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Abstract

Metal-Organic Frameworks (MOFs) is widely utilized as photocatalysts in dye photocatalytic degradation. This
study successfully synthesized bimetallic MOFs La-Y-PTC by the solvothermal method. The synthesized La-Y-
PTC has a diffractogram pattern with a value of 20 = 5.69°; 9.57°; 16.8°; 20.05°; 24.8°; 26.15°; 29.77° and 41.93°
with a crystal size of 21.45 nm. The La-Y-PTC has symmetric and asymmetric (COO-) at 1591 and 1433 cm™,
La—0 and Y-0O groups at 596 and 659 cm~! and a band gap energy of 2.16 eV. Scanning Electron Microscope anal-
ysis showed that the morphology of La-Y-PTC is spherical with a particle size of 354.307 nm. La-Y-PTC degrades
methylene blue and methyl orange at pH 2 with a degradation efficiency of 69.57% and 93.63%, respectively, un-
der 250 watts of mercury lamp irradiation for 180 min with hydroxyl radical species as a dominant species that
play a role in methylene blue and methyl orange degradations.
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1. Introduction toxic, carcinogenic [4], and challenging to de-
grade, contributing to environmental and hu-
man health problems [5].

Several methods have been applied in dye
contaminant elimination, like adsorption, coag-
ulation, and photocatalytic degradation. Adsorp-
tion is binding a fluid, liquid, or gas by a parti-
cle due to attractive forces between molecules
[6,7]. Coagulation is the conglomeration of small
particles into larger particles to form a precipi-
tate by providing a coagulant substance. In com-
parison, photocatalytic degradation is a chemi-

The industry plays an essential role in the
aquatic ecosystems' pollution due to the
wastewater produced. Priya et al. explained that
around 90% of waste in developing countries is
disposed of in water systems without prior
treatment [1]. The textile and dye industry gen-
erates as much as 20% of industrial wastewater
[2], which contains many organic pollutants like
methylene blue and methyl orange [3]. Both
methylene blue and methyl orange are highly

cal reaction involving a semiconductor catalyst
* 3 .
(Ejorr‘.’fpoéldn.lg}gtho.it id (A, Adawiah) with a photon as an energy source. Of the three
mall: adawila uimjkt.ac.1 . awian); . . . .
Telp: +62-21-7493606, Fax: +62-21.7493315 techniques, photocatalytic degradation is con-

berec_16130_2023 Copyright © 2023, ISSN 1978-2993; CODEN: BCRECO



https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.9767/bcrec.16130
https://bcrec.id
https://crossmark.crossref.org/dialog/?doi=10.9767/bcrec.16130&domain=pdf

Bulletin of Chemical Reaction Engineering & Catalysis, 18 (1), 2023, 119

sidered the most efficient technique, because it
produces a final product that is more environ-
mentally friendly, like CO2 and H20 [8-9].

The metal-organic framework (MOF) is a
semiconductor material widely employed in dye
photodegradation due to its unique properties,
including a large surface area, uniform distri-
bution of active sites, and tunable band gap en-
ergy [10]. Zulys et al. synthesized La-PTC
MOFs, which degraded only methyl orange 10
ppm by 64.74% for 240 min under visible light
irradiation [11]. Adawiah et al. succeeded in
synthesizing Y-PTC, which can degrade meth-
ylene blue 10 ppm and methyl orange 10 ppm
by 62.57% and 50.89%, respectively, for 240
min on mercury lamp irradiation [12].

On the other hand, Arora et al. reported
that Fe-BDC MOF's generated a degradation ef-
ficiency of 94.74% methylene blue 5 ppm within
24 h [13]. Herrera et al. successfully synthe-
sized Zn-BDC MOFs with a 10 ppm methylene
blue degradation efficiency of 62.3% in 3 h un-
der the Xe lamp irradiation [14]. Tiwari et al.
reported that combining iron(III) and zinc(I)
metal ion to construct Fe-Zn-BDC bimetallic
MOFs provide an increase in methylene blue
(10 ppm) degradation with degradation efficien-
cy of 57% in 90 min under visible light irradia-
tion [15]. These studies showed that Fe-Zn-
BDC bimetallic MOFs' degradation activity is
higher than their monometallic forms.

