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Abstract

Carboxyl-functionalized Metal-Organic 
Frameworks for Adsorptive Removal of 

Toxic Chemicals in Oily Phase

Sunggyu Choi

Department of Materials Science and Engineering

The Graduate School

Seoul National University

This study aims to apply and optimize the adsorption process for toxic 

chemicals, such as quinoline, 3-MCPD and glycidol, in oily phase using 

carboxyl-functionalized Metal-Organic Frameworks (MOFs). In order to 

analyze the adsorption performance, three MOFs were synthesized with 

different ligands to control of the structure of the MOF. Among the samples, 

Fe-MIL-88_BDC synthesized with terephthalic acid showed the highest 

specific surface area. The high surface area resulted in efficient adsorption 

performance because open metal sites could be easily exposed. For all toxic 
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chemicals, Fe-MIL-88_BDC exhibited superior adsorption performance. In 

terms of adsorption kinetics, Fe-MIL-88_BDC showed the fastest adsorption 

rate. 

To further improve the adsorption performance of Fe-MIL-88_BDC, the 

ligands were functionalized with carboxyl groups. Ligand functionalization 

reduced pore contraction, improving the pore volume and surface area of Fe-

MIL-88_BDC-COOH. The maximum adsorption performance and initial 

adsorption rate of toxic chemicals were improved by the increment of 

surface area by providing additional acid-base interaction and carboxyl 

group which can form covalent bond with functionalized ligand. This study 

shows the possibility of adsorption and removal of toxic chemicals in oily 

phase by using MOFs and provides systematic data on the synthesis and 

selection of MOFs applied in oily phase.
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1. Introduction

As an engineered process, adsorption technology has many applications 

ranging from treatment of various pollutants to separation and removal of 

specific chemicals for both liquid and gas phases due to simple and cost 

effective process [1]. Besides, adsorption technology is particular interest for 

oil processing, as the oil contains numerous organic compounds [2]. With 

increasing world’s population and improving standard of living, the world’s 

demand for various oils such as fuels and edible oils is substantially 

increasing [3-5]. However, Toxic chemicals such as quinoline, 3-MCPD 

esters and glycidyl esters in oily phase have a negative impact on the 

environment and human body. Quinoline is one of the various nitrogen 

containing compounds in fuel and has toxic and carcinogenic activity to the 

humans (Figure 1) [6, 7]. In addition, quinoline produces nitrogen oxides 

upon combustion, which act as a major cause of smog and acid rain, thus 

adversely affecting the environment [8, 9]. Quinoline also reduces the 

activity and lifetime of catalysts that remove sulfur-containing compounds in 

fossil fuels [10]. 3-chloropropane-1,2-diol (3-MCPD) esters and glycidyl 

esters are produced under high temperature conditions of deodorization 

during the refining of edible oils [11, 12]. When ingested refined oil, these 

materials might undergo hydrolysis and converted to 3-MCPD and glycidol 
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in the human body [13].

Many researchers and manufacturers have suggested various methods for 

removing toxic chemicals such as nitrogen-containing compounds, 3-MCPD 

and glycidol [14]. Hydrotreating requires high temperature and pressure. In 

addition, a large amount of hydrogen should be used and is inefficient in 

price [15]. The ion-exchange method has some disadvantages such as needs 

for chemicals to regenerate, high installation cost, and limited use at high 

temperature [16]. Oxidation methods proceed in multistep and the 

appropriate solvent should be used in the extraction step. Corrosive oxidizing 

agents are used in the extraction stage and energy consumption is high [17]. 

Since the various methods previously used have several limitations, 

adsorption is drawing attention to remedy these limitations [18]. Various 

organic and inorganic materials have been applied to adsorption. These 

include mesoporous silica, zeolite, graphene oxide and activated carbon, etc. 

However, mesoporous silica and zeolite are not well dispersed in oil. The 

functionality is also limited. Carbon-based materials also have disadvantages 

such as low selectivity and limited functionality [14, 19]. 

Although several materials are being applied for adsorptive removal for 

various toxic chemicals in oily phase, Metal-Organic Frameworks (MOFs)

are the most promising and recently established adsorbents that can be

effectively applied for adsorption in oily phase because of facile structural 



３

control and functionalities [20]. MOFs are porous materials made from 

metal-containing nodes and organic linkers. Typical characteristics of MOF 

are high chemical and thermal stability, ultrahigh porosity, and structural 

diversity. Due to these characteristics, it is applied to various fields such as 

gas storage [21], separation [21], catalysis and chemical sensing [22] (Figure 

2). These properties can also have a favorable effect on adsorption in the 

liquid phase [23].

The main mechanisms for adsorption of MOF are acid-base interaction, 

covalent bond and van der waals force [14]. Acid-base interaction is common 

and easily understood mechanism of MOF. Acid-base interaction with 

adsorbates occurs through open metal sites such as Fe3+, Cr3+ and V3+ or 

surface functionalization [24]. Van der waals force is applicable at ambient

temperatures, and since the adsorption process usually proceeds at low or 

ambient temperatures, van der waals force can be easily applied in 

adsorption [25]. Covalent bond can be achieved by functionalization of 

MOFs. It mainly forms covalent bonds with adsorbates by adding functional

groups to the ligand [26]. 

Various MOFs have been studied for adsorption in the liquid phase, 

especially in the oily phase due to high adsorption capacity. Among them, Fe 

based MIL-88 has several notable features. Fe-MIL-88 series are cheap, 

biocompatible and biodegradable. Furthermore, These MOFs have high 
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chemical and thermal stability [27]. The structure of Fe-MIL-88 consists of

the trimers of iron(Ⅲ) and the dicarboxylate groups such as terephthalic acid, 

2,6-naphthalenedicarboxylic acid and 4,4’-biphenyldicarboxylic acid. 

Regardless of ligand types, each material exhibits the same symmetry and

space group [28] (Figure 3 and 4). However, there is no application of Fe-

MIL-88 series in oily phase. So, it is necessary to study how adsorption 

performance of Fe-MIL-88 series changes depending on the type of ligands.

In this study, we prepared various Fe-based MIL-88s using a hydrothermal 

reaction. The properties of the synthesized Fe-MIL-88s are characterized 

with crystal structure, surface area, surface chemistry and morphology. The 

synthesized Fe-MIL-88s are used to adsorb quinoline, 3-MCPD and glycidol. 

