid and 20 mL DMF solvents and solution 2 was
prepared by dissolving 109 mg (0.340 mmol) ZrOCl2·8H2O in 15 mL DMF solvent. After
sonicated for 30 minutes, both solutions 1 and 2 were mixed into 100 mL capped vial and
heated at 120 ℃ for 1 day in an isothermal oven. The as-synthesized VNU-1 was
centrifuged under 20,000 rpm, 5 minutes with DMF 3 times, MeOH 1 time and further
dried in the lyophilizer for 1 day to remove the solvent.

Figure 4.1 Synthesis procedure of VNU-1 photocatalyst
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4.4.2. Synthesis of UiO-67, UiO-66 and UiO-66-NH2
The synthesis procedure of the UiO series MOF was referred to as the previous
literature38. In a typical UiO-67 synthesis procedure, 93.2 mg (0.4 mmol) ZrCl4 was firstly
dissolved in 5 mL DMF solvent. 96.8 mg (0.4 mmol) H2BPDC linker were later dissolved
in 0.38 mL acetic acid and 10 mL DMF solvent. Both aqueous solutions were further
mixed into 50 mL vial, heated at 120℃ in an isothermal oven for 1 day after 30 minutes
ultrasonication.

For UiO-66, 0.111 g (0.343 mmol) ZrOCl2·8H2O and 0.8377 g (6.86 mol) benzoic
acid were dissolved into 20 mL DMF solvent. After that, 0.057 g (0.343 mmol) H2BDC
were added and sonicated to dissolve. The aqueous solution then heated at 120℃ for 1
day to form UiO-66.

UiO-66-NH2 were synthesized under similar conditions with the previous MOFs.
138 mg (0.428 mmol) ZrOCl2·8H2O were dissolved into 24 mL acetic acid and 36 mL
DMF solvents. After fully dissolved, 77.6 mg (0.428 mmol) H2BDC-NH2 were added and
sonicated for another 30 minutes. The mixture solution heated under 120℃ for 1 day to
synthesis UiO-66-NH2.

All as-synthesized UiO series MOF were centrifuged with DMF solvent 3 times,
MeOH 1 time under 20,000 rpm, 5 minutes and further vacuumed in lyophilizer overnight.
24
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4.5. Adsorption and Photodegradation Reaction of Sulfamethoxazole
Sulfamethoxazole removal reaction was done by SUNTEST CPS+ sunlight
simulator with a xenon lamp under pH 7, ambient temperature, a wavelength from 300
nm to 800 nm and light intensity of 700 W/m2. 10 mg of Zr-based MOF were added into
a quartz beaker with 100 mL sulfamethoxazole solution (80 ppb). Before light irradiation,
the suspension was stirred vigorously under dark reaction for an hour to reach adsorptiondesorption equilibrium, then the light was switched on to start the photocatalytic
degradation for 30 minutes. During the reaction, 0.5 mL of suspension is taken out at
intervals and filtered through a 0.22 μm PVDF membrane for further analysis. The
sulfamethoxazole concentration is determined based on LC-MS. Blank control
experiments were done in the absence of catalysts under the same condition.

Figure 4.2 The experiment scheme of adsorption and photodegradation of
sulfamethoxazole
25
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4.6. Size-Selective Test of VNU-1
To study the size-selective test of VNU-1. Three kinds of small molecule
antibiotics (SMX, AMP, and LIN) with a concentration of 80 ppb were added along with
the big molecule humic acid (20 ppm) into DI water to form a mixture system. 10 mg of
VNU-1 has added into the mixture solution and stir for one hour to reach adsorptiondesorption equilibrium, after that come out with a photocatalytic reaction for one hour.
The reaction was done under neutral pH and 700 W/m2 light intensity. During the reaction,
0.5 mL of suspension is taken out and filtered through a 0.22 μm PVDF membrane for
LC-MS/MS and LC-DAD analysis. Blank control experiments were done in the absence
of catalysts under the same condition. The result was compared with Degussa P25.

Figure 4.3 Size-selective experiment of VNU-1
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4.7. Characterization of Catalysts
4.7.1. X-Ray Diffractometer (XRD)
Wide-angle patterns of powder X-Ray diffraction (XRD) were measured by
Rigaku Ultima IV with Cu Kα radiation (λ=1.5418 Å) to identify the crystallinity of all
Zr-Based MOFs. All measurement conditions were listed in Table 4.3.

