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Abstract

A novel responsive visible light Cr-based MOF, Cr-PTC-HlIna, was synthesized using the solvothermal method. Cr-
PTC-HIna peaks were observed at 20 = 9.04°, 12.71°, 14.88°, 25,48°, 27.72°, 28.97°, and 43.60° with a crystal size
of 21 nm. Band gap energy achieved from the Cr-PTC HIna was 2.05 eV. Scanning Electron Microscope (SEM)
analysis obtained a 3D structural morphology of MOFs Cr-PTC-HIna with a cylindrical tube shape and a particle
size of 251.45 nm. Cr-PTC-HIna gave the optimum methylene blue degradation at pH of 7 under 250 watts mercu-
ry lamp irradiation for 180 minutes with degradation capacity of 95.40 mg/g. Electron holes and hydroxyl radicals
were found as the dominant species contributing to methylene blue degradation.
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1. Introduction to its difficulty in naturally decomposed [1]. Sev-
eral methods have been expanded for dye con-
taminant degradation, including coagulation,
adsorption, flocculation, and photocatalytic [2].
Photocatalytic is the most widely developed
method for dye degradation because it is consid-
ered the most effective, low cost, and environ-
mentally friendly. The end products of the pho-
tocatalytic method are CO2 and H20 [3]. In gen-
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Dye wastewater level has been increasing in
the environment since the dyes have been used
extensively in the industries. The contaminant
plays a prominent role in environmental pollu-
tion if disposed of without prior treatment due
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catalyst materials are semiconductor and some
organic compounds [4].

Metal-Organic Frameworks (MOFs) are new
porous crystalline materials constructed of
metal ions and organic linkers connected
through coordination bonds. The advantage of
MOFs in dye photocatalytic degradation is due
to large surface area, abundant pores and ac-
tive sites, and high stability in aqueous, acidic,
and basic systems [5]. However, MOFs have a
limitation, such as the fast recombination rate
that generates the reduction of catalytic activi-
ty of MOFs. The recombination rate happens
when the excited electrons in the conduction
band return to the electron holes in the valence
band. Adding modulator compounds into MOF's
1s one of the strategies to inhibit this process.
The addition of modulator into MOFs forms mi-
cropores particles, thereby indirectly inhibiting
the recombination rate of MOFs [6]. Cai and
Jiang reported an enlarged MOF Zr-BCD pore
due to the incorporation of a monocarboxylic ac-
1d modulator to increase its catalytic activity in
dyes degradation [7]. Another research also re-
ported also reported that MIL-53 with HCI
modulator provided escalated surface area
specifications that showed more adsorptive and
catalytic sites. Its photocatalytic activity was
enhanced 1.5 times to MIL-53 without a modu-
lator [8].

Isonicotinic acid is a pyridine carboxylate
compound, where the carboxylic group resides
at position 4 [9]. The presence of carboxylic
groups and nitrogen in the structure of isonico-
tinic acid causes it to be an excellent linker to
build various coordination complexes [10]. The
addition of isonicotinic acid increase MOFs' size
and pores volume, which enhances their cata-
Iytic activity [11]. Zhou et al. reported nanopo-
rous MOFs [Cos(CH3COO)(in)5(u3-OH)2].2H20
for CO2 adsorption [12].

Perylene-3,4,9,10-tetracarboxylic is an or-
ganic linker that was used to develop MOFs
material. Perylene-3,4,9,10-tetracarboxylic can
reduce MOFs' band gap energy due to the aro-
matic ring's conjugated bond on it so that it is
responsive to visible light. High-stability MOFs
are constructed by selecting metal ions and or-
ganic linkers based on Pearson's hard/soft
acid/base (HSAB) principles. The HSAB princi-
ple explains that ligands based on carboxylate
groups are hard-bases and interact strongly
with metal ions with hard-acidic properties like
Cr3+ [13].

Therefore, this study aims to synthesize
metal-organic frameworks (MOFs) which the
building blocks consist of Cr3* metal ion,
perylene-3,4,9,10-tetracarboxylic ion, and ison-

icotinic acid for methylene blue degradation
under visible light irradiation.