After adsorption, the residual quinoline concentration is analyzed by a UV-

vis spectroscopy and 3-MCPD and glycidol are analyzed by a 1H nuclear 

magnetic resonance (1H NMR) spectroscopy. The adsorption kinetics are 

fitted to the pseudo-first order (PFO) and pseudo-second order (PSO) 

equation. To confirm the maximum adsorption capacity and adsorption 

mechanism, the adsorption isotherms are fitted to the Freundlich and 

Langmuir model. After carboxyl-functionalization of the best superior 

adsorbents, the adsorption performance was analyzed and compared.
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Figure 1. Examples of various nitrogen-containing compounds [6]



６

Figure 2. Number of Metal-Organic frameworks structures [20]
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Figure 3. Structure of Fe-MIL-88s with different ligands [27]



８

Figure 4. Structure of Fe-MIL-88s for (001) plane [29]

2. Experimental

2.1. Materials

Iron(Ⅲ) chloride hexahydrate (98%, Daejung) was used as a metal ion 

cluster. Terephthalic acid (98%, Sigma-Aldrich), 2,6-

naphthalenedicarboxylic acid (95%, Sigma-Aldrich), Biphenyl-4,4’-

dicarboxylic acid (97%, Sigma-Aldrich), 2-Aminoterephthalic acid (99%, 

Alfa Aesar) were used for synthesizing various Fe-MIL-88s. Maleic 

anhydride (≥99.0%, Sigma-Aldrich) was used for carboxyl-functionalization.

N,N-Dimethylformamide (99,5%, Daejung, Korea), n-Octane (95%, 

Samchun, Korea), Toluene (99.5%, Daejung, Korea), Isopropyl alcohol 

(99.5%, Daejung, Korea), Dichloromethane (99.5%, Daejung, Korea) were 

used as an organic solvent. Quinoline (97%, Alfa Aesar), (±)-3-Chloro-1,2-

propanediol (98%, Sigma-Aldrich), (±)-Glycidol (96%, Sigma-Aldrich) were 

used as a adsorbate. Chloroform-d (99.8 atom %D, Sigma-Aldrich) was used 

as a NMR solvent.
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2.2. Synthesis of Fe-MIL-88s using various ligands

2.2.1 Synthesis of Fe-MIL-88_NDC

Synthesis of Fe-MIL-88_NDC was conducted according to a previously 

reported method. Firstly, 2.56 g of Iron(Ⅲ) chloride hexahydrate and 2.08 g 

of 2,6-naphthalenedicarboxylic acid were put into 250 ml 3-neck round-

bottomed flask and 100 ml of DMF was added. Secondly, the solution was 

reacted with reflux at 130  under continuous stirring for 18 h. The product ℃

was filtered and washed several times with DMF and ethanol and dried under 

vacuum condition at 80  for 24 h℃ [30]. Overall scheme is subscribed in 

Figure 5 and Table 1.

2.2.2 Synthesis of Fe-MIL-88_BDC

Synthesis of Fe-MIL-88_BDC was conducted according to a previously 

reported method. Firstly, 1.35 g of Iron(Ⅲ) chloride hexahydrate was 

dissolved in 45 ml of DMF at room temperature under stirring for 20 min, 

named solution A. Using another vial, 0.83 g of Terephthalic acid was 

dissolved in 45 ml of DMF at room temperature under stirring for 15 min, 

named solution B. Secondly, solution B was added to the solution A. Then, 

mixed solution was stirred at room temperature for 30 min to achieve a 
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homogeneous solution. The mixed solution was transferred into a Teflon-

lined autoclave and placed in an oven at 110  for 24 h. The product was ℃

filtered and washed several times with DMF and ethanol and dried under 

vacuum condition at 80  for 24 h℃ [31]. Overall scheme is subscribed in 

Figure 5 and Table 1.

2.2.3. Synthesis of Fe-MIL-88_BPDC

Synthesis of Fe-MIL-88_BPDC was conducted according to a previously 

reported method. Firstly, 1.62 g of Iron(Ⅲ) chloride hexahydrate and 0.84g 

of Biphenyl-4,4’-dicarboxylic acid were dispersed in 30 ml of DMF. The 

dispersed solution was transferred into a Teflon-lined autoclave and placed in 

an oven at 100 ℃ for 12 h. The product was filtered and washed several 

times with DMF and ethanol and dried under vacuum condition at 80 ℃ for 

24 h [32]. Overall scheme is subscribed in Figure 5 and Table 1.
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Figure 5. Schematic illustration of synthesis of Fe-MIL-88s using various 

organic ligands

Fe-MIL-88_NDC FeCl3∙6H2O (2.56 g)
2,6-Naphthalen 

dicarboxylic acid (2.08 g)

Fe-MIL-88_BDC FeCl3∙6H2O (1.35 g)
Terephthalic acid

(0.84 g)

Fe-MIL-88_BPDC FeCl3∙6H2O (1.62 g)
4,4’-biphenyl 

dicarboxylic acid (0.84 g)
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Table 1. Synthetic condition of Fe-MIL-88 series

2.3. Synthesis of carboxyl-functionalization of Fe-

MIL-88_BDC

Synthesis of amine-functionalization Fe-MIL-88_BDC was conducted 

according to a previously reported method. 1.13 g of Iron(Ⅲ) chloride 

hexahydrate, 1.89g of 2-Aminoterephthalic acid and 0.75 g of distilled water

were dispersed in 70 ml of DMF. Subsequently, the dispersed solution was 

transferred into a Teflon-lined autoclave and placed in an oven at 150 ℃ for 

3 days. The product was filtered and washed several times with copious

DMF and ethanol and dried under vacuum condition at 80 ℃ for 24 h [33]. 

Secondly, 600 mg of the synthesized powder, named Fe-MIL-88_BDC-NH2

and 600 mg of maleic anhydride were mixed in 30 ml of dichloromethane at 

Fe-MIL-88_NDC DMF 100 ml 130 , 18 h℃

Fe-MIL-88_BDC DMF 45 ml 100 ℃, 24 h

Fe-MIL-88_BPDC DMF 30 ml 100 ℃, 12 h
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room temperature for 2 days. The final powders were filtered and washed 

with dichloromethane and ethanol and dried under vacuum condition at 80 ℃

for 24 h [34]. Overall scheme is subscribed in Figure 6.
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Figure 6. Schematic illustration of synthesis of carboxyl-

functionalization of Fe-MIL-88_BDC-COOH
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2.4. Characterization of synthesized Fe-MIL-88s

2.4.1 Crystal structure

X-ray diffraction (XRD) measurements were applied to identify the 

crystallinity of the synthesized Fe-MIL-88s. using Bruker New D8-Advance 

with CuKα radiation (λ = 1.5406 Å) generated at a voltage of 40 kV and a 

current of 40 mA. The scattering angle ranges between 5 to 40° at 2°min-1.

The crystallite sizes were obtained by using the Scherrer equation (Φ = 

Kλ/βcosθ), where Φ is the crystallite size, λ is 0.154 nm that is the 

wavelength of the X-ray irradiation, K is usually assumed taken as 0.89, β is 

the full width at half-maximum intensity (FWHM), and θ is bragg angle for 

various Fe-MIL-88s. Bragg’s law (nλ = 2dsinθ) was used to determine the 

spacing between layers for different types of ligands. In the equation of 

bragg’s law, d is the spacing between layers.

