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Abstract—Low-temperature hydrothermal technique was employed for the synthesis of highly porous and crystalline
MIL-101(Cr) metal-organic frameworks series. The resulting as-synthesized MOFs were characterized by Fourier trans-
form infrared (FTIR) spectroscopy, powdered X-ray diffraction (XRD), scanning electron microscopy (SEM), nitrogen
adsorption-desorption analysis, thermogravimetric analysis (TGA), photoluminescence (PL) spectroscopy, and ultravi-
olet-visible (UV-vis) diffuse reflectance spectroscopy. The photocatalytic activity of the MOFs was evaluated for degra-
dation of phenanthrene (PHE) under visible light irradiation. Among the MOFs, MIL-101@160 has the highest Brunner

Emmett-Teller (BET) specific surface area and corresponding pore volume of 2,592.2 m

2 -1

g ' and 1.09 cm’g ", respec-

tively. Furthermore, it has shown higher photocatalytic degradation of the PHE than other samples with 98% degrada-

tion efficiency achieved within 150 minutes.
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INTRODUCTION

Solar energy is significant in the development of numerous tech-
nologies for addressing environmental pollution. Among these, pho-
tocatalysis has been found to be a non-toxic, readily available, and
promising method for water purification [1,2]. Photocatalysts are
substances with semiconducting properties that have been gener-
ally applied in the degradation of environmental pollutants [3,4].
The heterogeneous photocatalysts have attracted attention due to
their potential in the treatment of toxic organic and inorganic pol-
lutants in both aqueous and gas medium. The advanced oxidation
process (AOP) is referred to as the process in which the pollutants
in water are photo-catalytically degraded into non-toxic forms. The
process is initiated by light which acts upon the photocatalyst mate-
rial by generating free radical species that subsequently attack the
pollutants and convert them to non-toxic by-products of CO, and
water through complete mineralization [3].

Metal-organic frameworks (MOFs), like conventional photocat-
alysts such as ZnO and TiO,, can act as semiconductors upon light
irradiation. It is a building block of transition metal ion as the cen-
tral node with the organic moiety as the ligand [4,5]. In photocatal-
ysis, the organic linker usually acts as an antenna that traps light from
the source and subsequently activates the metal site through a ligand
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to metal charge transfer mechanism [6]. The higher surface area and
porosity of MOFs compared to the conventional photocatalysts is
attributed to the design of the framework, forming three-dimen-
sional structure with higher tunability. Cr containing MOFs poses
relatively good stability in aqueous solution and small band gap
energies that is capable of light excitation, and therefore is regarded
as promising candidate for the treatment of organic contaminants
[7].

Among the several MOFs that have been used as photocatalysts
in the treatment of organic pollutants are MIL-125(Ti) [8], UiO-
66(Zr) [9], UiO-67 [10] and MIL-53(Fe) [11]. The ability of these
MOFs in adsorption and photocatalysis has provided a great oppor-
tunity in the treatment of wastewater [12]. MIL-101(Cr) has been
considered a promising MOF-based photocatalyst with a high sur-
face area and visible light response. It has distinct characteristics such
as high surface area, controllable pore size and low density, which
makes it possible to be used for adsorption and catalysis [13,14].

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic
pollutants produced through natural as well as anthropogenic activ-
ity. They are usually formed due to incomplete combustion of organic
matter such as crude oil, wood, and coal, and are also generated
from industrial activity. PAHs are generally not produced for indus-
trial applications. However, a few are used as intermediaries in photo-
graphic, pharmaceutical, and agricultural products. For example,
phenanthrene (PHE) is used as intermediary in the manufacture of
resins, pesticides, dyes, plastics, and explosives. PAHs are persistent
in the environment. When present in water, they hardly degrade
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because of their solubility and or lipophilic nature [15]. A total of
16 PAHs were identified and included as emerging persistent pol-
lutants in the environment by the United States Environmental Pro-
tection Agency (USEPA) and other international environmental
regulatory agencies [16]. Thus, progress in the PAHs degradation
has been identified as a way forward for environmental remedia-
tion. The World Health Organization defines a maximum tolerable
limit of 0.2 g/L for total PAHs in drinking water [17], while Global
outdoor air concentrations of PAHs range from 5.85 to 1,213 ng/
m’, with a weighted median concentration of 142 ng/m’ [18].

Over a decade, researchers have focused on the synthesis of MIL-
101 for various applications. However, the number of works related
to the use of MIL-101 as photocatalyst is still few; despite the good
features of the MOFs for such applications [19]. An extensive search
on previously synthesized MIL-101 revealed that a vast majority of
the researchers applied mineral acids for long durations of time
and very high temperatures in the range of 200-220 °C during the
synthesis of MIL-101. The most common acids used are hydroflu-
oric acid (HF), hydrochloric acid (HCI), and nitric acid (HNO;).
As an example, Gobara et al. [20] reported the synthesis of Pt/MIL-
101 and Ni/MIL-101 hybrid composites at 220 °C for 9 h using HF
for enhanced adsorption performance towards industrial toxic dyes,
while Vo and coworkers [21] reported the synthesis of graphite oxide
on MIL-101 involving HNO;, at 200 for 12 h. Similarly, Kavun et
al. [22] prepared and modified MIL-101 at 220 °C for the separa-
tion and recovery of rare earth elements. In summary, MIL-101(Cr)
is usually prepared at relatively high temperatures (220 °C) and re-
quires a very long time for nucleation.