2. Materials and Methods
2.1 Preparation of NasPTC from PTCDA

The conversion process was carried out by
mixing PTCDA (0.5 g 1.27 mmol) and NaOH
(0.356 g, 8.9 mmol) in 50 mL of distilled water.
The mixture was made to be homogenic by
magnetically stirring at 300 rpm for one hour.
The greenish solution was filtered and added
excess ethanol to form yellow precipitate. The
product was washed with excess ethanol to a
neutral pH, and dried at room temperature
overnight.

2.2 Synthesis of Cr-PTC MOF Modulated by
Isonicotinic Acid (Cr-PTC-HIna)

Cr-PTC-HIna were synthesized by mixing
CrCl3.3H20 (2 mmol), NasPTC (1 mmol), and
isonicotinic acid (0.5 mmol) in 25 mL distilled
water and 5 mLL DMF. Then, the mixture was
magnetically stirred at 300 rpm for one hour,
then placed to Teflon-lined stainless steel auto-
clave and heated at 170 °C for 24 hours. The
precipitate formed was filtered and washed
with distilled water, then dried for 24 hours at
70 °C. The final products were designated as
Cr-PTC-HIna.

2.3 Characterization of Cr-PTC-HIna

The crystallinity and crystal size of sample
was investigated by X-Ray diffraction spectros-
copy (7000 Maxima-X). The functional groups
were analyzed by FTIR (Prestige 21 Shimad-
zu), band gap energy was measured by UV-Vis
DRS UV-Vis Spectrophotometer Agilent Carry
60 with BaSO4 as a reference at the wave-
length of 200-800 nm. The morphology of sam-
ple was obtained by SEM analysis on an FEI
Quanta 650.

2.4 Methylene Blue Degradation Analysis

25 mg of Cr-PTC-HIna were dispersed into
50 mL of methylene blue solution and then
magnetically stirred at 300 rpm at room tem-
perature for 3 hours in the dark and under 250
watts of mercury lamp irradiation as a visible
light source. Furthermore, the suspension was
sampled as much as 2.0 mL every 30 minutes,
then centrifuged at 6000 rpm for 10 minutes.
The concentration of methylene blue was meas-
ured using a UV-Vis spectrophotometer at 665
nm. The efficiency of methylene blue degrada-
tion is calculated using the following equation:
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COX(AO—At)xV
DC (mg/gram) — 100 (1)
where, DC (mg/gram) is degradation capacity of
Cr-PTC-HIna (mg MB/gram Cr-PTC-HIna), Co
1s initial MB concentration, Ay is absorbance of
initial MB concentration, A: is absorbance of fi-
nal MB concentration, V is volume of MB solu-
tion (L), m is dosage of Cr-PTC-Hina (gram).

The optimum photocatalytic activity was
measured by using several parameters, includ-
ing the initial methylene blue concentration of
25, 50, and 75 ppm, Cr-PTC-HIna dosage of 15,
25, 35, and 45 mg, and pH of 2, 5,7, 9, and 11.
A fixed amount of H202, CH30H, and tert-
butanol was added to determine the dominant
species in the photocatalytic degradation of
methylene blue.

3. Results and Discussion
3.1 X-Ray Diffraction of Cr-PTC-HIna

The crystallinity of Cr-PTC-HIna is essen-
tial to know, considering its application as pho-
tocatalyst. The photocatalyst crystallinity dra-
matically affects the photocatalytic reaction
rate. Figure 1 explained that Cr-PTC-HIna
have good crystallinity with the main diffrac-
tion peaks at 20 = 9.04°, 12.71°, 25.48°, and
27.72°. The indexes of Cr in Cr-PTC or Cr-PTC-
HIna cannot be presented since we assumed
that it is the novel material, and the single
crystal was not obtained. We assumed that it is
the new material based on the diffraction peak
intensities between Cr-PTC and Cr-PTC-HIna.

The XRD patterns show almost no differ-
ence among pure Cr-PTC with modulated MOF
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Figure 1. Diffractogram pattern of Cr-PTC and
Cr-PTC-HlIna (before and after used)

Cr-PTC-HIna. It confirmed the -crystalline
structure of Cr-PTC was preserved after being
modulated by isonicotinic acid. The effect of
isonicotinic acid on the MOF's structure was to
change several ligands or linkers from the
MOFs without changing the entire structure of
the MOFs. This can be proved by the insignifi-
cant transformation of the intensity from the
diffraction patterns. If the structure is entirely
changed, then the isonicotinic acid will form
peaks with significant intensity and the dif-
fraction pattern of Cr-PTC vs Cr-PTC-HIna
was completely different.