Table 4.3 Measurement conditions of XRD
Condition

Value

X-ray source

Cu Kα

Wavelength (λ)

1.5418 Å

Voltage

40 kV

Current

40 mA

Angle range (2 theta)

3° - 70°

Time per step

0.2 s

Scanning rate

20° / min

4.7.2. Field Emission Scanning Electron Microscope (FE-SEM)
The morphology of all Zr-based MOFs was observed by applying FE-SEM
(NovaTM NanoSEM 230). The sample was prepared by adding 2 mg of catalyst and 1 mL
methanol into a 2 mL eppendorf tube. The solution then dispersed by sonicator for 30
minutes and 20 μL of sample solution was dropwise to the silica surface, dried at 50 ℃
27
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for 30 minutes. After removing methanol solvent, silica was placed on a carbon
conductive tape on the SEM holder and kept in lyophilizer overnight to remove moisture.
Before SEM observation, samples on the holder was sputtered by Pt metal for 2 minutes
under 20 mA to increase the electric conductivity of samples. The operating voltage was
set around 5-10 kV and spot size was 3.0-4.0.

4.7.3. Dynamic Light Scattering & Zeta Potential Analyzer
Hydrodynamic diameter and zeta potential of Zr-based MOFs were measured by
Zetasizer Nano at 25 °C. Samples were dispersed in DI water with a concentration of
100mg/L and various pH values. Every sample was sonicated for 1 hour to guarantee the
dispersivity before the measurement. Each sample was measured three times to ensure
stability.

4.7.4. Laser Diffraction Particle Size Analyzer
The hydrodynamic diameter of VNU-1 was measured by Laser Diffraction
Analyzer with a light source of 732 nm at 25 ℃. 100 ppm of VNU-1 was prepared in a
solvent of DI water and sonicated for 1 hour before measurement. The sample was
measured three times to ensure stability.
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4.7.5. Specific Surface Area & Pore Size Distribution Analyzer
The nitrogen adsorption/desorption isotherm was measured with BELSORPseries. The specific surface area was evaluated by the Brunauer-Emmett-Teller (BET)
method. The pore size distribution was evaluated by the non-linear density functional
theory (NLDFT). Samples were degassed at 120 °C, 8 hours under high vacuum (0.1 Pa),
and kept at 77 K during measurement.

4.7.6. UV-VIS-NIR Spectrophotometer
The UV-VIS-NIR spectrophotometer was applied to measure the light-harvesting
properties of Zr-based MOFs between wavelengths of 250-850 nm. The samples were
filled into the solid sample holder of the UV-VIS-NIR spectrophotometer. The baseline
was measured and offset with the sample by using BaSO4 because of its near-perfect
diffuse reflectance in the 250-2500 nm wavelength range.

4.7.7. Photoluminescence (PL)
The emission wavelengths between 350-600 nm of Zr-based MOFs were
measured by using Photoluminescence with a pulse laser excitation wavelength of 375
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nm. The samples were vacuumed in a lyophilizer to remove the moisture, then added into
the glass slide and placed under an optical microscope for measuring.

4.7.8. Time-Resolved Photoluminescence (TRPL)
The

lifetime

of

different

MOFs

was

measured

by

Time-Resolved

Photoluminescence with a channel resolution of 4 ps. The laser excitation wavelength
was fixed at 375 nm, the detected emission wavelength of every MOF depended on the
highest emission wavelength evaluated by Photoluminescence spectra. The sample was
kept in lyophilizer before measurement.