In this work, we therefore aimed at synthesizing and character-
izing a series of MIL-101(Cr) at low temperatures of 150, 160, 170,
and 180 °C against those synthesized at 200 and 220 °C. The pho-
tocatalytic application of the MOFs was tested against degradation
of PHE.

MATERIALS AND METHODS

1. Synthesis and Characterization of MIL-101(Cr) Series

MIL-101(Cr) was synthesized according to the procedure described
by [23], with some modifications. Typically, 3.20 g of Cr(NO,);-
9H,0 (8 mmol) was dissolved in 35 mL ultrapure water, and then
mixed with an equimolar amount of terephthalic acid (1.32g, 8
mmol). The above solution was thoroughly stirred using a mag-
netic stirrer for one hour at room temperature. The homogenized
solution was then transferred into a 50 mL Teflon-lined autoclave,
sealed, and placed in an oven at 150 °C for 6 h. The solution was
allowed to cool at room temperature and the fine crystals were
separated from the solution using centrifugation at 3,000 rpm for
20 minutes. The resultant green crystals were washed thoroughly
with ethanol three times to remove the unreacted terephthalic acid
from the solution. Finally, the MIL-101@150 was then collected
from the ethanolic solution by centrifugation at 3,000 rpm for 20
minutes and dried in an oven at 80 °C for three days.

The above procedure was repeated for the synthesis of MIL-
101@160, MIL-101@170, MIL-101@180, MIL-101@200, and MIL-
101@220 by varying temperatures to 160, 170, 180, 200, and 220°C,
respectively.
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Fourier transform infrared (FTIR) spectra were acquired from
PerkinElmer Model System 2000 (US.A.) by using the potassium
bromide (KBr) pellet in the range of 400-4,000 cm™" in determin-
ing the functional groups of the MIL-101(Cr) samples. The struc-
tural characterizations of the prepared MIL-101(Cr) samples were
carried out using a D8 Advance X-ray powder diffractometer (XRD)
(Germany) with Cu-Ke radiation (Ay,=1.5418 A), and a mono-
chromatic filter in the 26 range of 0°-30°. The Debye-Scherer for-
mula (Eq. (1)) was used in calculating the average crystalline sizes
of the prepared MIL-101(Cr).

D=KA/fcos & (1)

where D is the size of the particle, K is known as the Scherers
constant (K=0.94), 4 is the X-ray wavelength (1.54178 A), Ais full
width at half maximum (FWHM) of the diffraction peak and is
the & Bragg angle. Thermogravimetric analysis (TGA) of the syn-
thesized MIL-101 samples was carried out using a thermogravi-
metric analyzer TGA STA 6000 (PerkinElmer) at a heating rate of
20°Cmin' from 30 °C to 800 °C and held for 5 min at 800 °C. The
total surface area analyses of the synthesized MIL-101(Cr) samples
were carried out using a Micromeritics ASAP 2020 surface adsorp-
tion porosimeter with nitrogen. Samples were degassed at 110°C
for 12 h. The specific surface area was analyzed by the Brunauer-
Emmett-Teller (BET) method and the pore sizes and volumes were
calculated using Barrett, Joyner, and Halenda (BJH) method. Scan-
ning electron microscopy (SEM) analyses were performed to exam-
ine the morphology of MIL-101(Cr) samples using a Quanta 650
field emission gun SEM (Holland). The samples were sputter-coated
with gold before analysis. The magnifications used in the analysis
were 12,000x and 25,000x, while the voltage applied to obtain the
images of the desired compounds was 10kV. The UV-vis diffuse
reflectance spectroscopy (UV-Vis DRS) analyses were carried out
using a Lambda 35 UV/vis spectrophotometer (PerkinElmer) in the
range of 200-800 nm, while photoluminescence (PL) spectra were
measured using a PerkinElmer LS 55 fluorescence spectropho-
tometer. The excitation wavelength for all samples is 380 nm. The
K-alpha X-ray photoelectron spectrometer (Thermo Fischer Sci-
entific) was used to determine the chemical elements present in
MIL-101@160 and MIL-101@220 photocatalysts.

Before the electrochemical impedance spectroscopy (EIS) of the
catalyst could be performed, a working electrode had to be cre-
ated. To obtain adequate dispersibility, 1 mL of perfluorinated resin
solution containing Nafion (5.0 wt%) and 40 mg of the produced
catalyst were exposed to sonication for 3 h. Subsequently; 20 puL of
the mixture was poured onto an FTO electrode, which was dried
overnight at 60 °C.

A Gamry electrochemical workstation at a 3-electrode setup was
used to conduct EIS analysis. Pt electrode and calomel electrode
were used as a counter electrode and a reference electrode, respec-
tively. In an electrolyte solution of 50 mM Na,SO,, the electrochemi-
cal analysis was carried out. EIS was seen at an open potential for
300 seconds at 0.1-105 Hz of frequency.

2. Photocatalytic Degradation of Phenanthrene

The photodegradation of PHE using the as-synthesized MIL-
101(Cr) was investigated under a 500 W Xenon lamp (China) irra-
diation at an intensity of 450 W m . The distance between the lamp
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and the reactor is 0.50 m. As much as 30 mg of MIL-101@150 pho-
tocatalyst was added to 50 mL of PHE solution (2.0 ppm) in a bea-
ker. Before the catalytic reaction, the solution was magnetically
stirred for 30 min in the dark to attain adsorption-desorption equi-
librium. The mixture was then exposed to UV light for about 150
minutes while continuously stirred. About 2mL aliquots were with-
drawn at pre-determined interval times from the solution and the
residual catalyst was separated from the solution by means of cen-
trifugation at 3,000 rpm for 5 min and returned to the reaction ves-
sel. Finally; the absorbance of the supernatant solution was measured
at 290 nm using UV-vis spectrophotometer (Jasco V-730, United
States) with a 1 cm quartz cell. The supernatant was then returned
to the reaction vessel. The removal efficiency (%) of the contami-
nant was determined as follows:

Removal efficiency (%)=(C,—C,)/C,*100% 2)

where, C, represents the initial concentration of PHE, and C, is the
concentration at a given time (t). The procedure was repeated for
the other MIL-101(Cr) prepared at various temperatures.