Cr-PTC-HIna crystallinity was affected by
solvothermal with a mixture of water and DMF
as the solvent that was employed to synthesize
it. DMF serves the MOFs' crystal growth by
converting DMF into suitable amines at high-
temperature. It controlled the deprotonation
level of carboxylate linkers [14] and the sol-
vothermal method used a temperature above
the solvent's boiling point to control the rate of
crystal growth by reducing the activation ener-
gy barrier in the reaction of metal ions with or-
ganic linkers [15].

XRD characterization also provides crystal
size that was measured using the Debye Scher-
er equation:

kA
- Pcosb 2

Measuring crystal size was calculated by tak-
ing peaks with a high-intensity value, namely
the peak at 20 = 12.71° [2] of 1780 cps. From
the Debye Scherer equation, the crystal size of
the Cr-PTC-HIna is 21 nm and smaller than
Cr-PTC without an isonicotinic acid is 25.7 nm.
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Figure 2. FTIR spectra of Na4sPTC and Cr-PTC-
Hlna.
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3.2 FTIR Spectrum and Functional Group of
MOFs Cr-PTC-HIna

The FTIR spectrum of MOFs Cr-PTC-HIna
shows that the absorption peaks are at wave-
numbers 4000-400 cm~! (Figure 2). The bands
are observed at 1769 cm~! and 1742 cm~! corre-
sponding to asymmetric and symmetric stretch-
ing vibrations (C=0). The bands at 1299 cm-!
and 938 cm-!were attributed to asymmetric
and symmetric stretching (C—0) vibrations. In
addition, broad absorption bands at 2039 and
2161 cm™! assigned the existence of an intermo-
lecular hydrogen bond (OH---N ) between H20
in the system and the nitrogen group of isonico-
tinic acid [17], which suggested that the N pyri-
dil atom is not coordinated to the central chro-
mium ion. However, the absence of an absorp-
tion band of —COOH group also indicates that
the —COO group in isonicotinic acid has been
coordinated with Cr3* to form Cr—COQ. Those
peaks were not found in NasPTC. Then, the
bands at 1423 cm! and 1633 cm™! of NasPTC
shifted to 1406 cm~! and 1591 cm™! at Cr-PTC-
HIna corresponding to symmetric (O—C-0) vi-
bration, thus confirming the presence of PTC
(perylene-3,4,9,10-tetracarboxylate) linker
within the Cr-PTC-HIna framework structure.
The observed peak at 545 ecm™! is correlated
with Cr—O vibration. Roosta et al. explained
that stretching vibration of oxygen with metal
1s generally detected in the range of 400-800
cm! [16]. The other bands between 1600-600
cm™! are attributed to aromatic rings, including
the stretching vibration (C=C) at 1506 cm~! and
deformation stretching vibration (C-H) in
plane at 1234, 1143, 1119, and 1015 cm™!. The
bands at 857 and 807 cm-! corresponded to
bending vibration (C—H) out of plane 1,2,3,4-
tetrasubstituted aromatic ring. The bending vi-
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bration (C=C) out of plane aromatic ring at 757
cm-! and 730 cm1.

3.3 Band Gap Energy (E,) of Cr-PTC-HIna

Bandgap energy is the energy between the
valence band and conduction band that repre-
sents the maximum energy in the electrons’ ex-
citation process. Based on the calculations us-
ing Kubelka Munk and Tauc plots, the
bandgap energy of Cr-PTC-HIna is 2.05 eV
(Figure 3). It absorbs maximum light up to a
wavelength of 604 nm, therefore Cr-PTC-HIna
1s a responsive visible light semiconductor ma-
terial.

The low bandgap energy of MOFs Cr-PTC-
HIna was influenced by n—n* electronic transi-
tion on the conjugated bond of the perylene
linker ligand used. Jiang et al. synthesized
MOFs Ni-BDC with bandgap energy of 3.12 eV
[18]. Zulys et al. reported Ni-MOFs (Ni-PTC)
gave smaller bandgap energy of 2.41 eV [19].
Bandgap energy of Ni-MOFs is smaller than
that of benzenedicarboxylate due to perylene
having more aromatic rings (five rings) than
benzene (one ring). The more aromatic rings in
the ligand lead degree of conjugation were
high. As a result, increasing conjugation shifts
the spectrum toward longer wavelength ab-
sorptions.