4.7.9. Nuclear Magnetic Resonance (NMR)
The functional groups of CMPEB and H2CPEB organic compounds were measured
by 500 MHz Nuclear Magnetic Resonance with TMS as standard. The sample was
prepared by adding 5mg of catalyst into 1 mL of deuterated solvent (CDCl3 or DMSO-d)
and further added into NMR tube with a 0.22 μm nylon filter. All samples were dried
under vacuum for 1 day before measuring.
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4.8. Characterization of Photodegradation Results
4.8.1. HPLC-MS/MS
The concentration of antibiotics during the degradation process was determined
by LC-MS/MS. The eluent solution as shown in Table 4.4 was a mixture of
methanol/deionized water with different volume ratios under different time, the flow rate
is 1 mL/min. The calibration curve of sulfamethoxazole, ampicillin, and lincomycin were
shown in the appendix A.1.
Table 4.4 LC-MS/MS gradient for sulfamethoxazole, ampicillin, and lincomycin
analysis
ESI: Positive mode
Mobile Phase A: 0.1% formic acid (v/v) in DI
Mobile Phase B: 0.1% formic acid (v/v) in MeOH
Time (min)

Flow rate (mL/min)

A(%)

B(%)

0

1

95

5

0.5

1

95

5

1.5

1

5

95

5

1

5

95

5.5

1

95

5

7

1

95

5
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4.8.2. HPLC-DAD
The concentration of humic acid during the degradation process was determined
by LC-DAD (Diode array detection) with a UV/Visible detector. The eluent solution as
shown in Table 4.5 was a mixture of methanol and 10 mM ammonia bicarbonate in
deionized water with different volume ratios under different time. The flow rate is 0.7
mL/min. The calibration curve of humic acid was shown in the appendix A.2.
Table 4.5 LC-DAD gradient for humic acid analysis
Mobile Phase A: 10mM Ammonia Bicarbonate in DI
Mobile Phase B: 100% MeOH
Time (min)

Flow rate (mL/min)

A(%)

B(%)

0

0.7

95

5

0.5

0.7

0

100

1.0

0.7

0

100

1.5

0.7

95

5

5.0

0.7

95

5

4.8.3. Microtox
The toxicity of degradation products was studied by Microtox® M500. The
measurement was operated under 15 ℃ to avoid the deviation caused by temperature.
The EC50 (effective concentration) was calculated based on the decreasing fluorescent
32
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intensity of V. fischeri after 15 minutes of reacting. EC50 has converted into toxic unit
(TU) and shown in the figure later.
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5. Results and Discussions
5.1. H2CPEB Characterization

5.1.1. NMR Characterization
1

H NMR spectra of H2CPEB was studied as shown in Figure 5.1. According to the

structure of H2CPEB, there will be only 3 peaks appearing under 1H NMR measurement.
As we can see, the signals of the outermost proton on the benzene ring (noted as 1) appear
at 7.98 and 7.99 ppm because the electron density has withdrawn by the carboxylic group,
therefore resulted in a more deshielded peaks. The proton beside it with a doublet peak at
7.71 and 7.69 ppm (noted as 2) was caused by the spin-spin coupling phenomenon,
indicates the magnetic field interference between peak 1 and 2. Lastly, the proton with
the most shielded nucleus in which the signals located at 7.67 ppm has come from the
proton on the middle benzene ring of the compound (noted as 3). The highest peak at 2.5
ppm was the DMSO-d6 signal.
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Figure 5.1 1H NMR of H2CPEB organic linker (500 MHz, DMSO-d6, TMS)
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5.2. Surface Properties Characterization of Materials
5.2.1. XRD Analysis
The crystallinity of various MOFs was measured by XRD. The black line in
Figure 5.2 represented to the simulated XRD pattern of different MOFs from Mercury
software, and the colored peaks were the data measured by the XRD instrument and all
the measured XRD pattern fits with the simulated pattern, which proves that the
successful synthesis of all Zr-based MOFs. Besides, it is worth noting that the smaller
degree peak analyzed in XRD indicates that the higher d spacing value of relevant Zrbased MOFs, which also agree to the concept of bigger pore size created by length-longer
linker.

Figure 5.2 XRD pattern of Zr-based MOFs
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5.2.2. SEM Analysis
The morphology of various MOFs was observed by applying SEM analysis.
According to the SEM images, it is clear to see that all the MOFs have uniform
crystallinity. VNU-1, UiO-67, and UiO-66-NH2 has the octahedral morphology but
different particle size while the cubic-like UiO-66 has a particle size around 100nm.