The effect of the initial concentration of PHE, catalyst dosage,
pH, and time of irradiation towards photodegradation was also
carried out. Different catalyst dosages of 20, 30, and 40 mg were
used while the other parameters were kept constant (catalyst=MIL-
101@160, pH=neutral, [PHE]=2 ppm). Later, the PHE concentra-
tion was varied from 2.0 ppm to 5.0 ppm, while other conditions
such as mass of MIL-101@160 (30 mg) and pH=neutral were main-
tained.

Similarly, the pH of the PHE solution was varied from 3 to 11
by the addition of 0.1 M HCI or 0.1 M NaOH. For this study, 30
mg of MIL-101@160 was employed with [PHE]=2 ppm.

A scavenging test was conducted to determine the active species
responsible for the photocatalytic degradation of PHE. The MIL-
101@160 catalyst was employed and ascorbic acid (AA, 0.1 mmol),
isopropyl alcohol (IPA, 1 ml), and ethylenediaminetetraacetic acid
(EDTA, 0.1 mmol) were used as scavengers for superoxide radi-
cals (OY), hydroxyl radicals ('OH), and positive holes (h"), respec-
tively. In all trials, the scavenger was added into the reaction mixture
before the addition of the catalyst to allow homogeneity of the reac-
tion. Similar procedures as for the optimum catalytic reaction above
were employed.

The point of zero charge (pHpzc) of the catalyst was also deter-
mined. Six beakers containing 20 mg of MIL-101(Cr) photocata-
lyst were filled with 30 mL of 0.01 M NaCl solution. Then, the initial
pH of the solutions was adjusted to 2, 4, 6, 8, 10, and 12 using
0.1 M NaOH or 0.1 M HCL Afterwards, the beakers were placed
inside a closed orbital shaker at 30 °C and 150 rpm for 24 h. The
final pH of the solutions was measured and ApH=pH,.,—PHia
was plotted against the initial pH. The point where the curve inter-
sects with the x-axis was considered as the pHpzc of the MIL-
101(Cr) catalyst.

RESULTS AND DISCUSSION
1. MIL-101(Cr) Synthesis and Characterization

Fig. 1(a) depicts the IR spectrum of the terephthalic acid linker.
The major peaks are located at 1,685, 1,422, 1,290, 1,106 and 933
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Fig. 1. FTIR spectra for (a) H,BDC, MIL-101(Cr) synthesized at
(b) 150 °C; (c) 160 °C; (d) 170 °C; (e) 180 °C; (f) 200 °C; and
(g) 220°C.

cm . These peaks are similar to that reported by Porak and co-
workers [24]. The peak at 1,685cm™" is attributed to C=0, while
the peak at 933 cm™" is assigned to the OH vibration of the car-
boxylate group [25]. Fig. 1(b)-(g) represents the FTIR spectra of
MIL-101(Cr) synthesized at temperature of 150, 160, 170, 180, 200
and 220 °C, respectively. All the MIL-101(Cr) samples have shown
peaks between 726 and 930 cm™ assigned to the C-H stretching.
Significant variation in the FTIR spectra is observed in the range
of 1,290-1,700 cm ™" attributed to the variation in the temperature
with the peak intensity increased from 150 °C to 220 °C, which
further increases the nucleation of the material. The presence of
the band at around 3,400 cm™' in these spectra also confirms the
presence of a considerable number of water molecules in the syn-
thesized frameworks [20].

In general, the C=0 peak at 1,685cm ™" in H,BDC will shift
upon formation of MIL-101(Cr). This shift occurs because of the
coordination of metal ions with protonated carboxylate groups.
This shift to approximately 1,630cm™" is due to the interaction
between the chromium atoms and the carboxylate groups of the
terephthalic acid. This shift should also be accompanied by a shift
in the 1,422 cm™ peak to lower wavenumbers and the appearance
of a peak at approximately ~580 cm™". The later peak is attributed
to the vibration of Cr-O. Interestingly; it can be seen that in MIL-
101@150 the peak at 1,685 cm™ still exists significantly even though

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 2. PXRD Pattern of the MIL-101(Cr) synthesized at (a) 150 °C;
(b) 160 °G; (c) 170 °C; (d) 180 °C; (e) 200 °C and (f) 220°C.

another peak slightly exists at 1,630 cm ™. Furthermore, a broad
peak exists at 1,401 cm™". Both these occurrences indicate that al-

though MIL-101(Cr) was synthesized, most of the carboxylate group
was not protonated and coordinated with Cr.

In contrast, the MIL-101@160 demonstrated that the peak at
1,685cm " was reduced significantly when compared to MIL-101@
150. Other samples also indicated a reduction in this peak. How-
ever, its extent of reduction compared to the increase in the peak
at approximately 1,630 cm ™ is hard to predict as several peaks seem
to overlap in this region.