2.4.2 Morphology 

Surface morphologies of the synthesized Fe-MIL-88s was observed with 

field-emission scanning electron microscopy (FE-SEM, SIGMA, applied 

voltage: 3.0 kV) with surface platinum coating. To analyze each particle’s 
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size and morphology, high resolution-transmission electron microscopy (HR-

TEM, JEOL JEM-3010) was performed.

2.4.3. Pore textural property

Nitrogen adsorption-desorption isotherms were measured with a

Mircrometrics ASAP 2020 apparatus after all the samples were degassed at 

150 oC for 6 h. The specific surface area of the synthesized Fe-MIL-88s was 

estimated by utilizing the Brunauer-Emmett-Teller (BET) method. Pore 

volume and pore size distributions were calculated by the Barrett-Joyner-

Halenda (BJH) method.

2.4.4. Chemical structure 

Fourier-transform infrared (FT-IR) spectroscopy characterization of the 

synthesized Fe-MIL-88s for monitoring of the modification was performed 

using Thermo Scientific Nicolet spectrophotometer with a spectral resolution 

of 4 cm-1 in the range of 500 - 4000 cm-1. All synthesized samples were 

prepared by compression-molding and potassium bromide (KBr) powder was 

used as sample matrix and reference material. 

2.4.5. Thermal behavior 

Thermal behavior of various Fe-MIL-88s were analyzed by 
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thermogravimetric analysis (TGA). Thermogravimetric analysis was carried 

out using SDT Q-600 under flowing oxygen. Temperature ranges were from 

room temperature to 500 oC and heating rate was 10 oC/min. The masses of 

the samples were approximately 5 ~ 10 mg. Thermal degradation stability 

of the synthesized Fe-MIL-88s were calculated using the temperature of 10 % 

weight loss of the samples, Td10.

2.5. Adsorption test for toxic chemicals

2.5.1. Calibration curve of standard solution

For the calibration of quinoline, n-octane was used to make solutions with 

concentrations of 50, 25, 12.5, 6.25 and 3.125 ppm, respectively. The 

concentrations of quinoline were determined by using UV-Vis spectroscopy

(Lambda 25 UV-Vis Spectrometer). The UV absorbance at 313 nm was to 

calculate the concentrations of quinoline [8]. 

For the calibration of 3-MCPD and glycidol, isopropyl alcohol and toluene 

were thoroughly mixed to make a standard solution. The ratio of isopropyl 

alcohol and toluene was set to 1:1 (w/w) at room temperature. To make a 

solution with concentrations of 2, 4, 6, 8 and 10 wt%, 3-MCPD and glycidol 

were added to the co-solvent. Proton nuclear magnetic resonance (1H NMR, 

Bruker AVANCE 600) spectroscopy was been used to determine the 
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concentrations of standard solutions by calculating the peaks of integration.

2.5.2. Adsorption kinetics

All adsorption kinetic experiments were carried out by a batch method. 

The adsorption kinetic experiments were divided according to the type of 

media in which toxic chemicals exist. For the adsorption kinetics of 

quinoline, stock solutions of quinoline with a concentration with 50 ppm

were prepared by dissolving a proper amount of quinoline in n-octane. The 

experiments for evaluating adsorption kinetics were conducted at room 

temperature with different times (5, 15, 30, 60, 120 and 720 min) in the 50 

ml propylene conical tubes by adding 5 mg of synthesized Fe-MIL-88s into 

the 20 ml of quinoline solution. When the adsorption kinetics experiments 

were finished, the particles were filtered with hydrophobic syringe filter 

(Advantec, average pore size: 0.1 µm). The filtered solution was analyzed 

with a UV-vis spectroscopy. The UV absorbance at 313 nm was to calculate 

the concentrations of quinoline.

For adsorption kinetics of 3-MCPD and glycidol, Exact amounts of 3-

MCPD and glycidol were dissolved in co-solvent of isopropyl alcohol and 

toluene to make a concentration of 10 wt%. The adsorption tests for 

adsorption kinetics were conducted at room temperature with different times 

(5, 15, 30, 60, 120 and 720 min) in 10 ml glass vial by adding 50 mg of Fe-
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MIL-88s into the 1 g of 3-MCPD and glycidol solution (1:20 w/w). When 

the adsorption kinetics experiments were finished, the particles were filtered 

with hydrophobic syringe filter (Advantec, average pore size: 0.1 µm). The 

filtered solution was analyzed with a 1H NMR. The concentration of 

adsorbate is measured by the ratio of the integral of adsorbate and solution.

Overall scheme is subscribed in Figure 7 and Table 2. The adsorption 

kinetics were evaluated by using the pseudo-first-order and pseudo-second-

order kinetics models.

(i) Pseudo-first-order kinetics model

The pseudo-first-order adsorption kinetics model is expressed by Eqs. 

(1).

�� = ��(1 − �����)	               (1)

where qe (mg g-1) and qt (mg g-1) are the amounts of adsorbate uptake per 

mass of adsorbent at equilibrium and at any time t (min). k1 (min-1) is the rate 

constant of the pseudo-first-order kinetics model [35].

.(ii) Pseudo-second-order kinetics model

The pseudo-first-order adsorption kinetics model is expressed by Eqs. 
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(2).

�� =
��
����

�������
	                   (2)

where k2 (min-1) is the rate constant of the pseudo-second-order kinetics 

model. qe (mg g-1) and qt (mg g-1) are the amounts of adsorbate uptake per 

mass of adsorbent at equilibrium and at any time t (min) which are same 

meaning in the pseudo-first-order kinetics model [35].

2.5.3. Adsorption isotherms

To determine the maximum adsorption capacities of toxic chemicals, all 

adsorption isotherm experiments were carried out by a batch method. The 

adsorption isotherm experiments were divided according to the type of media 

in which toxic chemicals exist. For adsorption isotherm of quinoline, stock 

solutions of quinoline with a concentration with 2000 ppm were prepared by 

dissolving a proper amount of quinoline in n-octane. The solution is diluted 

to make various concentrations required for the adsorption isotherm 

experiment (2000, 1000, 500, 250, 125 and 62.5 ppm). The experiments 

were conducted at room temperature for 12 h in the 50 ml propylene conical 

tubes by adding 5 mg of synthesized Fe-MIL-88s into the 20 ml of quinoline 

solution. When the adsorption isotherms experiments were finished, the 
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particles were filtered with hydrophobic syringe filter (Advantec, average 

pore size: 0.1 µm). The filtered solution was analyzed with a UV-vis 

spectroscopy. The UV absorbance at 313 nm was to calculate the 

concentrations of quinoline. For adsorption isotherms of 3-MCPD and 

glycidol, solutions with different concentrations were prepared accordingly. 