Figure 5.3 SEM morphology of Zr-based MOFs

5.2.3. N2 Physisorption Analysis
The porous properties such as specific surface area and pore size distribution of
various Zr-based MOFs were studied by N2 adsorption-desorption isotherm analysis. As
37
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shown in Figure 5.4, all the Zr-based MOFs exhibited typical type Ⅰ isotherm and with a
specific surface area followed with the order which VNU-1 (1444 m2g-1) > UiO-67 (1301
m2g-1) > UiO-66 (1072 m2g-1) > UiO-66-NH2 (783 m2g-1) based on the BET theory, which
is in a good agreement with the increasing length of used organic linker to synthesis
MOFs. It is also worth to note that the steep increase adsorption around P/P0 = 0.06 in
VNU-1 adsorption-desorption isotherm has corresponded to the nitrogen filling of the
tetrahedral cages with a pore size of 17 Å in VNU-1 structure. This phenomenon
corresponds to the presence of pores with a diameter of around 20 Å which proved by
nonlinear density functional theory39. Other than that, the corresponding pore size
distribution of Zr-based MOFs simulated by NLDFT was shown in Figure 5.5. As we
can see, the pore size increased from UiO-66 & UiO-66-NH2 (0.6 nm) to UiO-67 (1.2 nm)
and eventually to VNU-1 (1.7 nm), this result also indicating that the pore size can be
enlarged by the longer linker used while synthesizing MOFs.
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Figure 5.4 N2 adsorption-desorption isotherm of Zr-based MOFs
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Figure 5.5 Pore size distribution of Zr-based MOFs
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5.2.4. Zeta Potential Analysis
The dispersivity and surface charge value of Zr-based MOFs under different pH
values were presented in Figure 5.6. The zeta potential value of all Zr-based MOFs has
a negative value under pH 7, which attributed to the surface deprotonation of COO- on
the organic linkers. Also, VNU-1 with the highest absolute zeta potential value after pH
6 indicates that it has the highest dispersion property among all the MOFs. This result
also reveals that VNU-1 is very suitable to apply on the degradation of emerging
contaminants in water, in which the pH value is usually around 6-8.

VNU-1
UiO-67
UiO-66
UiO-66-NH2

60

Zeta Potential (mV)

40
20
0
-20
-40
-60
2

4

6

8

10

12

pH

Figure 5.6 Zeta potential of Zr-based MOFs under different pH value
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5.3. Optical Properties Characterization of Materials

5.3.1. UV-Vis Analysis

The light-harvesting properties and band gap energy of Zr-based MOFs were
determined based on the UV-Vis analysis. VNU-1 with the widest light absorption under
UV-Vis measurement as shown in Figure 5.7(a) has the best light-harvesting properties
among the other Zr-based MOFs. In Figure 5.7(b), the corresponded direct band gap
energy of Zr-based MOFs was revealed by graphing the tauc plot with (αhv)2 versus to
the photon energy (E), where α represent to the absorption coefficient. The value of band
gap was obtained from the intersection of the extrapolation straight line of tauc plot in a
certain region and the intercept of the photon energy axis.
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Figure 5.7 (a) UV-Vis spectra and (b) tauc plot of Zr-based MOFs
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5.3.2. PL & TRPL Analysis

To evaluate the separation and transfer of photoinduced charge carriers,
photoluminescence and time-resolved photoluminescence were measured. As displayed
in Figure 5.8(a), VNU-1, UiO-66, and UiO-66-NH2 have an emission band peak that
appeared at 430 nm, 410 nm, and 448 nm with a 375 nm excitation wavelength,
respectively. Note that UiO-67 has no emission detected between 350-600 nm, it is
reasonable because UiO-67 does not have any absorption of light under 375 nm, which
shown

in

the

UV-Vis

measurement

in

Figure

5.7(a). The

time-resolved

photoluminescence decay spectra over different Zr-based MOFs were monitored at their
specific emission band peak with the excitation wavelength of 375 nm. It was clearly
observed in Figure 5.8(b) that VNU-1 presented slower decay kinetics when in
comparison with UiO-66 and UiO-66-NH2, this result manifested that the efficient
separation and transfer of photoinduced electron-hole pair benefit from the prolonged
lifetime of photogenerated charge carriers in VNU-1 (0.63 ns). The lifetime of UiO-66
and UiO-66-NH2 are 0.47 ns and 0.15 ns, respectively.
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Figure 5.8 (a) PL emission and (b) TRPL lifetime of Zr-based MOFs
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5.4. Emerging Contaminants Removal Efficiency