Fig. 2 shows the powder X-ray diffraction patterns of MIL-101(Cr)
obtained at the different temperatures. As seen, the characteristic
diffraction peaks occur at 20 of 2.7°, 3.3 5.13°, 5.85, 8.5% 9.1° and
10.4°. These correspond to the Miller index of (220), (311), (511),
(822), (753), (1022) and (880), respectively. There is considerable
similarity between this series of MIL-101(Cr) with recently reported
literature such as [26,27]. Furthermore, most of the peaks (except
the peak at 20=17.5" ascribed to recrystallized terephthalic acid)
are consistent with the simulated XRD of MIL-101 XRD patterns
from its crystal structural data [27-29] Hence, this reveals the suc-
cessful synthesis of the crystalline MIL-101 framework. Subsequently,
the MIL101@150, MIL101@160 and MIL101@170 all give rise to
sharp peaks with strong intensities. However, the intensity of the
peaks decreases with increasing temperature. This indicates that
the crystallite size decreases with increasing temperature. Based on
Scherer’s equation, the crystallite size for MIL-101@150, MIL-101@
160 and MIL-101@170 is 122.5, 118 and 116 nm, respectively. Subse-
quently; the MIL-101(Cr) synthesized at higher temperatures exhibit
even lower intensity. It has been reported that synthesis of MOF in
the absence of a mineralizing agent such as HF can result in low
intensity XRD peaks. This is because the presence of HF usually
promotes the formation of crystalline phases by incorporation of
the ions in the MOF structure [30]. Although the decrease in peak
intensity with increasing temperature is not fully understood, it has
been reported that the synthesis temperature can affect several fac-
tors such as the solubility of an organic ligand, its flexibility which

10 pm

Fig. 3. SEM images of MIL-101(Cr) synthesized at (a,) 150 °C; (b,) 160 °C; (c,) 170°C; (d,) 180 °C; (e,) 200 °C and (f;) 220 °C.
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Fig. 5. EDX result of MIL-101(Cr) prepared at (a) 150 °C and (b) 220 °C.

can adopt different conformations based on the temperature, influ-
ence the coordination of organic ligands particularly the carboxyl-
ate ligand as well as the thermodynamics and kinetics of reaction
during formation [31]. We believe that all these factors play a cru-
cial role in the structure of the final MOE which could lead to the
different intensities observed in the XRD diffractogram. Other

researchers have also observed similar trends [32].

SEM images of the synthesized MOFs are presented in Fig. 3.
As can be seen, all the MIL-101(Cr) prepared at different tem-
peratures exhibit particles that are octahedral in shape. Chen and
co-workers [33] reported similar octahedral geometry for MIL-
101(Cr) with a uniform particle size in the range of 400-600 nm

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 6. Nitrogen adsorption isotherms and pore size distributions of (a) MIL-101@150, (b) MIL-101@160, (c) MIL-101@170, (d) MIL-101@

180, (¢) MIL-101@200 and (f) MIL-101@220.

(Fig. 4). However, in this work, some differences were observed,
depending on the synthesis temperature. Apart from the octahedral
morphology, the MIL-101(Cr) synthesized at temperatures 150-
170°C possessed needle-like geometry compared to MIL-101(Cr)
prepared at higher temperatures. The presence of needle-like crys-
tals in these samples could be attributed to recrystallized tereph-
thalic acid in the MOFs [33]. The variation in the morphology of
the samples can be reasonably inferred from the condition of the
synthesis, that is, lower temperatures of 150, 160, and 170 °C, and
short time for the synthesis compared to the previous reports in
the literature [34]. Moreover, the MOFs prepared at higher tem-
perature (180-220°C) possessed octahedral geometry with a few
needle-like particles. The octahedral geometry is visible with an
average particle size in the range of 600-800 nm. The larger aver-
age size of these MIL-101(Cr) can be explained as due to the higher

September, 2023

temperatures used, which caused particles close in contact to agglom-
erate and grow.

Furthermore, to confirm the distribution of the different ele-
ments in the MIL-101 series, the EDX analysis was carried out on

Table 1. Textural properties of MIL-101 series

Catalyst BET (m’/g) Vicropore (em’/g)
MIL-101@150 442.2 0.187
MIL-101@160 2,592.2 1.090
MIL-101@170 572.6 0.232
MIL-101@180 655.3 0.271
MIL-101@200 519 0.017
MIL-101@220 807.6 0.335
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MIL-101@150 and MIL-101@220 samples as representatives. Fig.
5 shows the spatial distribution of the elements in the two MIL-
101(Cr) samples. As shown in Fig. 5, it is demonstrated that the
elements of C, O, and Cr are uniformly distributed in the MIL-
101 frameworks.