Therefore, this study aims to fabricate La-Y-
PTC bimetallic MOF by combining lanthanum
and yttrium metal ions and perylene-3,4,9,10-
tetracarboxylic (PTC) as an organic linker to
increase the photocatalytic activity of La-PTC
and Y-PTC monometallic MOFs. The obtained
MOF is expected can degrade not only for
methylene blue but also for methyl orange.

2. Materials and Methods
2.1 Materials

The materials in this study were used with-
out any purification. These are lanthanum ni-
trate hexahydrate (La(NO3)3.6H20) (EMSURE,
Merck), perylene-3,4,9,10-tetracarboxylic di-
anhydride (PTCDA) (97%, Sigma-Aldrich), sodi-
um hydroxide (NaOH) (EMSURE, Merck), yt-
trium nitrate hexahydrate (Y(NO3)s.6H20)
(EMSURE, Merck), ethanol (EtOH) 96%
(technical grade), methanol (MeOH)
(EMSURE, Merck), hydrogen peroxide (H203)
(EMSURE, Merck), tertier butanol (tert-BuOH)
(EMSURE, Merck), barium sulfate (BaSO.)
(EMSURE, Merck), potassium bromide (KBr)
(EMSURE, Merck), N,N-dimethyl formamide
(DMF) (99.8%, Loba Chemie PVT, LTD) meth-

ylene blue (MB) (EMSURE, Merck), distilled
water (H20), and methyl orange (MO)
(EMSURE, Merck).

2.2 Preparation of Natrium Perylene-3,4,9,10-
tetracarboxylic (Na4PTC) from Perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA)

PTCDA (0.5 g) was dissolved in 50 mL of
distilled water. Then, NaOH (0.356 g) was add-
ed while stirring with a magnetic stirrer at 300
rpm for 60 min. Next, the solution was filtered,
and the filtrate was added to excess ethanol to
obtain a yellow precipitate. The resulting yel-
low precipitate of NasPTC was filtered, washed
with ethanol to a neutral pH and dried at room
temperature for 24 h.

2.3 Synthesis MOFs Bimetallic La-Y-PTC

The synthesis of La-Y-PTC bimetallic MOF's
was carried out by the solvothermal method.
The preparation began with dissolving the
La(NOs3)3.6H20, Y(NO3)3.6H20 and NasPTC
with a molar ratio of La:Y:NasPTC (1:2:1
mmol) into DMF 5 mL and H20 25 mL. Then,
the mixture was magnetically stirred for 60
min at 300 rpm and transferred to a stainless
Teflon-line autoclave. Next, it was heated at
170 °C for 24 h. The mixture was cooled for 24
h at room temperature. Finally, the brown pre-
cipitate was filtered and washed with distilled
water to a neutral pH and then dried at 70 °C
overnight.

2.4 Characterization of MOFs La-Y-PTC

The synthesized La-Y-PTC was character-
ized with Fourier Transform Infra-Red (FTIR)
Prestige 21 Shimazu for functional group anal-
ysis, X-Ray Powder Diffraction (XRD) 7000
Maxima-X for diffraction pattern analysis and
crystal size, UV-Vis Diffuse Reflectance Spec-
troscopy Agilent Carry 60 for band gap energy
analysis and Scanning Electron Microscope-
Energy Dispersive X-Ray (SEM) FEI Quanta
650 for morphological analysis and the ele-
ments contained therein.

2.5 Photocatalytic Activity Test of Bimetallic
MOFs La-Y-PTC

The photocatalytic activity of bimetallic
MOFs La-Y-PTC was analyzed using two dyes:
methylene blue and methyl orange. First, the
test was performed by dispersing La-Y-PTC in-
to 50 mL of dye solution. Then the mixture was
stirred at 300 rpm for 180 min in dark condi-
tions and 250-watt mercury lamp illumination.
Next, the suspension was taken every 30 min
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with 2 mL. Finally, the suspension was centri-
fuged at 6000 rpm for 10 min, and dye absorb-
ance was measured by UV-Vis spectrophotome-
ter at 665 nm for methylene blue and 465 for
methyl orange. The degradation efficiency of
dyes was calculated using Equation (1):

-A

A
Degradation Efficiency (%) = OA ¢ (1)
0

where, Ao is initial dye absorbance, and A; is
dyes absorbance at t.