Besides that, the size of the secondary
building unit (SBU) of the metal ion also affect-
ed the bandgap energy of MOFs [20]. The larg-
er the SBU size of MOFs, the narrower
bandgap energy. The size of SBU increased as
the number of electrons increased. The increas-
ing number of electrons affects the number of
electrons at the HOMO energy level and deliv-
ers to the narrower energy level between va-
lence and conduction band. The MOFs Y-PTC
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Figure 3. DRS-UV spectra and Tauc plot of Cr-PTC-HIna-2.
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was synthesized by solvothermal method with
a bandgap energy of 2.20 eV [21, whereas band
gap energy of Cr-PTC is smaller than the band
gap energy of Y-PTC that is 2.01 eV (previous
study).

The other factor that can affect the energy of
the bandgap is particle size. Adding isonicotinic
acid modulator in the Cr-PTC reduces MOFs
particle size. The decreased particle size causes
the charge carriers of MOFs to interact quan-
tum mechanically. It leads to a discrete electro-
lytic state which increases bandgap energy and
a shift in band edge [22]. Lin et al. explained
that the factors that affect bandgap are derived
from ligands, SBU size, and particle size and
come from electronic effects, crystal defects,
and impurities [20].

3.4 The Morphology of Cr-PTC-HIna

Figure 4 illustrates Cr-PTC-HIna that was
3D metal-organic frameworks with a cylindri-
cal tube shape. The particle size of Cr-PTC-
HIna can be determined by looking at SEM da-

Figure 4. Morphology of Cr-PTC-HIna with (a)
1000x, and (b) 10000x magnification.

ta calculated by imageJ™ and Origin Pro™
softwares. The particle size of Cr-PTC-HIna
was 251.45 nm smaller than MOFs Cr-PTC,
which was 337 nm (previous study). Cr-PTC-
HIna belongs to nanoparticle material with a
size range of 10-1000 nm [23]. The carboxylate
group in the NasPTC competes with isonicotin-
ic acid in the MOFs network formation. The
competition of carboxylate groups impacts crys-
tal growth where large particle sizes are diffi-
cult to achieve, enhancing the formation of
MOFs with smaller particle sizes [24].

3.5 Methylene Blue Degradation by Cr-PTC-
HIna

Figure 5 shows that Cr-PTC-HIna degraded
methylene blue higher than Cr-PTC either in
light or dark conditions. Both Cr-PTC and Cr-
PTC-HIna degrade methylene blue in two
mechanisms, namely adsorption, and photo-
catalytic mechanisms. The adsorption of meth-
ylene blue by MOF's occurs through several in-
teractions, including electrostatic, hydrophobic,
acid-base, n—=, and hydrogen bonds interaction
or a combination of these interactions [25].
Mantasha et al. demonstrate that Cu-BTC-1
(Cu metal ion-based MOF's and benzene tricar-
boxylate linkers) could adsorb methylene blue
using electrostatic interactions, n—n interac-
tions, and hydrogen bonding [26]. Similar to
Cu-BTC-1, adsorption between MB and Cr-
PTC-HIna ensues via a combination mecha-
nism between electrostatic interactions, hydro-
gen bonds, and n—r interactions.

The electrostatic interaction of Cr-PTC-
HIna on methylene blue takes place between
the positive charge of methylene blue located
on the nitrogen atom (N) and sulfur atom (S)
with the negative charge on m bonding in the

100 A

91.18

Degradation Capacity (mg/g)

Cr-PTC Cr-PTC-HIna

Figure 5. Degradation capacity of methylene
blue by Cr-PTC and Cr-PTC-HIna.
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benzene ring of Cr-PTC-HIna (charge-
balancing anion). Furthermore, n—n interaction
between Cr-PTC-HIna and methylene blue
comes to pass between the 7 bonding in the aro-
matic ring of methylene blue and the aromatic
ring of perylene in Cr-PTC-HIna. Meanwhile,
the hydrogen bonding interactions come about
between hydrogen in methylene blue and oxy-
gen in carboxylic groups in Cr-PTC-Hlna, or
hydrogen in methylene blue and nitrogen pyri-
dine ring in isonicotinic acid in Cr-PTC-HIna
(Figure 6).