To assess the textural properties of the as-synthesized MIL-
101(Cr) series, the nitrogen adsorption-desorption isotherm of the
MIL-101 series was measured at 77 K (Fig. 6). Although all the
MOFs were synthesized using the same procedure except for the
temperature variation, their porosities demonstrated significant differ-
ences (Table 1). It was observed that all the MIL-101(Cr) exhib-
ited microporous properties except for the MIL-101@200 catalyst.
This later catalyst exhibits a mesoporous characteristic. This trend
is interesting and may be explained as it is possible that the pore
expanded as temperature increased. This resulted in the meso-
porous nature of the MIL-101@200. However, upon further heat-
ing to 220 °C, the pore walls collapsed, resulting in the microporous
nature of MIL-101@220 with a BET surface area of 807.62 m’/g.
The BET surface area of MIL-101@150 was 442.2 m’/g, which was
the lowest surface area among the series, This is attributed to the
low amount of recrystallized terephthalate [35]. MIL-101@160 exhib-
ited the highest BET surface area and largest pore volume of 2,592.2
m’/g and 1.09 cm®/g, respectively. This may be attributed to the
attainment of the equilibrium for the formation of microporous
MIL-101 material. The BET surface area decreased drastically to
572.6 mz/g in MIL-101@170, and 655.3 mz/g for MIL-101@180.
The series shows that all the isotherms in general show a steep ini-
tial adsorption at low pressure. The almost vertical nature of the
adsorption isotherm indicates that MOF is mostly microporous
and has a type-I adsorption isotherm based on the ITUPAC classifi-
cation. However, the isotherm is not completely horizontal as it
approaches P/P,=1. This indicates the availability of mesopores,
which is usually depicted by a type-IV adsorption isotherm. The
MIL-101@200 shows the most mesoporous characteristic. The pore
width is also shown in Fig. 6, whereas pore volume is presented in
Table 1. It can be seen that for all samples, pore widths of less than
20 A to approximately 27 A exist. The range of the pore width var-
ies depending on the sample, however correlates well with the iso-
therm observed.

XPS analyses were performed to determine chemical states of
elements in MIL-101@160 and MIL-101@220. As shown in Fig.
7(a) and (b), the XPS patterns of MIL-101@160 and MIL-101@
220 are similar to that of MIL-101(Cr) [13]. The survey scans
show the presence of three elements: Cr, O, and C. As can be seen
from Fig. 7(c) and (d), the Cr 2p XPS spectrum consists of two
major peaks attributed to Cr 2p"* and Cr 2p”*. These peaks are
positioned around 587.24 and 577.65eV as well as 587.67 and
577.96 €V for MIL-101@160 and MIL-101@220, respectively. These
peaks correspond to the typical binding energies of Cr** [13]. This
indicates that the MIL101(Cr) formed at either temperature is simi-
lar in terms of their chemical state.

Three peaks are observed in the C 1s deconvoluted XPS spectra
(Fig. 7(e) and (f)). The MIL101@160 exhibit peaks at 285, 285.2
and 289 eV, while MIL101@220 gives rise to peaks at 285.2, 286.4
and 289.1 eV. The peaks at approximately 285.2 eV and 289 eV are
related to carbons in terephthalate (ligand), such as aryl carbon in
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Fig. 8. EIS of MIL-101(Cr) catalysts synthesized at different tem-
peratures.

benzene rings and carbon in carboxyl groups, respectively. The
peak at 285 eV can be attributed to the adventitious carbon [36,37],
while the peak at 286.4 eV in the later catalyst can be ascribed to
the C-O group [38].

Fig. 7((g) and (h)) presents the O 1s spectra. Deconvolution of
the Ols spectra reveals that three peaks are seen. The binding energy
of these peaks is 531.8, 532.4 and 533 eV for the MIL-101@220
and 531.8, 532.1 and 5324 eV for the MIL101@160, respectively.
Previous work has reported that the peak at approximately 531.8
eV is attributed to the Cr-O bond, while the peak 532.4 eV can be
due to the OH group of adsorbed H,O [36]. The binding energy
of the peaks 533 eV in the MIL101@160 can be attributed to O-
C=0 in the terephthalate [39], while the peak at 532.1 €V in the
MIL101@220 can also be attributed to carbonyl groups. The XPS
result was in line with the FTIR and XRD results earlier presented.

The EIS spectra of the samples were obtained and shown in
Fig. 8. In general, a large impedance is observed for the MIL-101@
150, MIL-101@170, MIL-101@180 and MIL-101@200 catalysts.
In contrast, a lower impedance occurs for the MIL-101@160 and
MIL-101@220. This indicates that these two catalysts have a lower
resistance, hence are more conductive. As such, MIL-101@160
and MIL-101@220 can facilitate better electron transfer, which is
beneficial for catalytic reactions. Subsequently, the absence of a
semi-circle in all the samples indicates that no charge transfer occurs
in these catalysts. This can only be explained as due to the fact that
the EIS analysis was not conducted under UV light. Charge trans-
fer occurs during a photocatalytic reaction; hence, this should occur
upon exposing the catalysts to the UV-light. A similar occurrence
was reported by Guerrero-Araque and co-workers [40].

The thermal stability of the as-synthesized MIL-101(Cr) series
was determined by thermogravimetric analysis (TGA) and pre-
sented in Fig. 9(a). Multiple weight-loss steps are observed in the
TGA profiles of the MOFs as the temperature increases. The weight
losses can be attributed to several factors, including the removal of
water molecules and guest solvent, evaporation of the trapped
water molecules in the frameworks of MIL-101(Cr) or the decom-
position of the organic moieties. The initial weight loss observed
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Fig. 10. (a) UV-vis DRS, (b) Tauc plots and (c) PL spectra of MIL-101(Cr) series.