2.6 Determination of Dominant Species in Pho-
tocatalytic Degradation of Methylene blue and
Methyl Orange

The dominant species in photocatalytic deg-
radation of methylene blue and methyl orange
was determined by adding sacrificial agents
like HoO2, CH3sOH and tert-BuOH with a con-
centration of 0.1 M. Then, the suspension was
magnetically stirred at 300 rpm for 180 min.
Then, the suspension was taken every 30 min
for as much as 2 mL and centrifuged at 6000
rpm for 10 min. The dye absorbance was meas-
ured by UV-Vis spectrophotometer at 665 nm
for methylene blue and 465 for methyl orange.
The degradation efficiency of dyes was calculat-
ed using Equation (1).

2.7 Methylene Blue and Methyl Orange Selec-
tivity Test

The selectivity test of methylene blue and
methyl orange was carried out under the same
dye concentration, La-Y-PTC dosage, and ini-
tial pH of the solution. Selectivity analysis be-
tween methylene blue and methyl orange was
performed by dividing the volume of the two
dyes into 25 mL each. After that, the suspen-
sion was taken every 30 min for as much as 2
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Figure 1. IR Spectrum of PTCDA and Na4PTC.

mL and centrifuged at 6000 rpm for 10 min.
The dye concentration was measured by UV-
Vis spectrophotometer at 665 nm for meth-
ylene blue and 465 for methyl orange. The deg-
radation efficiency of dyes was calculated using
Equation (1).

2.8 The pHpcz of MOF La-Y-PTC Determina-
tion

The pHpzc of MOF La-Y-PTC was deter-
mined by the solid addition method [16]. 50 mg
of La-Y-PTC was added to 100 mL conical flask
containing of 40 mL NaCl 0.1 M at different in-
itial pH (1-10), called pHi. Then, the pH was
adjusted using NaOH 0.1 M and HCI 0.1 M.
The final pH (pHf) was recorded after the elec-
trolyte solution with La-Y-PTC was equilibrat-
ed for 24 h. Both negative and positive ApH
were plotted against pHi. The pH which ApH
becomes 0 is called pHpzc.

3. Results and Discussion

The conversion of PTCDA to NasPTC was
confirmed by analysis of functional groups us-
ing Fourier Transform Infra-Red (FTIR) by
looking at the shift in wavenumbers and the
emergence of new spectra resulting from struc-
tural changes. The PTCDA and NasPTC FTIR
spectra can be seen in Figure 1. The band at
1772 cm~! confirmed the stretching vibration of
the 5-ring cyclic anhydride group of PTCDA.
Then, the peaks appeared at 1753 cm~! and
1730 cm-!, which was attributed to asymmetric
and symmetric vibrations of cyclic anhydride
(C=0) of PTCDA. Sharp peaks at 1234 cm™!
and 938 cm~! were asymmetric and symmetric
cluster (C-0O) vibrations of the cyclic
C-CO-0-CO-C of PTCDA. As shown in Fig-
ure 1, the characteristics of the anhydride in
PTCDA no longer appear on the NaigaPTC
FTIR spectrum.

The FTIR spectrum of NasPTC shows the
peaks at 1633 and 1423 cm™!, indicating
(COO-) asymmetric and symmetric vibrations
of carboxylic ions. It indicates that there is no
longer a cyclic anhydride ring PTCDA but ra-
ther forms carboxylate ions. Then, the FTIR
spectrum of NasPTC also does not show any
absorption of the —OH group at 2500-3300
cm~!, which explains that no —COOH formed
because it has been wholly hydrolyzed by
NaOH forming COO—Na group in NasPTC.