Figure 5 revealed Cr-PTC-HIna has photo-
catalytic activity in methylene blue degrada-
tion with degradation capacity 91.18 mg MB/g
MOFs under visible light irradiation for 180
minutes. The isonicotinic acid is involved in a
linker competitor toward perylene, replacing
some existing perylene in the Cr-PTC. The
perylene replacement by an isonicotinic acid
modulator, then formed smaller particle sizes
MOFs [27]. MOFs with smaller particle sizes
increase the surface area of MOFs. It brings
about escalating the pores containing active
sites that contributed to enhancing photocata-
Iytic activity [28].

Adding isonicotinic modulator in MOFs af-
fected MOFs crystallinity and crystal size (see
the XRD analysis). It generates the photocata-
Iytic reaction, especially in the separation and
electron migration steps. High crystallinity im-
pacts the fewer crystal defects formed. Crystal
defects are excited electron and electron hole
trapping agents that will decrease photocata-
Iytic activity. Hence, lowering crystal defects

...... Hydrogen bonding i ’Cr &
------ Electrostatic interaction =~ ¢
------ %-% interaction ’

Hy  methylene blue CH,

reduces the recombination rate and increase
the photocatalytic activity [29]. On the other
hand, the reduction of MOFs’ crystal size af-
fected the distance of excited electrons and
electron holes migrating to the reaction site on
the photocatalyst surface to be shorter, which
inhibits the recombination rate between excit-
ed electrons and electron holes due to the fast-
er migration of charge carriers and electron
holes.

3.6 The Effect of Methylene Blue Initial Con-
centration

Figure 7 illustrate the degradation capacity
of Cr-PTC-HIna for 180 min under visible light

120
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80 ~

60
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40 +
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Time (min)

Figure 7. Degradation capacity Cr-PTC-HlIna in
various methylene blue initial concentration.
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(

methylene blue

Figure 6. Possible interactions between methylene blue and Cr-PTC-HIna.
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irradiation at MB initial concentration of 50
ppm was 91.18 mg/g, followed by 75 ppm at
95.40 mg/g and 100 ppm at 85.46 mg/g. Hence,
the methylene blue initial concentration of 75
ppm is the optimum concentration. Figure 7 ex-
hibits Cr-PTC-HIna in MB initial concentration
of 100 ppm has no photocatalytic activity.
Thus, the degradation of MB was occurred by
the adsorption-desorption mechanism. It can be
seen from the degradation graph, which does
not change MB degradation significantly and
tends to decrease after 150 minutes of reaction
time. Decreasing degradation capacity at 100
ppm could be caused by the increase of meth-
ylene blue molecules attached to the surface of
Cr-PTC-HlIna, thus making the surface closed.
It generated photon energy not to penetrate Cr-
PTC-HIna layer, and the electron excitation
process keep off [30]. On the other hand, meth-
ylene blue can absorb light, as a result increas-
ing methylene concentration reduces the inten-
sity of light entering the system. Therefore,
photocatalytic reactions are challenging to
achieve.

The effect of concentration was also shown
by Samuel et al. [30]. He and his co-worker re-
ported the addition of 4-nitrophenol concentra-
tion from 5 mg/L to 10 mg/L resulted in in-
creased degradation capacity of MOFs
[Zn(BDC)(DMF)]. However, when the concen-
tration was increased to 40 mg/L, the degrada-
tion efficiency was decreased significantly. An-
other researcher also demonstrated that in-
creasing the concentration of dye from 20 mg/L
to 60 mg/L increased the degradation capacity.
However, the concentration was increased to
100 mg/L, and the degradation capacity was de-
creased [31].

100 ]
| =——15mg
00 25 mg
80 4 =—e=35mg
45 mg
—_ 70 -
ET a
-?ITD F'F
= 60 4 |
U 50 4 ..‘""I‘ \__J"
n r
40 -

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

Time (min)

Figure 8. Degradation capacity of Cr-PTC-
HIna in variation of MOFs Cr-PTC-HIna dos-
age.