in the range of 30-110°C is typically attributed to the removal of
water molecules and guest solvent. In contrast, weight loss which
occurs at about 360°C can be due to trapped water molecules
[41], while higher weight loss temperatures are ascribed to the
degradation of the terephthalate ligand from the MOFs framework.
Furthermore, as can be seen from the DTG plot in Fig. 9(b), all
the MOFs have T onset around 30 °C with corresponding T,,,, val-
ues ranging from 65 to 90 °C, which can be attributed to removal

of moisture from the framework. MIL-101@150 and MIL-101@170
have similar temperature profiles with the main peak, having a T,
of 275 and 285°C with corresponding T,,, values of 377 and
361 °C, respectively. Subsequently, MIL-101@180, MIL-101@200
and MIL-101@220 show similar degradation profiles as small deg-
radation peaks are seen in the temperature range of 400-460 °C,
which can be attributed to the removal of trapped water molecules
from the framework [42]. However, main degradation peaks with
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corresponding T max values of 526, 534, 526 and 547 °C were
seen for MIL-101@150, MIL-101@180, MIL-101@200, and MIL-
101@220, respectively. The peaks in this position can be ascribed
to the degradation of terephthalate ligand from the MIL-101(Cr)
framework. MIL-101@180, MIL-101@200, and MIL-101@20 have
similar thermal properties. MIL-101@150 and MIL-101@170 also
show similar temperature profiles; however, the intensity of the
DTG peaks varies. This indicates that a higher portion of the as syn-
thesized samples were less stable when synthesized at temperatures
lower than 180 °C. Only the MIL-101@160 revealed a slightly dif-
ferent DTG profile. This may be reason for the different proper-
ties it exhibits.

The optical properties of the MIL-101 samples were determined
using UV-Vis DRS and PL. As seen from Fig. 10(a), all the MIL-
101 samples exhibit two strong absorption bands at 440 nm and
590 nm, which is in good agreement with previous reports [43].
The adsorption band at 590 nm is assigned to the absorption of
the MIL-101(Cr) framework. Furthermore, the absorption in the
UV-region of MIL-101(Cr) samples is attributed to the 7=7* tran-
sitions of the terephthalate ligands, while the band in the visible
region belongs to the d-d spin allowing the transition of the Cr’*
ion [44]. Moreover, the calculated band gap values of the catalysts
obtained from the Tauc plot, Fig. 10(b), were all within the range
of 3.60 to 3.62 which coincided with the one obtained by [43].

The PL spectrum is a useful tool for determining the electronic
structure, optical characteristics, and photochemical properties of
semiconductor materials, including surface oxygen vacancies and
defects, as well as charge carrier entrapment, immigration, and
transfer efficiency. The PL spectra of MIL-101 series are presented
in Fig. 10(c). It gives clear information about the recombination
rate of the charge carriers on the surface of the catalysts. The emis-
sion peaks of all the MIL-101 series were observed at 642nm at
an excitation wavelength of 320 nm. It is a well-known fact that, for
a semiconductor photocatalyst to have higher photocatalytic activ-
ity, it must have a lower PL intensity, which therefore gives rise to
lower recombination rate of photoinduced electron pairs [45]. Inter-
estingly, MIL-101@150 has the highest PL intensity, while MIL-
101@160 and MIL-101@220 have the lowest PL intensity. The inten-
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Fig. 11. Point of zero charge (pH,,.) of MIL-101@160.
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sity of the PL peak can indirectly be related to the synthesis tem-
perature, which affects the structure of the final MIL-101.

The point of zero charge (pH,,.), which is also known as the
isoelectric point, is the pH value of the catalyst at which the cata-
lyst surface has no net charges or is neutral. The pH,,. of MIL-
101@160 was carried out to determine its surface charge. As shown
from Fig. 11, the pH,,. of synthesized MIL-101(Cr) was found to
be 6.8, a similar value was obtained by [46]. When the solution
pH is lower than the pH,,,. of MIL-101(Cr), the presence of excess
H' ions in the solution develops positively charged and proton-
ated sites on the surface of MIL-101(Cr). However, when the solu-
tion pH is greater than the pH,, of MIL-101(Cr), the surface of
the MIL-101(Cr) photocatalyst becomes negatively charged due to
the large amount of OH™ ions.

2. Photocatalytic Degradation of Phenanthrene

The photocatalytic performance of 30 mg synthesized MIL-
101(Cr) samples was evaluated using the degradation of model
polluted water with PHE (2 ppm, neutral pH, room temperature)
under visible light irradiation (Xenon lamp 500 W). As presented
in Fig. 12(a), MIL-101@160 has the highest degradation rate com-
pared with the remaining catalysts. Particularly, 98% removal is
obtained with MIL-101@160, whereas the percentage removal of
92%, 94%, 95%, 96%, and 98% was obtained after 150 mins when
MIL101@150, MIL101@170, MIL101@180, MIL101@200, MIL101@
220 were used, respectively.

MIL-101@160 and MIL101@220 have the highest photodegra-
dation of PHE. This can be related to the highest BET surface area
of MIL-101@160 and MIL-101@220 as well as the lower PL inten-
sity seen in both these samples, which resulted in the lower recombi-
nation rate of photo-induced electron-hole pairs. The reason behind
the enhanced photocatalytic degradation of the phenanthrene using
MIL-101@160 may be because of the higher surface area and poros-
ity. Therefore, MIL-101@160 was used for the rest of the photocat-
alytic studies.