3.1 Characteristics of Bimetallic MOF's La-Y-
PTC

Figure 2 shows the FTIR spectrum of La-Y-
PTC. The peak at 3423 cm™! is confirmed as an
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O-H vibration derived from H20 trapped in La-
Y-PTC. Then, a peak at 1766 cm~! indicates
symmetric vibration (C=0) in La-Y-PTC. Asym-
metric and symmetric peaks (—COO) in La-Y-
PTC appear at 1591 and 1433 cm™!. The vibra-
tion of C—H bends in the plane of aromatic
rings is found in La-Y-PTC at 1212 cm-. It is
found in La-Y-PTC, the La—O and Y-O groups
at 596 and 659 cm-!. Zulys et al. observed the
peak at 576 cm™!, which confirmed the La—O
group in La-PTC [11]. Prabhu et al. obtained
the La—O group at 512 cm™1[17], Meanwhile,
Adawiah et al. reported the presence Y-O
group at 665 cm™! [12]. In adition, Yang et al.
obtained the Y-O group at 445 cm™! [18].
Shadmehr et al. stated that the stretching vi-
bration of metal-oxygen appeared at 400-800
cm! [19]. There are several shifts and the
emergence of new peaks in La-Y-PTC compared
to La-PTC and Y-PTC due to differences in the
structure of MOF's so that they can be used as
an indicator of the success of La-Y-PTC synthe-
sis. Table 1 shows the wavenumber of the La-
Y-PTC, La-PTC, and Y-PTC IR spectra.

Figure 3 shows the pattern of the La-Y-PTC
diffractogram in which there are several dif-

1.0 4
La-Y-PTC|
T 081
m
St
¥ 06
c
m
'E 04
£ LU T
£ £H | yo
= 02+ ' c=C
- L£=0
OH
0.04 _{'oo

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm-1)
Figure 2. Infrared spectrum MOF La-Y-PTC.

fraction peaks, including at 20 = 5.69°, 9.57°,
16.8°; 20.05°; 24.8°, 26.15°; 29.77° and 41.93°.
Meanwhile, the diffraction pattern with the
highest intensity produced by La-PTC is at 20
= 6.31° 16.6° 28.7°, 33.3° and 44.6° [11], while
the diffraction pattern of Y-PTC is at 206=
17.04° 26.27°, and 27.41° [12]. The difference in
the absorption peak value indicates the differ-
ence in the crystal structure of the MOFs La-Y-
PTC. It indicates that the La-Y-PTC was suc-
cessfully formed. The calculation using the De-
bye Scherrer equation with the FWHM value
at 20 = 29.77° of 0.37876 obtained the crystal
size of La-Y-PTC is 21.45 nm. In addition, the
obtained XRD spectrum of La-Y-PTC did not
show the peak for lanthanum or yttrium oxide
compound like lanthanum oxide (La20s3), yttri-
um oxide (Y203), and lanthanum yttrium oxide
(LaYO) (see the comparing spectrum in supple-
mentary file).

The band gap energy can be obtained using
the UV-Vis Diffuse Reflectance Spectrometry
(DRS) instrument. The band gap energy is the
energy between the valence band and the con-
duction band. It is the minimum energy limit
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Figure 3. XRD spectrum of MOF La-Y-PTC.

Table 1. Infrared uptake peaks as well as La-PTC, Y-PTC and La-Y-PTC functional groups.

Wavenumbers (cm1)

Information

La-PTC [14] Y-PTC [15]  La-Y-PTC (this work)
- 3423 Stretching OH (H20)

- 1772 1766 Symmetric vibration (C=0)
1530 1541 1591 Asymmetric vibration (—COO)
1434 1440 1433 Symmetric vibration (—COO)
1210 1212 1212 Bending (C—H) in plane aromatic ring

849, 808 846, 809 848, 803 Bending C—H out of plane aromatic ring

763 763 767 Out of plane C=C aromatic ring

- 655 659 stretching Y-O
572 - 596 stretching La—0
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required by photocatalyst materials for photo-
catalytic processes [12]. Figure 4 exhibits that
the band gap energy of bimetallic MOF La-Y-
PTC is 2.16 eV or has an absorption region up
to the visible light region of 574 nm. Previous
research reported that monometallic MOF La-
PTC and Y-PTC have band gap energy of 2.21
eV and 2.20 eV, respectively [11,12].

The arrangement of the Secondary Building
Unit (SBU) of its metal ions modified the
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Figure 4. Band gap energy and absorbance
spectrum MOF's La-Y-PTC (a) band gap energy
bimetallic MOF La-Y-PTC (b).