3.7 The Effect of Cr-PTC-HIna Dosage

Figure 8 represents the degradation capaci-
ty of Cr-PTC-HIna was affected by the dosage
of dispersed photocatalyst, which increasing
Cr-PTC-HIna dosage from 15 mg to 25 mg im-
proving MB degradation. The enhancement of
Cr-PTC-HlIna’s dosage contributed to the num-
ber of active sites to degrade methylene blue.
Nevertheless, the rising Cr-PTC-HIna dosage
from 25 mg to 45 mg showed a declining MB
degradation. Replenishment of Cr-PTC-HIna
dosage exceeded the maximum photocatalyst
dosage limit caused the solution to form a col-
loidal system. It impacts the occurrence of a
fall off the penetration of light in the system
[32]. The same effect is also reported by Samu-
el et al. [30] who was in his study using a vari-
ations of MOFs [Zn(BDC)(DMF)] dosage of
0.25-1.0 g/L gave the optimum degradation at
0.5 g/L.

3.8 The Effect of pH

Figure 9 proves that lowering pH will de-
crease MB degradation activity. It was in-
volved by increasing H* ion affected to the pro-
tonation of Cr-PTC-HIna which becomes less
negatively charged. The protonation of Cr-
PTC-HIna arise at the nitrogen atom in ison-
icotinic acid and the carbon atom in the aro-
matic ring of the perylene. Acids with a pH of 2
show lower degradation activity than acids
with a pH of 5 because excess H* ions in the
system will protonate Cr-PTC-HIna to become
more positively charged, bringing on repulsion
interaction between Cr-PTC-HIna and cationic
dye methylene blue. It leads to lower adsorp-
tion efficiency of methylene blue by MOF's [26].

140

——2 5 7 9 —e—11

120 A

100 4

DC (mg/g)
= N (=]
] = (=]

[
o
1

(=]

0 30 60 90 120 150 180
Time (min)

Figure 9. Degradation capacity of Cr-PTC-HIna
in the variation of pH.
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The MB degradation process was started from
the adsorption of methylene blue to the active
site contained in pores of MOFs. The adsorbed
MB molecules are photodegraded in the MOFs
active site, and finally, the degradation prod-
ucts are desorbed into the system. Reducing
the adsorbed methylene blue molecules on
MOFs reduces photocatalytic activity indirect-
ly.

It is different in alkaline conditions, the MB
degradation increased from neutral to pH of 11
(Figure 9). However, the escalation of MB deg-
radation at alkaline pH is non-optimal pH. At
pH 9 and 11, the percent degradation of meth-
ylene blue climbed insignificantly from the first
30 to 180 minutes of reaction time. The domi-
nant activity at alkaline pH conditions of 9 and
11 is adsorption activity. It is supported by the
analysis result in the dark condition in both al-
kaline pH of 74.06% and 76.19%, which are not
much different from the light conditions of
77.56% and 77.24%. The enhancement of alka-
line pH-induced deprotonates of MOFS leads to
becoming more negatively charged. The more
negatively charged MOF's will strongly interact
with the methylene blue cationic dye and pro-
duce higher adsorption activity [26].

In addition, the alkaline pH decompose Cr-
PTC-HIna which was indicated by a change in
the color of the solution from blue to green
(Figure 10). The addition of alkaline solution
(NaOH) induced decomposition of Cr-PTC-HIna
to produce chromium(III) hydroxide (CrsOH)e3+
complex (Equation 3).

Cr-PTC-HIna ¢ + OH- (a9 —
Cr(OH)6** (a9 + PTC- + Hina 3)

At pH of 7, MOFs Cr-PTC-HIna showed the
highest photocatalytic activity to methylene

Figure 10. Methylene blue solution dispersed
by Cr-PTC-HIna under alkaline conditions (pH
11) (left) and acidic solution (pH 2) (right).

blue degradation. It is due to Cr-PTC-HIna
have good adsorption capacity of methylene
blue and stability in pH of 7. The principle of
hard, soft acid-base (HSAB) explains that
MOFs were constructed from hard acid
(carboxylate group), and hard base (high va-
lence metal ion like Cr3+) provide good stability
in neutral and acidic pH conditions [13]. The
stability of Cr-PTC-HIna can be seen from the
XRD pattern of MOFs after being used (Figure
1).

3.9 The Effect of Electron-Hole Scavenger

Generally, the photocatalytic methylene
blue degradation mechanism can be illustrated
in Figure 11. When photon energy is irradiated
on Cr-PTC-HIna surface (i), the electrons from
the filled valence band are excited to the con-
duction band, forming electron-hole pair (ii).
Then, photogenerated holes oxidize water mol-
ecules or hydroxide ions from dissociated H202
into reactive radical *OH for MB degradation
(i1ia). Meanwhile, the electron-hole pair mi-
grate to the surface of Cr-PTC-HIna for redox
reaction. Photoexcited electrons reduce the ox-
ygen into superoxide radicals that can be proto-
nated by H* ion in water, forming hydroperoxyl
radical (HOz°*) that eventually change into
H20: that was dissociated into more reactive
hydroxyl radical species OH* (iiib).