The effect of the initial concentration of PHE was studied within
the concentration range of 2-5 ppm using 30 mg of MIL-101@160
photocatalyst and the original pH of the solution. From Fig. 12(b)
increasing the PHE concentration resulted in lowering the photo-
degradation efficiency. The concentration of 2.0 ppm had the high-
est removal of 98%, whereas 5.0 ppm, showing the lowest degradation
efficiency, was 66% removal only. The decrease in the photodegra-
dation at higher concentrations could be attributed to the block-
age of the active surface of MIL-101@160 by the phenanthrene
PHE [47]. Initially, most of the active sites on the MOFs are unoc-
cupied at low PHE concentrations. As the concentration increases,
many PHE molecules are available to be adsorbed on the surface
of the photocatalyst. However, the number of available active sites
is limited. Therefore, it would reach the maximum saturation level,
and thus the % removal decreases. Similarly, when the available active
sites are taken up by the PHE molecules, the adsorption of O, and
OH' on the MIL-101@160 photocatalyst is reduced, thereby reduc-
ing the number of radicals generated for the reaction. The compe-
tition between these species affects the efficiency of degradation.
Again, since the concentration of the MIL-101@160 photocatalyst
and time of irradiation was kept constant, the number of radicals
produced was consistent as the concentration of the pollutant is
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increased. Thus, the small concentration of radicals generated was
inadequate to hinder the increasing number of phenanthrene mole-
cules as the concentration increased.

Fig. 12(c) presents the influence of the MIL-101@160 catalyst
loading on the degradation of PHE by using different quantities of
the photocatalyst. As can be seen in Fig. 8(c), increment of cata-
lyst dosage from 20 to 30 mg rapidly increases the % of degrada-
tion substantially from 90% to 98% removal efficiency. Increasing
the amount of MIL-101@160 from 20 to 30 mg increases the pho-
tocatalytic activity, which significantly increases the degradation
efficiency. This is due to increase in light absorption and, as a result,
increased production of reactive radicals, which are responsible for
the degradation of PHE [33,34]. However, further increase of the
photocatalyst dosage to 40 mg was found to reduce the degrada-
tion efficiency. This event may be due to the agglomeration of cat-
alyst which limits the active sites available for the catalytic reaction.
Besides, an excess amount of catalyst could also create a scattering
effect by affecting the transparency of the solution, which subse-
quently restricts the surface area of the catalyst being exposed to
light illumination and reduce the photocatalytic performance [48].

The effect of pH is one of the most important parameters in the
photocatalytic process. In this study, the photodegradation of pol-
lutant in the presence of MIL-101(Cr) samples was investigated by
changing the pH from 3 to 11 with a PHE concentration of 2 ppm
and photocatalyst dosage of 30 mg. This is shown in Fig. 12(d).
The degradation efficiency increased from 54% to 98% by chang-
ing the pH from 5 to 7 and drastically reduced to 36% and 20% at
pH 9 and 11, respectively. As pH values of the solution increased,

the electrostatic attraction between the catalyst surface and phenan-
threne molecules was enhanced until a maximum was reached at
pH=7. Therefore, the optimum pH for the degradation of phenan-
threne was found to be 7.0. The pHpzc of synthesized MIL-101@
160 was measured (Fig. 11). The pHpzc was found to be 6.8. Hence,
the surface charge of MIL-101@160 is negative at pH values above
6.8 and positive at values below 6.8.

It has been reported that the pKa of 3-hydroxy phenanthrene is
9.75 (strongest acid) and —5.5 (strongest base). As a similar type of
molecule, (PHE) may have a close or similar pKa value. Further-
more, the protonated PHE is positively charged, hence there was
probably electrostatic repulsion between the protonated PHE and
positive MIL-101(Cr) may lead to the lower adsorption and pho-
todegradation. With the increase of solution pH, the amount of
positive MIL-101(Cr) decreased (Fig. 12), resulting in weaker elec-
trostatic repulsion and an increase of PHE adsorption and photo-
degradation.

A Kkinetic study of the photocatalytic reaction is performed by
fitting the experimental data for MIL-101@150, MIL-101@160,
MIL-101@170, MIL-101@180, MIL-101@200 and MIL-101@220,
by using a first-order model applying the following equation:

—=—kt (3)
where C, is the PHE concentration at equilibrium after a 30-min-
ute adsorption-desorption process in dark conditions, C, is the
residual phenanthrene concentration at time t (min) in the solu-

tion, and k is the apparent rate constant in the first-order kinetic

Korean J. Chem. Eng.(Vol. 40, No. 9)



2250 U. A. Adamu et al.

4.0 150 °C <

3.54

3.0

Aodponm

2.54

2.0 4

In(Cy/Cy)

1.5 1

1.0 1

0.5+

0.0 T T T T T
0 30 60 90 120 150 180

Time (min.)

Fig. 13. In(C,/C,) showing pseudo-first order models for the photo-
degradation of phenanthrene by MIL-101(Cr) samples syn-
thesized at different temperatures.

model.

As depicted Fig. 13 and Table 2, the rate constant (k) for the
MIL-101@160 and MIL-101@220 is the highest and has the same
rate constant values, which is 1.52 times more than MIL-101@150
and 147 times higher than MIL-101@170. The higher rate con-
stant of MIL-101@160 and MIL-101@220 photocatalysts con-
firms the enhanced photodegradation of PHE in solution.