Solutions having various concentrations of adsorbate were used obtain 

adsorption isotherms. For adsorption isotherm experiments, 50 mg of Fe-

MIL-88s were added into the solution and stirred magnetically at room 

temperature for 2 h. After adsorption experiments, the solution was separated 

from the adsorbate with hydrophobic syringe filter (Advantec, average pore 

size: 0.1 µm). The filtered solution was analyzed with 1H NMR. The 

concentration of adsorbate is measured by the ratio of the integral of 

adsorbate and solution.

Overall scheme is subscribed in Figure 7 and Table 3. The adsorption 

isotherms were explained by using the freundlich and Langmuir isotherms.

The freundlich model describes the multilayer adsorption onto heterogeneous 

surfaces. On the other hand, The Langmuir model describes the monolayer 

adsorption onto the homogeneous surface and identical affinity for adsorbate 

on the all the surface. It is also assumed that there is no interaction between 

adsorbates [36].



２２

(i) Freundlich model

The freundlich model is expressed by Eqs. (3).

�� = ����
�                     (3)

where qe (mg g-1) is the amount of adsorbate at equilibrium, Ce (mg L-1) is 

the adsorbate concentration at equilibrium, KF is freundlich consatant (mg1-

(1/n) L1/n g-1) and n (dimensionless) is freundlich intensity parameter which 

indicates the magnitude of the surface heterogeneity or the adsorption 

driving force [37].

(ii) Langmuir model

The pseudo-first-order adsorption kinetics model is expressed by Eqs. 

(4).

�� =
����
� ����

������
	                  (4)

where qe (mg g-1) is the amount of adsorbate at equilibrium, ����
� ((mg g-1) 

is the maximum adsorption capacity of an adsorbent, Ce (mg L-1) is the 

adsorbate concentration at equilibrium and KL (L mg-1) is equilibrium 

constant related to the affinity between an adsorbate and adsorbent [37].
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Figure 7. Illustration of adsorption experiments and quantitative analysis of toxic chemicals
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Table 2. Adsorption kinetic conditions of toxic chemicals

Table 3. Adsorption isotherm conditions of toxic chemicals

Adsorbates Quinoline Glycidol / 3-MCPD

concentration

Time 5, 15, 30, 60, 120, 720 min

Temperature Room temperature

Rate of stirring 200 rpm

Adsorbates Quinoline Glycidol / 3-MCPD

concentration

Time 720 min

Temperature Room temperature

Rate of stirring 200 rpm
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3. Results and Discussion

3.1. Characteristics of the synthesized Fe-MIL-88s

3.1.1. Structural properties

The positions of the diffraction peaks of the synthesized Fe-MIL-88s were 

confirmed to be consistent with those reported in the previous studies [30, 31, 

38]. It is estimated that d-spacing value of the synthesized Fe-MIL-88s were 

calculated with the Bragg’s law and Scherrer equation (Table 4). (001) plane 

of the crystals indicates the connection of ligands in the Fe-MIL-88 series.

The d-spacing value in the (001) plane are arranged according to the length

of the ligand (Figure 8) [29]. Since the length of the ligand of Fe-MIL-

88_BDC was the shortest, the d-spacing value was also the smallest. This 

means that the distance between lattices is the shortest in the (001) plane [39].

These results indicate that Fe-MIL-88 series was well formed in crystal 

structure. The order of the d-spacing values of the Fe-MIL-88 series varies 

depending on the direction of the plane. This affects the tendency of the pore 

textural properties. Figure 9 and Figure 10 indicate the nitrogen adsorption-

desorption isotherm and BJH desorption cumulative pore volume of various 

Fe-MIL-88s, respectively. BET surface area, pore volume and average pore 
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size of various Fe-MIL-88s are displaced in Table 5. Although the ligand of 

Fe-MIL-88_BDC has the shortest length, Fe-MIL-88_NDC had the smallest 

value in surface area, pore volume and pore size. This is because that organic 

ligands of Fe-MIL-88_NDC occupy a large area, limiting the surface area 

and narrowing the pore size. This has been proven by images through

computing simulation [27]. Pore textural properties of Fe-MIL-88_BPDC are

smaller than that of Fe-MIL-88_BDC due to the smaller geometric surface 

per volume. As a result, the order of surface area is small in order of Fe-

MIL-88_NDC, BPC and BDC [40]. It was confirmed that the surface areas 

of all Fe-MIL-88 series were less than 10m2 g-1. This results can be 

explained because previous studies have reported that specific surface area of 

the MIL-88 series is low due to the pore contraction in the dried state [41, 

42].
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Figure 8. XRD patterns of synthesized Fe-MIL88 series
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Table 4. d-spacing and crystallite size values of the Fe-MIL-88s

MOFs h  k  l 2Θ (deg.) d-spacing (nm) FWHM (2Θ)
Crystallite size 

(nm)

88_NDC 0  0  2 7.495 1.18 0.107 73.63

88_BDC 0  0  2 9.669 0.91 0.099 79.70

88_BPDC 0  0  2 6.292 1.40 0.095 82.88
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Figure 9. N2 adsorption-desorption isotherm of various Fe-MIL-88s
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Figure 10. BJH desorption cumulative pore volume of various Fe-MIL-

88s
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Table 5. Surface area and pore size of various Fe-MIL-88s

Sample BET surface area Pore volume Average pore size

Fe-MIL-88_NDC 2.576 m2/g 0.0021 cm3/g 1.91 nm

Fe-MIL-88_BDC 8.223 m2/g 0.0176 cm3/g 7.96 nm

Fe-MIL-88_BPDC 2.876 m2/g 0.0070 cm3/g 9.79 nm
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3.1.2 Morphology 

  FE-SEM images of the synthesized Fe-ML-88s are shown in Figure 11

The morphology of the bipyramidal hexagonal prism were similar to that 

reported previously [32, 43]. It was found that the shape of bipyramidal 

hexagonal prism did not change when the ligand type was changed. On the 

other hand, it was confirmed that the length and thickness of the shape were 

slightly different. This is probably due to the change of crystal lattice 

structure by different ligands. Similar to FE-SEM images, bipyramidal 

hexagonal prism shape was observed through HR-TEM images (Figure 12).
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Figure 11. FE-SEM images of the synthesized Fe-MIL-88s
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Figure 12. HR-TEM images of the synthesized Fe-MIL-88s
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3.1.3 Chemical structure