Hydrogen peroxide (H202) acts as an excited
electron scavenger in the photocatalytic pro-
cess, while CH3OH acts as an electron-hole
scavenger, and tert-butanol acts as a hydroxyl
(*OH) radical scavenger. The results of the
degradation measurements under various reac-
tion conditions are shown in Figure 12.

MOFs
o /[ Cr-PTC-Hina

Figure 11. Photocatalytic methylene blue deg-
radation mechanism by Cr-PTC-HIna under
mercury lamp as visible light source.
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Figure 12 illustrated that the addition of
H20:2 increased the photocatalytic activity of
Cr-PTC-HIna to degrade MB from 95.40
mg/gram to 129.06 mg/gram. Hydrogen perox-
ide in the system will capture excited electrons
in the conduction band to reduce the rate of re-
combination between electrons and electron
holes. H202 reacted with excited electrons to
generate hydroxide ions (OH-) and hydroxyl
radicals (* OH). Furthermore, the electron holes
in the valence band attract hydroxide ions
(OH-) and water (H20) to form hydroxyl radi-
cals (+OH), wherein the hydroxyl radical will
further react with methylene blue to form their
oxidized products [27]. In addition, H2O2 itself
was degraded directly by light to produce hy-
droxyl radicals (*OH). Thus, the addition of
H202 prevents the recombination rate and in-
creases the number of hydroxyl radical species
(*OH) formation in the system so that more
methylene blue is degraded (Equations 4-9).

On the other hand, Figure 12 explained the
addition of tert-butanol and H:0: originated
lowering MB degradation from a solution that
only added H20:2 from 129.06 mg/gram to
110.44 mg/gram. It confirmed that tert-butanol
captures the hydroxyl radical species (*OH) in
the system and brings on alighting the number
of hydroxyl radical species (*OH) and involves
a degression of methylene blue degradation.

MOFs + hv — MOFs (e~ + htw) 4)
H:0: + hv — 2:OH 5)
e+ HoO2 — +OH + OH- (6)
h*w + OH- — <OH @)
h*w + H:O — *OH + H* 8)
MB + +OH — H:0 + CO: 9)

140 |

DC (mg/g)
oo
=]

60

——a b —4—c -m-d
0 T T T

0 30 60 90 120 150 180
Time (min)

Figure 12. Degradation capacity of Cr-PTC-
HIna in (a) MB; (b) MB+H:0: 0.2M; (c)
MB+CH3OH 0.2M; and (d) MB+H20: 0.2M +
tert-butanol 0.2M.

In contrast with H2O2, the addition of meth-
anol caused a decrease in the degradation of
methylene blue from 95.40 mg/gram to 62.71
mg/gram. Methanol in the system act as an
electron-hole scavenger. The electron holes re-
act with methanol to form hydroxyalkyl radi-
cals (*CH20OH) and are further oxidized to for-
maldehyde (CH20) [5]. Meanwhile, excited
electrons in the conduction band react with ox-
ygen to form superoxide radicals (+Oz) and
further react with methylene blue to form deg-
radation products (Equations 10-13). In this
condition, the degradation of MB was just af-
fected by radical superoxide. Fakhrul et al. ar-
gued that the degradation capability of hydrox-
yl radical species (*OH) is greater than super-
oxide radical (*Oz") [33]. Consequently, adding
methanol affords less degradation efficiency
than H20o.

MOFs + hv — MOFs (e~ o + h* w) (10)

+» + CHsOH — +CH20H + CH:20 (11)
et 02— 02 (12)
MB + 02~ — H:20 + CO2 (13)

4. Conclusions

New responsive visible light MOF, Cr-PTC-
HIna, was successfully synthesized by using
solvothermal method. This material degrades
methylene blue in optimum conditions at pH of
7, and mass of 25 mg in 50 mL MB solution un-
der visible light irradiation with a degradation
capacity of 95.40 mg/g for 180 min time reac-
tion. The radical species that promote MB deg-
radation by MOFs Cr-PTC-HIna is hydroxyl
radicals.
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