5.4.1. Adsorption Capacity

As seen from Figure 5.9, all the organic linker and metal precursor shows no
adsorption capacity on sulfamethoxazole, proves that the adsorption activities are all
come from the synthesized MOFs. From the adsorption experiment shown in Figure 5.10,
VNU-1 has reached an adsorption percentage of sulfamethoxazole as high as 74.8% after
stirring for 1 hour. This result is 3 times higher than UiO-67 (24.9%) and 7.5 times higher
than UiO-66 (10.0%) and UiO-66-NH2 (10.2%) catalysts. The improved adsorption
capacity of VNU-1 and UiO-67 have resulted from the increase of pore size by elongating
the organic linker. Besides, it is found that UiO-66 and UiO-66-NH2 have the same
adsorption capacity on sulfamethoxazole, which indicates that the amino group on the
BDC linker only affects the optical properties of UiO-66-NH2, but not the adsorption
capacity for sulfamethoxazole.
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Figure 5.9 Photodegradation performance of metal precursor and organic linker on
sulfamethoxazole

Figure 5.10 Sulfamethoxazole adsorption activity over different Zr-based MOFs
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5.4.2. Photocatalytic Activity

Other than that, the photocatalytic performance was also investigated. Before the
light irradiation, all the systems have stirred for 1 hour and reached adsorption-desorption
equilibrium, so that the adsorption factor can be neglected. In Figure 5.11, VNU-1 with
the highest adsorption reached almost 100% degradation of sulfamethoxazole in 5
minutes while UiO-67 takes 20 minutes to degrade 100% of sulfamethoxazole, which
indicates that the adsorbed sulfamethoxazole can be easier to degrade. Also, it is found
that even though both UiO-66 and UiO-66-NH2 have the same adsorption capacity and
in fact that UiO-66-NH2 has a better light-harvesting property which shown in UV-Vis
result. The UiO-66 still has a better photodegradation performance than UiO-66-NH2, it
can be credited to the longer lifetime of the generated electron-hole pair in UiO-66. This
phenomenon proves that the prolonged lifetime also takes part in enhancing the
photodegradation performance. Therefore, the highest adsorption capacity and the
prolonged lifetime of photo-induced electron-hole pairs by VNU-1 possess the best
performance on the degradation of sulfamethoxazole among the MOFs.

The comparison of the degradation efficiency of sulfamethoxazole with the
previous study was listed in Table 5.1. As we can see, for the SMX/Catalyst ratio around
1 mg/g, VNU-1 has reached an adsorption uptake and rate constant with 67% and 0.478
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min-1, which is significantly higher than the AgI/UiO-66 photocatalyst. Other than that,
to compare with the highest SMX/Catalyst ratio of 25 mg/g in Table 5.1, the
concentration of SMX during the experiment has increased and the result has shown in
Figure 5.12. After increasing the concentration of SMX, VNU-1 still achieved a high
adsorption capacity of 40% after 30 minutes of stirring, and the resulting rate constant is
0.112 min-1, which is almost 40 folds higher than the p(HEA/NMMA)-CuS photocatalyst
(0.003 min-1).

Figure 5.11 Adsorption and photodegradation of 80 ppb sulfamethoxazole with various
Zr-based MOFs under simulated solar light irradiation
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Figure 5.12 Adsorption and photodegradation of VNU-1 on 2.5 ppm sulfamethoxazole;
(inset: pseudo first-order rate constant)
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Table 5.1 Comparison of degradation efficiency of sulfamethoxazole using different
porous photocatalyst
Catalyst

SMX/Catalyst

Adsorption percentage
after 30 minutes

Rate
Constant

Graphene-NiCdS

10 mg/g

10%

0.012 min

p(HEA/NMMA)CuS

25 mg/g

15%

0.003 min

AgI/UiO-66

10 mg/g

16%

0.32 min

C/Ag3PO4

10 mg/g

10%

0.043 min

Ag/P-g-C3N4

1 mg/g

11%

VNU-1

0.8 mg/g

VNU-1

25 mg/g

Reference

-1

32

-1

40

-1

33

-1

41

0.356 min

-1

42

67%

0.478 min-1

This Work

40%

0.112 min-1

This Work

5.4.3. Photocatalytic Kinetics

In the photodegradation process, the adsorbed sulfamethoxazole pollutants can be
degraded by the photogenerated active oxygen species from MOFs. Therefore, the
degradation reaction can be written as:

MOF···SMX + n AOS → degradation products
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where the MOF···SMX represent to the adsorbed sulfamethoxazole on the surface
of MOFs, AOS represent to the generated active oxygen species from MOFs during light
irradiation. The kinetic equation can be expressed as:

-

d[MOF···SMX]
d[AOS]
=-n
=k[MOF···SMX][AOS]n
dt
dt

The concentration of [AOS] can be regarded as a constant, because the active
oxygen species should be continuously generated under the light irradiation. Therefore,
under this circumstance, the degradation of sulfamethoxazole will follow a pseudo firstorder kinetic rate equation, which described as:

-

d[MOF···SMX]
=k1 [MOF···SMX]
dt

where
k1 =k[AOS]n
and

-ln

C
= -k1 t
C0

where k1 (min-1) represented to the pseudo first-order kinetic rate constant, C and
C0 is the concentration of sulfamethoxazole in the reaction solution at time t and initial
time, respectively.

51

doi:10.6342/NTU202001828

The degradation data were fitted to the pseudo first-order kinetics and the rate
constant k1 was calculated from the slope of ln (C) vs time (t) plot. The order of
photodegradation rate can be clearly seen from Figure 5.13 as follows: VNU-1 (0.478
min-1, R2 = 0.999) > UiO-67 (0.161 min-1, R2 = 0.974) > UiO-66 (0.039 min-1, R2 = 0.986)
> UiO-66-NH2 (0.011 min-1, R2 = 0.989). This results also indicating that other than the
adsorption capacity, MOFs also have strong photocatalytic activity on sulfamethoxazole.

Figure 5.13 Pseudo first-order kinetics curve of sulfamethoxazole degradation by
different Zr-based MOFs
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5.4.4. Size Selectivity Study

To study the size selectivity properties of VNU-1 towards antibiotics, humic acid
was applied as a comparison to form a mixture system. The properties of added antibiotics
and humic acid were listed in Table 5.2. As shown in Figure 5.14, Degussa P25 with low
selectivity degrades all the organic compound in the mixture system, including humic
acid. However, in Figure 5.14(a), (b), and (c), all three antibiotics (sulfamethoxazole,
ampicillin, and lincomycin) with different molecular weights (<500) were adsorbed by
VNU-1 and further photodegraded after the light irradiation. This result reveals that
VNU-1 has size-selective properties which can adsorb the small molecule antibiotics and
later carry out with light irradiation to degrade the antibiotics, therefore leaving the humic
acid in the system.

Besides, it is worth noting that the degradation efficiency of P25 on lincomycin is
faster than sulfamethoxazole and ampicillin. It might be related to the surface charge of
antibiotics because lincomycin has a positive surface charge under pH 7 while both
sulfamethoxazole and ampicillin have a negative surface charge under pH 7, and in fact
that P25 has a zeta potential value around -20 mV. Lincomycin with a positive charge is
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more affinity to P25, therefore P25 has a better photodegradation performance on
lincomycin.

Figure 5.14 Adsorption and photodegradation result of a different compound in a
mixture system, (a) Sulfamethoxazole, (b) Ampicillin, (c) Lincomycin, and (d) Humic
Acid
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Table 5.2 Surface properties of various antibiotics and humic acid
Antibiotics

Substances

Sulfamethoxazole

Ampicillin

Lincomycin

Humic Acid

253

349

406

~4,000

Negative

Negative

Positive

-

Structure

Molecular
Weight
Surface
Charge
under pH 7

5.4.5. Toxicity Test

The study of solution toxicity during the photodegradation reaction is also
important because the degradation product might have a more toxic property than the
original contaminants. Therefore, an experiment to demonstrate the toxicity of
degradation products were evaluated by Microtox®. As shown in Figure 5.15, the initial
solution containing 3 kinds of antibiotics along with humic acid does not show any
toxicity effect on V. fischeri. After light irradiation for 3 hours, antibiotics have reached
100% photodegradation. However, there is still no toxicity effect observed on V. fischeri,
this result indicating that the degradation product transformed from sulfamethoxazole,
ampicillin, and lincomycin by using VNU-1 photocatalyst is not toxic to bacteria.
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Figure 5.15 Concentration of various antibiotics at different time (left) ; Toxic Unit of
the degradation product (right)