Figure 13 shows the FT-IR spectra of various Fe-MIL-88s. In case of Fe-

MIL-88_NDC, the peaks of 1605 cm-1 are assigned to the C=C stretching 

vibration. In addition, the peaks of 1200 cm-1 and 768 cm-1 are ascribed to 

the C-O stretching vibrations and C-H bending, respectively. Also, the peaks 

of 500 cm-1 are related to the Fe-O vibration [44]. In case of Fe-MIL-

88_BDC, the characteristics bands at 1599 cm-1 and 1390 cm-1 are ascribed 

to the asymmetric and symmetric stretching vibration modes of the 

coordinating carboxyl groups. Meanwhile, the peaks at 750 cm-1 are C-H 

bending vibration of the aromatic ring. In addition, the peaks of 550 cm-1 are 

ascribed to the Fe-O vibration [45]. Bn The peaks of Fe-MIL-88_BPDC are 

relatively more varied and complex than that of Fe-MIL-88_N DC and Fe-

MIL-88_BDC. The characteristics bands at 1683 cm-1 and 1295 cm-1 are 

ascribed to the C=O stretching vibration and C-O stretching vibration. In 

addition, the peaks of 758 cm-1 are ascribed to the C-H bending and the 

peaks of 550 cm-1 are related to the Fe-O stretching [46]. The FT-IR peaks of 

all synthesized Fe-MIL-88s were consistent with those reported in the 

literature, confirming that the synthesized samples were chemically coupled 

well.
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Figure 13. FT-IR spectra of the synthesized Fe-MIL-88s
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3.1.4 Thermal behavior

Thermal behaviors of various Fe-MIL-88s are shown in Figure 14.

Around 300 °C, weight of the Fe-MIL-88s is decreased rapidly because 

organic ligands which are forming the structure of the metal organic 

framework are degraded [42]. In addition, the temperature of 10 % weight 

loss, Td10, of various Fe-MIL-88s are listed in Table 6. The Td10 temperatures 

of Fe-MIL-88_NDC, BDC and BPDC are 310.9 ℃, 268.2 °C and 294.9 °C, 

respectively. From the thermograms and table, It was confirmed that the 

synthesized Fe-MIL-88s were thermally stable up to about 300 °C. Among 

them, Fe-MIL-88_BDC was the most thermally stable. Through the thermal 

analysis of the synthesized Fe-MIL-88s, it was confirmed that these 

materials have suitable thermal stability to be utilized in the industry.
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Figure 14. TGA curves of various Fe-MIL-88s

Table 6. Td10 (10 % weight loss temperature) of various Fe-MIL-88s

Sample Td10 (℃)

Fe-MIL-88_NDC 268.2

Fe-MIL-88_BDC 310.9

Fe-MIL-88_BPDC 294.9
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3.2. Evaluation of adsorption performance of various 

Fe-MIL-88s toward toxic chemicals

3.2.1. Adsorption kinetics

The effect of contact time between quinoline and Fe-MIL-88 series was 

examined for investigating adsorption rate of Fe-MIL-88 series for quinoline.

As shown in Figure 15, the adsorption capacity reaches equilibrium within 

120 minutes. To further analyze the adsorption kinetics of quinoline 

adsorption onto Fe-MIL-88s, the data was fitted to two kinetic models; 

pseudo-first order model and pseudo-second order model. As listed in Table 

7, the results indicate that adsorption of quinoline on Fe-MIL-88s is fitted to 

the pseudo-second order kinetic model by comparing the values of 

correlation coefficient (R2). By the comparison of k2 values of pseudo-

second order equation, the qe values of Fe-MIL-88_BDC indicated that the 

adsorption for quinoline onto the Fe-MIL-88_BDC is the fastest. Adsorption 

capacity was also highest in Fe-MIL-88_BDC. This result shows that Fe-

MIL-88_BDC has the highest surface area and pore volume, which means 

that the largest number of open metal sites can have an acid-base interaction 

with quinoline.

To identify the rate of adsorption for 3-MCPD and glycidol, the effect of 
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contact time on 3-MCPD and glycidol removal by the synthesized Fe-MIL-

88s were shown in Figure 16 and 17. In the case of both adsorbates, the 

adsorption equilibrium onto the synthesized Fe-MIL-88s was achieved 

within 2 hours. In addition, the order of adsorption amount was in the order 

of Fe-MIL-88_BDC, BPDC and NDC for both adsorbents. To further 

analyze the adsorption kinetics of 3-MCPD and glycidol adsorption onto Fe-

MIL-88s, the data was fitted to two kinetic models; pseudo-first order model 

and pseudo-second order model. The parameters of pseudo-first order kinetic 

and pseudo-second order kinetic model were listed in Table 8. Both 

adsorption kinetics of 3-MCPD and glycidol onto Fe-MIL-88s were fitted in 

pseudo-second order kinetic model with a correlation coefficient. Comparing 

the k2 value from pseudo-second order equation of three Fe-MIL-88s, it was 

confirmed that Fe-MIL-88_BDC has a high adsorption rate for both 

adsorbates. In addition, similar to adsorption of quinoline, Fe-MIL-88_BDC 

had the highest adsorption performance. This is because the surface area and 

pore volume of Fe-MIL-88_BDC are the highest, there are a lot of sites for 

van der waals interaction with 3-MCPD and glycidol. From these results, it 

can be seen that the adsorption rate and capacity appear in order to the 

tendency of the surface area and pore volume.
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Figure 15. Adsorption kinetics of quinoline uptakes in various Fe-MIL-

88s
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Table 7. Kinetic parameters of the pseudo-first order model; (a) and the 

pseudo-second order model; (b) for quinioline adsorption

(a)

(b)

PFO equation qe k1 R2

Fe-MIL-88_NDC 4.2239 0.0289 0.9867

Fe-MIL-88_BDC 17.262 0.1067 0.9872

Fe-MIL-88_BPDC 11.809 0.0695 0.8697

PFO equation qe k1 R2

Fe-MIL-88_NDC 4.7259 0.0077 0.9875

Fe-MIL-88_BDC 18.587 0.0086 0.9941

Fe-MIL-88_BPDC 12.793 0.0084 0.9516
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Figure 16. Adsorption kinetics of 3-MCPD uptakes in various Fe-MIL-

88s
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Figure 17. Adsorption kinetics of glycidol uptakes in various Fe-MIL-88s
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Table 8. Kinetic parameters of the pseudo-first order model and the pseudo-second order model for 3-MCPD 

and glycidol adsorption
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3.2.2. Adsorption isotherms 

As shown in Figure 18, All Fe-MIL-88 series showed that the adsorption 

capacity of quinoline increases as the initial concentration of quinoline 

increases. To further analyze the adsorption isotherms of quinoline 

adsorption onto Fe-MIL-88s, the data from adsorption isotherm experiments 

were fitted to the two isotherm models: Freundlich model and Langmuir 

model. The fitting parameters were listed in Table 8. From the value of 

correlation coefficient (R2), adsorption isotherms of quinoline onto the 

synthesized Fe-MIL-88s were better fitted to the langmuir model than 

freundlich model. Therefore, adsorption for quinoline onto the various Fe-

MIL-88s is a monolayer adsorption on homogenous surfaces. Comparing the 

value of ����
� from langmuir model, Fe-MIL-88_BDC exhibits the highest 

quinoline uptakes. This is because the higher surface area and pore volume, 

the more open metal sites can interact with quinoline. This can lead to more 

acid-base interactions.