MOF's band gap energy. The structure of
MOFs is composed of linker-SBU interface in-
teractions, so linker-SBU interface interactions
influence the electronic nature of MOFs. An in-
crease in the size of the SBU unit can lead to a
narrowing of the band gap energy (FEg) of
MOFs. The difference in the size of the SBU
from the metal used causes a shift in the band
gap energy in the MOFs [20]. Chen et al. re-
ported that two metals with the same ion radi-
us and coordination bond are more likely to ex-
ist at the same level of SBU [21]. Lanthanum
and yttrium have atomic radii that do not dif-

Figure 5. Morphology of MOFs La-Y-PTC (a)
magnification 10000x, (b) magnification 2500x.

Figure 6. Spectrum EDS composition of elements MOFs La-Y-PTC.
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fer much, namely 1.16 A and 1.01 A and are in
one group [22].

Figure 5 shows the morphology of the MOF's
La-Y-PTC shaped like spheres of varying diam-
eters. As seen in Figure 5(a), the variation in
MOFs diameter is 252.4 nm, 353.5 nm; 362.7
nm; 413.4 nm and 517.9 nm. However, there
are still some impurities that look like cotton.
Quantitative measurement by Image-J soft-
ware resulted in the average particle size of bi-
metallic MOFs La-Y-PTC being 354.307 nm.

Figure 6 shows the EDS spectrum showing
bimetallic MOFs La-Y-PTC consist carbon of
55.6%, oxygen of 25.0%, yttrium of 16.7%, lan-
thanum of 2.1%, sodium of 0.3% and aluminum
of 0.2%. There are impurity elements, namely
aluminum and sodium. However, the impurity
elements have a small quantity. They are not
coordinated with the COO- group of the
Na4PTC, which is confirmed by the absence of
absorption bands for the Na—-O and Al-O
groups on the La-Y-PTC FTIR spectrum
(Figure 2).

3.2 Methylene Blue Degradation by Bimetallic
MOFs La-Y-PTC

o ;V|S|ble Light
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Figure 7. Illustration of metal-metal electron
transfer and metal-linker Zr—O-Ce [24].

La-Y-PTC exhibits degradation efficiency of
methylene blue of 98.24% for 180 min (Table
2). The photocatalytic activity of bimetallic
MOFs La-Y-PTC is higher than La-PTC and Y-
PTC due to the substitution of yttrium metal
against lanthanum in MOFs encourages the
transfer of electrons from the metal to metal. It
can inhibit the photoexcited electron-hole re-
combination that leads to the decreasing photo-
catalytic activity. Guo et al. successfully syn-
thesized ZIF-67@Co-MOF-74 with better photo-
catalytic activity than ZIF-67 and Co-MOF-74
[23]. An illustration of the transfer of metal-
metal electrons can be seen in Figure 7.

3.3 Effect of Methylene Blue Concentration

Figure 8(a) shows the degradation efficiency
of methylene blue at 10, 15, 20, 25 and 30 ppm
are 98.24; 71.02; 63.96; 42.18 and 17.42%, re-
spectively. At concentrations of 10, 15 and 20
ppm, the degradation efficiency increases every
30 min. However, at 25 and 30 ppm, its degra-
dation efficiency tends to go up and down. It
showed the removal of MB was carried out only
by adsorption mechanism.

The dyes' adsorption on the photocatalyst's
surface influenced the photocatalytic degrada-
tion rate. In the photocatalytic degradation
process, only dyes that adsorbed on the photo-
catalyst surface are degraded. In general, the
greater the initial concentration decreases its
degradation efficiency. Since the number of
photons (hv) that can penetrate the surface of
the photocatalyst is getting less due to the ob-
struction of substance molecules that cover the
surface of the photocatalyst, and then the hy-
droxyl radicals (* OH) that are an essential fac-
tor in the degradation of the dye are challeng-
ing to form [25]. In addition, the decreasing
degradation efficiency is due to the photocata-
lyst already in the saturated phase due to the
high concentration of dyes. Already saturated

Table 2. Dyes degradation comparison between bimetallic MOF La-Y-PTC, La-PTC and Ya-PTC.