5.4.6. Recycle Test

To investigate the stability and the sustainability of VNU-1, the recycle test has been
done. As shown in Figure 5.16, the photocatalytic efficiency nearly unchanged after five
runs. Moreover, the crystal structure of recycle VNU-1 remained the same crystalline
structure according to the characterizations of XRD. These results demonstrated that
VNU-1 is a stable Metal-Organic Framework photocatalyst which is suitable to apply in
wastewater treatment.
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Figure 5.16 Sulfamethoxazole (SMX), Lincomycin (LIN), and Ampicillin (AMP)
photodegradation results after 15 minutes over VNU-1 in the recycle experiment
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6. Conclusion
In summary, by elongating the organic linker, the bigger pore size of MOF can be
obtained. The VNU-1 with the enlarged pore size has the highest adsorption capacity
(74.8%), while comparing with UiO-67, UiO-66, and UiO-66-NH2, shows that the
importance of the pore size on adsorbing contaminants. On the other hand, the elongated
organic linker with benzene ring also improved the optical properties of the synthesized
MOFs. The band gap of MOF has reduced with the increment of the organic linker length
with the following order: UiO-66 (3.97 eV) > UiO-67 (3.68 eV) > VNU-1 (2.28 eV). The
lifetime of the photoinduced electron-hole pairs of VNU-1 also improved from 0.47 ns to
0.63 ns with the increasing of organic length. With the enhanced properties, VNU-1 has
reached a rate constant as high as 0.478 min-1 under neutral pH, such performance is
significantly higher than the UiO counterparts.

It is worth noting that under the mixture system of three different antibiotics and
humic acid. VNU-1 with the tailored pore size adsorbed all three different molecular
weight of antibiotics and further degrading it, and the degradation performance on
antibiotics is even better than the commercial P25. The outstanding performance can be
credited to the high adsorption uptake of antibiotics and the enhanced optical properties
such as light-harvesting and prolonged lifetime of photogenerated charge carriers by
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elongating the organic linker. In addition, the size-selective properties on the organic
compound of VNU-1 were one of the most eye-catching results, the selectivity was
promoted by adsorbing the small molecule antibiotics into the pores of VNU-1 and
leaving the big molecule humic acid in the water systems, it prevented the degradation of
the humic acid in the water systems. On the other hand, there is no any biotoxicity
observed in the solution after the photodegradation, indicating that the degradation
product does not contain toxicity. In the recycle test, the photocatalytic result of VNU-1
has remained the same after five consecutive runs, revealing that the good water stability
properties of VNU-1.

All these properties have proved that VNU-1 is a promising catalyst that has size
selective properties and excellent photocatalytic performance. This study provided a new
sight for synthesizing a photocatalyst to enhance the adsorption capacity and
photocatalytic activity in the wastewater treatment.
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7. Future Prospect
Although VNU-1 has shown its high performance on degrading the emerging
contaminants in water systems. The method of large-scale synthesizing VNU-1 is still
unclear. Also, the degradation product of antibiotics has not been discovered yet. Thus,
we should have put more effort into studying the degradation route of antibiotics by using
LC-TOF-MS instrument, and also focus on scaling up the synthesized catalyst yield.

In spite of the fact that the enlarged pore size of VNU-1 can helps on increasing the
adsorption uptake of the contaminants in water systems. But, the other photocatalysis
application such as H2 evolution and CO2 reduction does not need such huge pore size to
react. Therefore, it is worth to study on encapsulating some metal in the pore of VNU-1
to enhance the charge utilization properties. This even more improvement properties of
VNU-1 might bring out the chance to boost its photocatalytic efficiency again.
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Appendix
A.1. Calibration curve of (a) Sulfamethoxazole (b) Ampicillin (c) Lincomycin

(a) Sulfamethoxazole

(b) Ampicillin
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(c) Lincomycin

A.2. Calibration curve of Humic Acid

66

doi:10.6342/NTU202001828