The photocatalytic degradation efficiency of the PHE in vari-
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Fig. 14. Reusability of the optimized MIL-101(Cr) for the degrada-
tion of PHE.

ous photocatalytic systems is compared in Table 3. Several materi-
als have been reported for such applications. Most of the materials
involve the use of TiO, and/or graphene oxide (GO). The % removal
for photocatalysts containing TiO, is high (>80%); however, most
of these materials have shown lower rate constants. In this work,
in the presence of visible light irradiation, MIL-101(Cr) was clearly
more efficient for photocatalytic degradation of PHE as evidenced

Table 2. Pseudo-first and second-order rate constants (k) and R’ values obtained from the plots of InC,/C, and irradiation time for photo-
degradation of PHE using MIL-101(Cr) synthesized at different temperatures

First order

Second order

Catalysts P = (L mol min ) 2 % Degradation
MIL-101@150 0.01654 0.99825 0.02851 0.95242 92
MIL-101@160 0.0251 0.99872 0.10177 0.88287 98
MIL-101@170 0.01709 0.99552 0.03421 0.89954 94
MIL-101@180 0.01966 0.99949 0.04556 0.93583 95
MIL-101@200 0.01985 0.98901 0.05794 0.93814 96
MIL-101@220 0.0251 0.99908 0.10607 0.8879 98

Table 3. Comparison of various photocatalysts for the degradation of phenanthrene from recent literatures

Catalyst [PHE] Light source Tu,ne Catalyst % Removal Rate C,O I}ftant References
(ppm) (min)  dosage (mg) (min™)

Co-TiO,-NTs-600 0.2 85 solar 600 1.0 98 6.5%x107° [49]
Pt-TiO,-NTs 02 Solar-light 20 68 20x10™ [50]
TiO, graphene composite 0.5-5.0 UV light 60 25 81 NB [51]
GO-TiO,-Sr(OH),/SrCO; 1.0 Solar 50 5x107 [52]
rGO sheet 25 uv 280 2 30 NB [53]
Dissolved organic matter fractions 2.0  250-W High P Hg Lamp 2 88-97 7.33x10°7° [54]
Cu/N-codoped TiO, 10 Visible 120 50 96 NB [55]
Silica aeroge TiO, 0.5 Solar 120 100 2.66x107 [56]
MIL-101Cr @160 2.0 visible 150 min 30 98 251107 This work

NB: NA not available
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by the larger rate constant (k=2.51x10"> min ). In addition, the
devised system has the benefits of a low catalyst dosage (30 mg), a
quick reaction time (150 min), and a high removal efficiency (98%).
Therefore, the synthesized MIL-101(Cr) has a lot of potential in
the wastewater treatment field.

The reusability of MIL-101 catalysts was investigated and depicted
in Fig. 14. According to the findings, the photocatalyst can be recy-
dled up to six times with a reduction efficiency of 55%. The results
show that the first three cycles have better removal efficiencies. The
third cycle displays removal efficiency of around 78%. The decline
observed could be due to the loss of part of the catalyst during the
recycling process. The removal efficiency suddenly drops to roughly
58% in the fourth and fifth cycle. This may have been the result of
the catalysts’ weakening absorption ability; leaching, and loss during
the recovery phase.

3. Mechanism of Photocatalytic Degradation

Fig. 15(a) illustrates the effect of chemical scavengers on the
photocatalytic activity of MIL-101@160. The addition of IPA and
EDTA caused a decrease in the PHE removal percentage, whereas
addition of AA had only a minor effect in the degradation effi-
ciency of the catalyst. The reduction indicates that ‘OH and h" are
the main active species in the degradation, whereas "0’ played a
minor role in the degradation process.

Subsequently, Fig. 15(b) depicts the schematic diagram of the
proposed MIL-101(Cr) photocatalytic degradation against phenan-
threne. The major steps in the photocatalytic process are enumer-
ated below. Upon light irradiation on MIL-101(Cr), an electron
(€7) in the valence band (CB) is promoted to the conduction band
through light absorption, thereby creating a positively charged hole
(h") in the valence band. After that, the e and h* move to the cat-
alysts surface to start the photo-oxidation and photo-reduction reac-
tions. So that they would not recombine again and generate heat
which is not beneficial for photocatalytic reactions.

MIL-101@160+hv—>¢e +h" (Y]

Superoxide anion radicals (O;") are created when O, molecules
oxidize the excited e in the CB. Hydroperoxyl radicals (HO,s) are
produced when the (O;") radicals are protonated. Hydrogen per-
oxide (H,0,) is then produced as the process progresses and, lastly,

hydroxyl radicals (¢OH) are created. Even though the O; plays a
minor role in the degradation process, however, its role in creat-
ing «OH radicals, is important for this catalytic reaction.

0,+¢€ »0; )
0; +H'—>HO,e (©)
HO,e+HO,e—H,0,+02 )
H,0,+0; —+«OH+HO +0, @®

On the other hand, the positively charged h" in the VB reacts with
water (H,0) and hydroxyl ions (OH") to generate «OH radicals.

H,0+h"—«OH+H" ©)
OH +h"—«OH (10)

The generated «OH and h" radicals are responsible for the degra-
dation of PHE, thereby leading to the mineralization of the PHE
into harmless species such as CO, and H,O.

CONCLUSIONS

A series of MIL-101(Cr) samples were successfully synthesized
at different temperatures of 10°C intervals. The study further
revealed that MIL-101(Cr) can be synthesized at a lower tempera-
ture of 160 °C without using mineral acids as additives with the
highest BET surface area of 862.7 m’/g. Nitrogen adsorption-desorp-
tion isotherm of the MIL-101 series showed a type IV isotherm
with H3 hysteresis, indicating the presence of mesopores in the
framework. Different catalytic loading, pollutant concentration, and
the effect of pH were investigated in the photocatalytic degrada-
tion of PHE. Among the MIL-101(Cr) series synthesized, MIL-
101@160 exhibited high photodegradation performance for the
degradation of the PHE using visible light irradiation. Furthermore,
this study revealed that the synthesized MIL-101(Cr), a porous
MOE opened a new opportunity for the synthesis and the applica-
tion of the MOFs in the degradation of PAH. MIL-101(Cr), there-
fore serving as a promising photocatalyst that deserves serious
attention for the effective removal of environmental pollutants.
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