To evaluate the adsorption isotherms of 3-MCPD and glycidol, batch 

adsorption experiments were conducted at room temperature with initial 

concentration from 2 to 10 wt %. The adsorption isotherms of 3-MCPD and 

glycidol onto various Fe-MIL-88s were shown in Figure 19 and 20. In the 

cases of both 3-MCPD and glycidol adsorption, adsorption amounts at Fe-

MIL-88_BDC were the highest among the three synthesized Fe-MIL-88s. 
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The parameters of the Freundlich and Langmuir model were listed in Table 9. 

In the case of both 3-MCPD and glycidol adsorption, the value of correlation

coefficient of Langmuir model was higher than the value of Freundlich 

model. Therefore, 3-MCPD and glycidol adsorption onto various Fe-MIL-

88s were fitted with the Langmuir model. From this result, 3-MCPD and 

glycidol adsorption onto Fe-MIL-88s is a monolayer adsorption on a 

homogeneous surfaces and Fe-MIL-88_BDC exhibits the highest 3-MCPD 

and glycidol uptakes as in the quinoline adsorption. The higher the surfacea 

rea, the more van der waals interactions can be induced. These results 

confirmed that Fe-MIL-88_BDC had the best adsorption capacity for toxic 

chemicals in oily phase.
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Figure 18. Adsorption isotherms of quinoline uptakes in various Fe-

MIL-88s
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Table 8. Isotherm parameters of the Freundlich model; (a) and 

Langmuir model; (b) for quinoline adsorption

(a)

(b)

Freundlich Kf n R2

Fe-MIL-88_NDC 1.5586 0.5318 0.9090

Fe-MIL-88_BDC 1.7846 0.5830 0.9902

Fe-MIL-88_BPDC 1.4820 0.5638 0.9703

Langmuir ����
� KL R2

Fe-MIL-88_NDC 117.4 0.0013 0.9747

Fe-MIL-88_BDC 222.3 0.0009 0.9941

Fe-MIL-88_BPDC 153.5 0.0011 0.9906
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Figure 19. Adsorption isotherms of 3-MCPD uptakes in various Fe-MIL-

88s
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Figure 20. Adsorption isotherms of glycidol uptakes in various Fe-MIL-

88s
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Table 9. Isotherm parameters of the Freundlich model and Langmuir model for 3-MCPD and glycidol 

adsorption 
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3.3. Characteristics of the carboxyl-functionalized Fe-

MIL-88_BDC

3.3.1. Structural property

The characteristic peaks of Fe-MIL-88_BDC-NH2 were clearly observed

as shown in Figure 21 [47]. The pattern sharpness indicates a high degree of 

crystallinity of the space group and structure without other peaks. This 

means that pure Fe-MIL-88_BDC-NH2 were obtained. The XRD pattern of 

MOFs maintains the same pattern after the post synthetic modification 

reaction [48]. The patterns are identical after carboxyl-functionalization of 

Fe-MIL-88_BDC-NH2 and confirm the successful synthesis of Fe-MIL-

88_BDC-COOH. However, the intensity of the XRD peaks is lower than that 

of Fe-MIL-88_BDC due to the post modification with pore filling. This 

means that the crystallinity is relatively lower than that of Fe-MIL-88_BDC-

NH2 [48]. This result also supported the data of textural properties. Figure 

22 and Figure 23 indicate the N2 adsorption-desorption isotherm and BJH 

desorption cumulative pore volume of various Fe-MIL-88_BDC-NH2 and 

BDC-COOH, respectively. BET surface area, pore volume and average pore 

size of Fe-MIL-88_BDC-NH2 and COOH are displaced in Table 10.

Comparing of Fe-MIL-88_BDC-NH2 and BDC-COOH, it was confirmed 

that the surface area, pore volume and average pore size of Fe-MIL-
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88_BDC-COOH were slightly decreased due to the post modification [49]. 

Comparing Fe-MIL-88_BDC and functionalized Fe-MIL-88_BDC, the 

introduction of functional groups reduced the extent of pore contraction, 

which led to an increase in pore size and surface area [50, 51].
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Figure 21. XRD patterns of synthesized Fe-MIL-88_BDC-NH2
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Figure 22. N2 adsorption-desorption isotherm of Fe-MIL-88_BDC-NH2

and BDC-COOH
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Figure 23. BJH desorption cumulative pore volume of Fe-MIL-88_BDC-

NH2 and BDC-COOH

Table 10. Textural properties of Fe-MIL-88_BDC-NH2 and BDC-COOH

Sample BET surface area Pore volume Average pore size

Fe-MIL-88_BDC-
NH2

13.740 m2/g 0.0434 cm3/g 12.14 nm

Fe-MIL-88_BDC-
COOH

11.162 m2/g 0.0299 cm3/g 11.83 nm
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3.3.2. Morphology 

  The morphology of the functionalized Fe-MIL-88s were observed by FE-

SEM images as shown in Figure 23. The shape uniformity of functionalized 

Fe-MIL-88_BDC was reduced compared to the unmodified Fe-MIL-

88_BDC. This is because of the effect of functionalization and bulky 

synthesis in grams without the use of acids such as hydrofluoric acid [52].

Hydrofluoric acid can act as a modulator for controlling morphology due to 

the strong electronegativity of fluoride anions. These anions affect the 

binding of MOFs to regulate crystal nucleation and growth [53]. However, 

Similar to the unmodified Fe-MIL-88s, The functionalized Fe-MIL-88s are 

spindle-shaped [54]. The size of functionalized Fe-MIL-88s lie in the range 

of 2 μm to 5 μm. From these results, the morphology of functionalized Fe-

MIL-88s is well indicated as reported in the reported literatures [33].
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Figure 23. FE-SEM images of the Fe-MIL-88_BDC-NH2 and Fe-MIL-88_BDC-COOH
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3.3.3. Chemical structure

In the case of Fe-MIL-88_BDC-NH2, as shown in Figure 26, the 

characteristic bands at 3421 cm-1 and 3348 cm-1 are ascribed to the 

asymmetric and symmetric stretching vibrations of the N-H band. Bending 

vibration of the N-H band has appeared at 1654 cm-1. The band at 750 cm-1 is 

attributed to the C-H bending vibration of the aromatic ring. The presence of

peaks of 500 cm-1 are related to the Fe-O vibration [45]. The positions of all 

characteristic peaks indicated that Fe-MIL-88_BDC-NH2 was successfully 

synthesized. For Fe-MIL-88_BDC-COOH, some additional peaks are 

directly observed. The peaks at 3288 cm-1 are associated with the N-H 

stretching vibrations of secondary amide. The characteristics bands at 1710

cm-1 are ascribed to the C=O stretching band of –COOH group from 

carboxylic acid. C=O stretching of secondary amide exhibited characteristic 

peaks at 1680 cm-1. Similar to Fe-MIL-88_BDC-NH2, the characteristic 

peaks of Fe-O vibrations were located at 500 cm-1. Moreover, decreasing 

intensity of asymmetric and symmetric N-H band means that amide bonds 

were well formed. rom these results, carboxyl functional groups were 

successfully introduced into the organic ligands.
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Figure 26. FT-IR spectra of the Fe-MIL-88_BDC-NH2 and Fe-MIL-