Initial dyes MOF

MOF concentration dosage pH Sa;ligelght (’Ir‘;rlrrls efoE; f;:j;;m(oo/n) Ref.
(ppm) (% blv) ’
MB 10 0.06 pH=17 No photocatalytic
La-PTC ’ 240 14
a MO 10 0.06 mercury lamp 64.74 [14]
V.PTC MB 10 0.06 pH =7, 940 87.55 (15)
MO 10 0.06 mercury lamp 50.89
MB 10 0.05 pH=7 98.24 Th
La-Y-PTC MB 20 0.05 pH=2, 180 69.57 work
MO 10 0.05 mercury lamp 93.63
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photocatalysts decrease photon efficiency and
cause photocatalyst deactivation [26]. Krishnan
et al. explain that increasing dyes concentra-
tion from 20 ppm to 60 ppm enhances degrada-
tion efficiency [27]. Still, the degradation effi-
ciency has decreased to a concentration of 100
ppm. Samuel et al. also reported that the in-
creasing concentration of 4-nitrophenols from 5
ppm to 10 ppm gives the enhancing degrada-
tion efficiency of Zn(BDC)(DMF), but when the
concentration is 40 ppm, the efficiency de-
creases significantly [28].

3.4 Effect of MOF's La-Y-PTC Dosage

Figure 8(b) shows photocatalyst dosage of 5,
15, 25, 35 and 45 mg having successive degra-
dation efficiency of 12.75; 20.24; 63.96; 54.00
and 47.18%. The optimum La-Y-PTC dosage is
25 mg. The La-Y-PTC dosages at 5 and 15 mg
have a fluctuating trendline. Due to the small
number of catalysts, their photocatalytic activi-
ty 1s disturbed. Whilst at 35 and 45 mg, there is
a fluctuating trendline resulting from too abun-
dant photocatalyst particles that causes turbid-
ity in the solution. Kumar & Pandey explained
that the active site where the reaction occurs
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was increased by increasing the photocatalyst
dosage [25]. It contributed to the higher radi-
cals (* OH) number formed. However, too many
photocatalysts affect the turbidity of the solu-
tion. A cloudy solution causes the rays to be
challenging to reach the active site of the pho-
tocatalyst so that electron excitation and radi-
cal formation (*OH) become inhibited, result-
ing in decreased degradation [25].

3.5 The pHpzc point of 1a-Y-PTC and Effect of
pH

Figure 8(c) shows a methylene blue degra-
dation efficiency of 69.57; 52.06; 63.96; 65.29
and 73.83% for pH 2, 5, 7, 9 and 11. The alka-
line condition at pH 9 and 11 (Figure 8(c))
show there is a fluctuating trendline of MB
degradation efficiency. It confirmed that the
MB decolorization was more affected by ad-
sorption ability than photocatalytic activity of
La-Y-PTC. It is due to the bimetallic MOF La-
Y-PTC consisting of lanthanum and yttrium
metals with carboxylic ion linkers, a group of
hard acids and hard bases that unstable in al-
kaline condition. Then, MOF was decomposed
by OH- ions, and lost its photocatalytic activi-

ty.
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Figure 8. Methylene blue degradation efficiency at various initial concentrations of methylene blue (a);
La-Y-PTC dosage (b); initial pH solution (c); and concentration of methyl orange (d).
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The decolorization percentage of MB at al-
kaline condition (pH = 9 and pH = 11) is higher
than at acidic and neutral condition. The initial
pH affects the La-Y-PTC surface charge, and
generate the change of its adsorption ability.
The increasing of MB adsorption was influ-
enced by the increasing of electrostatic force at-
traction. The pHpzc of La-Y-PTC was found to
be 6.90 (Figure 9). It confirmed that at higher
pH (pH>pHpzc), namely pH = 9 and pH = 11,
the MOF La-Y-PTC surface become negatively
charged. Therefore, the cationic dye (MB) ad-
sorption will be more favorable. At pH = 11, de-
colorization of MB is higher than pH = 9. It is
due to the high pH increase the number of OH-
ions on the La-Y-PTC surface, and encourage
the MB adsorption via electrostatic interaction
[29].