88_BDC-COOH
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3.3.4. Thermal behavior

  Thermal behaviors of Fe-MIL-88_BDC-NH2 and Fe-MIL-88_BDC-

COOH are shown in Figure 27. Initial weight loss occurred up to 250 , ℃

indicating the evaporation of the residual solvents and organic functional 

group. The TGA curve shows second weight loss in the range of 250 –

400 , derived from the partial cracking of th℃ e organic ligand of the Fe-

MIL-88_BDC-NH2 and Fe-MIL-88_BDC-COOH. Td10 of various Fe-MIL-

88_BDC-NH2 and Fe-MIL-88_BDC-COOH are listed in Table 11. There is 

little difference between the value of Td10 of two samples. Thermal stability 

is relatively reduced compared to Td10 of unmodified Fe-MIL-88_BDC. This 

results are due to the increased number of defects by functionalization. 

Although the thermal stability is reduced, the functionalized Fe-MIL-

88_BDC also has a suitable thermal stability for industrial use. 
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Figure 27. TGA curves of Fe-MIL-88_BDC-NH2 and Fe-MIL-88_BDC-

COOH

Table 11. of Fe-MIL-88_BDC-NH2 and Fe-MIL-88_BDC-COOH

Sample Td10 (℃)

Fe-MIL-88_BDC-NH2 170.0

Fe-MIL-88_BDC-COOH 172.1
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3.4. Evaluation of adsorption performance of carboxyl-

functionalized Fe-MIL-88_BDC

3.4.1. Adsorption kinetics 

To confirm the effect of time on the adsorption of toxic chemicals onto Fe-

MIL-88_BDC-COOH, batch experiments were conducted. As shown in 

Figure 28, 29 and 30, the adsorption capacity rapidly increases since the 

equilibrium is almost reached after 120 min. In order to further analyze 

adsorption kinetics of toxic chemicals, pseudo-first-order kinetic model and 

pseudo-second-order kinetic model were used to fit the experimental data. It 

is clear that the pseudo-second-order kinetic model is suitable to describe the 

experimental data by comparing correlation coefficient (R2). Table 12 and 

13 indicates the fitting parameters of kinetic models for adsorption of toxic 

chemicals. Comparing of k2, which is defined as the pseudo-second-order 

rate constants, of two adsorbents, the adsorption rate of Fe-MIL-88_BDC-

COOH is faster than that of Fe-MIL-88_BDC. In addition, the adsorption 

capacity of carboxyl-functionalized Fe-MIL-88_BDC are higher than that of 

the conventional Fe-MIL-88_BDC. These results are due to the additional

interaction between carboxyl-functionalized ligands and toxic and high 
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surface area.

Figure 28. Adsorption kinetics of quinoline uptakes in Fe-MIL-88_BDC 

and Fe-MIL-88_BDC-COOH
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Table 12. Kinetic parameters of the pseudo-first order model; (a) and 

the pseudo-second order model; (b) for quinoline adsorption 

(a)

(b)

PFO equation qe k1 R2

Fe-MIL-88_BDC 17.262 0.1067 0.9872

Fe-MIL-88_BDC-
COOH

22.731 0.2905 0.9518

PFO equation qe k1 R2

Fe-MIL-88_BDC 18.587 0.0086 0.9941

Fe-MIL-88_BDC-
COOH

23.918 0.0202 0.9829
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Figure 29. Adsorption kinetics of 3-MCPD uptakes in Fe-MIL-88_BDC 
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and Fe-MIL-88_BDC-COOH

Figure 30. Adsorption kinetics of glycidol uptakes in Fe-MIL-88_BDC 
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and Fe-MIL-88_BDC-COOH
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Table 13 Kinetic parameters of the pseudo-first order model and the pseudo-second order model for 3-MCPD 

and glycidol adsorption 
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3.4.2. Adsorption isotherms

Figure 31 shows the adsorption isotherms of quinoline for Fe-MIL-

88_BDC and Fe-MIL-88_BDC-COOH. The adsorption amounts of Fe-MIL-

88_BDC is higher than those of Fe-MIL-88_BDC. To analyze the isotherms 

of quinoline adsorption, the experimental data were fitted to the Langmuir 

and Freundlich model. The isotherm parameters were listed in Table 14. All 

samples were better fitted to the Langmuir model than Freundlich model due 

to the value of correlation coefficient. This means that monolayer adsorption 

of quinoline occurs at homogenous sites. The value of ����
� of Fe-MIL-

88_BDC-COOH was higher than that of Fe-MIL-88_BDC. The reasons for 

the result are the high surface area and acid-base interactions between the 

carboxyl-functionalized ligand and quinoline. To verify the acid-base 

interaction by carboxyl-functionalization of the ligand, the adsorption 

isotherm was normalized. As shown in Figure 32 and Table 15, The value 

of ����
� divided by the surface area is also higher for the Fe-MIL-88_BDC-

COOH. This means that there is additional interaction which indicates an 

acid-base interaction between carboxyl-functionalized ligand and quinoline.

To evaluate the adsorption isotherms of 3-MCPD and glycidol, batch 

adsorption experiments were conducted at room temperature with different 

concentrations. Figure 33 and Figure 34 shows the experimental data of 
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adsorption of 3-MCPD and glycidol. The parameters of the Langmuir and 

Freundlich model were listed in Table 16. In the cases of both 3-MCPD and 

glycidol, the value of correlation coefficient of Langmuir model was higher 

than the value of Freundlich model. Thus, Langmuir model were fitted better 

than Freundlich model for adsorption of 3-MCPD and glycidol. Comparing 

the value of ����
� of Fe-MIL-88_BDC and Fe-MIL-88_BDC-COOH for 

adsorption of 3-MCPD and glycidol, adsorption amounts of Fe-MIL-

88_BDC was higher than that of the Fe-MIL-88_BDC. The high surface area 

and covalent bond formation between carboxyl group of the ligand and two 

adsorbates are the main factors that make Fe-MIL-88_BDC-COOH adsorb 

the adsorbates more. Similar to adsorption of quinoline, the adsorption 

isotherm was normalized to determine the effect of covalent bonds with 

carboxyl group and adsorbates. As shown in Figure 35, 36 and Table 17, 

The value of ����
� divided by the surface area is also higher for the Fe-

MIL-88_BDC-COOH. Therefore, the adsorption isotherms revealed that the 

carboxyl-functionalized Fe-MIL-88 showed better adsorption performance 

than the unmodified Fe-MIL-88s. These results show that carboxyl-

functionalized Fe-MIL-88_BDC is useful for removing toxic chemicals in 

oily phase.
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Figure 31. Adsorption isotherms of quinoline uptakes in Fe-MIL-

88_BDC and Fe-MIL-88_BDC-COOH
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Table 14. Isotherm parameters of the Freundlich model; (a) and 

Langmuir model; (b) for quinoline adsorption 

(a)

(b)

Freundlich Kf n R2

Fe-MIL-88_BDC 1.7846 0.5830 0.9902

Fe-MIL-88_BDC-
COOH

4.5324 0.5307 0.9640

Langmuir ����
� KL R2

Fe-MIL-88_BDC 222.3 0.0009 0.9941

Fe-MIL-88_BDC-
COOH

347.7 0.0012 0.9751
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Figure 32. Normalizing of adsorption isotherms for quinoline uptakes in 

Fe-MIL-88_BDC and Fe-MIL-88_BDC-COOH

0 500 1000 1500 2000

-5

0

5

10

15

20

25

 Fe-MIL-88_BDC
 Fe-MIL-88_BDC-COOH



７９

Table 15. Normalized isotherm parameters of the Freundlich model; (a) 

and Langmuir model; (b) for quinoline adsorption 

(a)

(b)

Freundlich Kf n R2

Fe-MIL-88_BDC 0.2170 0.5830 0.9902

Fe-MIL-88_BDC-
COOH

0.4061 0.5307 0.9640

Langmuir ����
� KL R2

Fe-MIL-88_BDC 27.03 0.0009 0.9941

Fe-MIL-88_BDC-
COOH

31.15 0.0012 0.9751
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Figure 33. Adsorption isotherms of 3-MCPD uptakes in Fe-MIL-

88_BDC and Fe-MIL-88_BDC-COOH
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Figure 34. Adsorption isotherms of glycidol uptakes in Fe-MIL-88_BDC 

and Fe-MIL-88_BDC-COOH
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Table 16. Isotherm parameters of the Freundlich model and Langmuir model for 3-MCPD and glycidol 

adsorption 



８４



８５

Figure 35. Normalized adsorption isotherms of 3-MCPD uptakes in Fe-

MIL-88_BDC and Fe-MIL-88_BDC-COOH
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Figure 36. Normalized adsorption isotherms of glycidol uptakes in Fe-

MIL-88_BDC and Fe-MIL-88_BDC-COOH
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Table 17. Normalized isotherm parameters of the Freundlich model and Langmuir model for 3-MCPD and 

glycidol adsorption 
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4. Conclusion

In this research, we prepared various Metal-Organic Frameworks to 

remove toxic chemicals such as quinoline, 3-MCPD and glycidol in oily 

phase. Three types of MOFs were synthesized according to the types of 

ligands, and named as Fe-MIL-88_NDC, BDC, and BPDC, respectively. FT-

IR, XRD, FE-SEM and HR-TEM analysis identified the successful synthesis 

of various Fe-MIL-88s. Among the three types of Fe-MIL-88s, the surface 

area and pore volume of Fe-MIL-88_BDC which was synthesized with 

terephthalic acid were the highest and the thermal stability was also the 

highest. This was verified through nitrogen adsorption-desorption and TGA 

analysis. In the case of quinoline, Fe-MIL-88_BDC showed the highest 

adsorption performance because of the high surface area, which increased 

the number of open metal sites that could form acid-base interactions with 

quinoline. Similarly, in 3-MCPD and glycidol, the adsorption performance of 

Fe-MIL-88_BDC was excellent due to the high surface area. Even in the 

kinetics, it was confirmed that the adsorption rate in Fe-MIL-88_BDC was 

the fastest for all toxic chemicals.

To further increase the adsorption performance of Fe-MIL-88_BDC, the 

organic ligands were functionalized with carboxylic acid. Nitrogen 

adsorption-desorption analysis showed the surface area and pore volume of 
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carboxyl-functionalized Fe-MIL-88_BDC were higher than that of 

conventional Fe-MIL-88_BDC. This is because pore contraction is interfered 

with the functionalization of the ligands. For all toxic chemicals, the 

maximum adsorption performance was higher due to the increased surface 

area and additional acid-base interaction and covalent bond with carboxyl-

functionalization. Adsorption rates were also higher for carboxyl-

functionalized Fe-MIL-88.

As a result, this study expected to provide the concepts of adsorption of 

toxic chemicals and fundamental understanding for improvement of removal 

capacity in oily phase with MOFs.
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국문 초록

퀴놀린, 3-MCPD, glycidyl ester와 같은 유중에 존재하는 여

러 유해물질들은 인체와 환경에 악영향을 미친다고 알려져 있다.

유해물질을 제거하는 여러 방법들 중에서 흡착은 간단하며 가격경

쟁력이 뛰어나며 재생성이 뛰어나다는 장점을 가지고 있다. 다양한

흡착제 중 Metal-Organic Frameworks (MOFs)는 기공의 구조를

조절하는데 용이하고 다양한 기능기를 도입할 수 있다는 특징 때

문에 많은 주목을 받고 있는 흡착 소재이다. 다양한 MOF들 중에

서 Fe-MIL-88은 가격이 저렴하고, 높은 화학적, 열적 안정성을

가지며 생체적합하고 기능화가 용이하다는 장점을 가지고 있다. 또

한 다양한 리간드를 사용하여도 형상이 변하지 않는다는 특징을

가지고 있다. 이러한 장점 및 특징들에도 불구하고 유중에 적용된

사례가 없었다. 따라서 Fe-MIL-88을 유중 흡착에 적용함으로써

리간드의 종류와 기능화에 따라 흡착 성능이 어떻게 달라지는지에

관해 연구를 진행하였다. 합성된 Fe-MIL-88은 각각 Fe-MIL-

88_NDC, BDC 그리고 BPDC로 명명하였고, 흡착 kinetic과 흡착

isotherm 분석을 통해 흡착속도와 최대 흡착량을 비교하였고, Fe-

MIL-88_BDC가 속도론적인 측면에서나 최대흡착량에서나 가장
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유중에 적합한 흡착소재임을 확인하였다. Fe-MIL-88_BDC에 카

르복실기를 도입함으로써 기존의 Fe-MIL-88_BDC와의 흡착 성

능을 비교하였고, 카르복실기를 도입한 Fe-MIL-88_BDC가 흡착

속도로나 최대흡착량으로나 성능이 개선됨을 확인하였다. 이는 높

은 비표면적과 카르복실기와 리간드 사이의 추가적인 상호작용때

문임을 흡착거동 분석을 통해 확인하였다. 본 연구의 결과는 카르

복실기로 개질된 Fe-MIL-88_BDC는 유중에 존재하는 유해물질

들을 제거하는데 탁월한 흡착소재임을 확인할 수 있었다.
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