In contrast, pH = 2 has a trendline that con-
tinues to rise. Acidic conditions cause the pho-
tocatalyst surface to be more positively
charged. So that, the MB adsorption by La-Y-
PTC is unfavorable because of the electrostatic
repulsion between similar charge La-YPTC
surface and MB [25]. It explained that the deg-
radation efficiency of MB by La-Y-PTC was in-
fluenced by photocatalytic mechanism than ad-
sorption mechanism. At pH = 2, hydrogen (H*)
ion will capture the electrons towards the La-Y-
PTC surface, inhibit the electron-hole pairs re-
combination process, so that the photocatalytic
activity was increased [30]. Zebardast et al.
succeeded in synthesizing Co/Zn-MOF-5 and
N1/Zn-MOF-5, which degrade methylene blue
12 ppm at a pH of 2-4 with a degradation effi-
ciency of 80-90% [31].

pHi

Figure 9. The point of zero charge of MOF La-
Y-PTC.

3.6 Methyl Orange Degradation by Bimetallic
MOFs La-Y-PTC

Figure 8(d) shows that at pH 2, the degra-
dation efficiency of methyl orange 20 ppm has
a fluctuating value with a degradation efficien-
cy of 40.76% for 180 min. In contrast, the con-
centrations of 10 ppm performed good photo-
catalytic degradation with a degradation effi-
ciency of 93.63%, and 15 ppm reached 59.11%.
The concentration of methyl orange affects the
magnitude of their degradation efficiency.
Samuel et al. proved that there is an increase
in the concentration of 4-nitrophenols from 5
ppm to 10 ppm, which is the result of a degra-
dation efficiency Zn(BDC)(DMF) that is in-
creasing [28]. Still, if the concentration is in-
creased to 40 ppm, the degradation decreases
significantly.

Besides that, the pH of the solution also af-
fects photocatalytic reactions. It is because pH
affects the active sites on the photocatalyst's
surface. Methyl orange, an anionic dye, has ex-
cellent photocatalytic degradation in acidic
conditions (pH<7) due to an electrostatic bond
between the methyl orange and the photocata-
lyst surface charge. Conversely, in alkaline
conditions, the photocatalyst surface is nega-
tively charged, so there is a repulsive force be-
tween the methyl orange and the photocatalyst
surface, reducing its degradation -efficiency
[32].

3.7 Methylene Blue and Methyl Orange Degra-
dation by Bimetallic MOF La-Y-PTC

Figure 10 shows the bimetallic MOF of La-
Y-PTC capable of degrading both types of dyes,
namely methylene blue and methyl orange,
with degradation capacities of 27.83 mg/g and
18.73 mg/g, respectively. The degradation effi-
ciency of methylene blue is greater than that of
methyl orange. The reaction condition occurs in
an acidic (pH = 2). Under acidic conditions, hy-
drogen ions capture electrons forming so that
the recombination rate of electron pairs is ex-
cited and the electron-hole becomes inhibited,
increasing their photocatalytic activity [30].

pH influences methyl orange degradation by
affecting the active site on the photocatalyst
surface charge. In acidic conditions, hydrogen
ions (H*) made the photocatalyst surface more
positively charged. Therefore, methyl orange's
degradation efficiency increases at the lower
pH of the solution. Conversely, methyl orange
is an anionic dye that becomes well degradable
at acidic pH due to the increase in photocata-
lyst adsorption ability against methyl orange
by the electrostatic interaction between nega-
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tively charged methyl orange and positively
charged photocatalyst surfaces [32].

The adsorption of their photocatalysts influ-
ences the photo degradability of dyes. It is be-
cause degraded dye molecules are molecules
that are absorbed on the surface of the photo-
catalyst. Under acidic conditions, methylene
blue is adsorbed on the surface of La-Y-PTC,
weaker than methyl orange. It is because meth-
ylene blue is adsorbed only through hydrogen
and 7 bonds. In contrast, methyl-orange is ad-
sorbed through hydrogen interactions, n, and
electrostatic bonds between the negative charg-
es in methyl orange and photocatalysts that
tend to be more positively charged. The bond
strength between methylene blue and photo-
catalyst is weaker, so it is easier to degrade
than methyl orange. So, methylene blue's deg-
radation is more remarkable than methyl or-
ange. Photocatalytic activity tests evidence it
on a mixture of methyl orange and methylene
blue solution. The test results showed that the
photodegradation rate of methylene blue was
faster than methyl orange (Figure 10). MOFs
La-Y-PTC can degrade methylene blue with a
degradation efficiency of 90.05% within 30 min,
while methylene orange degrades by 92.36%
within 120 min.
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Figure 10 also exhibits that the MB and MO
were degraded by MOF La-Y-PTC to obtain
carbon dioxide and water as the final product.
It can be seen from the UV-Vis spectrum of MB
and MO (Figure 10(b) and (c)) that show no
new peak or the maximum wavelength was
formed. The MB and MO degradation were af-
fected by the free radical species such as hy-
droxyl and superoxide that were obtained by
the reaction between photoexcited electron-
hole pairs and H20 and Oz that were adsorbed
on the La-Y-PTC surface [33]. The mechanism
of hydroxyl and superoxide radical can be seen
in Equations (2)-(4).

MOPFs + hv — MOFs (e~ + hte) (2)
h*w+ H20 — <OH + H* 3
e+ 02— 02" (4)

3.8 Dominant Species in Photocatalytic Activi-
ty of Methylene Blue and Methyl Orange

Adding H202 0.1 M increased the degrada-
tion efficiency from 69.57% to 84.28% for meth-
ylene blue and methyl orange from 40.76% to
96.88% (Figure 11). Adding H202 increases free
radical species (* OH) formation, which contrib-
utes significantly to photocatalytic degradation
reactions. H202 added to the system captures
photoexcited electrons to prevent recombina-
tion between photoexcited electron and elec-
tron-hole pairs [34]. In addition, H2O2 also re-
acts with photoexcited electrons producing rad-
icals (+OH) and hydroxide ions (OH-) [34].

Furthermore, the electron holes in the va-
lence band in the La-Y-PTC will be stabilized
through bonds with hydroxide ions or other
species, such as water, producing hydroxyl rad-
icals (*OH). On the other hand, H2O2 was also
decomposed by light-producing hydroxyl radi-
cals (*OH). The increasing number of hydroxyl

L5 4 (C) 0 minute
30 minutes

60 minutes

z 90 minutes
b 14 | —— 120 minutes
g 150 minutes
© —— 180 minutes
2
1
05 4
o
-
L)
. -_ % N
400 500 600 700 800
Wavelength (nm)

Figure 10. Methylene blue (MB) and methyl orange (MO) degradation efficiency (a); UV-Vis spectrum

of MB (b); and MO (c) after and before reaction.
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radicals increases the efficiency of methylene
blue degradation [34]. The mechanism can be
written by Equations (5)-(9).

MOFs + hv —» MOFs (e=cs + hte) (5)
e~ + H202 — +OH + OH (6)
e+ 02 —°02" @)
h*w+ OH- —+OH (8)
h*w + H2O2 — 2-OH 9)

Meanwhile, for the addition of methanol,
there was a decrease in the degradation effi-
ciency of methylene blue to 38.42%. Figure 11
also shows the fluctuating value of methylene
blue degradation efficiency. It suggests that
adding methanol causes the MOFs La-Y-PTC
to lose its photocatalytic activity against meth-
ylene blue. In contrast to methylene blue, the
degradation efficiency of methyl orange has in-
creased from 40.76% to 72.61%. However, add-
ing methanol results in a lower methyl orange
degradation efficiency than adding hydrogen
peroxide. Methanol causes electron holes (h*) to
oxidize to hydroxyalkyl radicals (*CH2:0H),
which oxidize further to formaldehyde (CHz0)
[34]. Thus, in this case, there is no formation of
hydroxyl radicals (*OH) that play an essential
role in the photodegradation process of meth-
ylene blue.

On the other hand, the photoexcited elec-
trons react with oxygen adsorbed on the sur-
face of MOFs to form superoxide radicals
(*O27). The radicals also react with dyes to
form degradation products [34]. These results
indicate that the dominant species that play a
role in the photocatalytic process of degrada-
tion of methylene blue and methyl orange by
MOFs La-Y-PTC are hydroxyl radicals (-OH)
and electron holes (A*). It also proves the re-
sults of previous tests where MOFs La-Y-PTC
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was able to degrade the two dyes because hy-
droxyl radical species reduced the concentra-
tion of dyestuffs non-selectively [35,36]. The
degradation mechanism in the presence of
methanol addition is shown in Equations (10)-
(13).

MOFs + hv — MOFs (e~ + h*vb) (10)

+» + CH3sOH —+ CH20OH — CH20 (11)
e+ 02 —°02 (12)
MB + + 02 — H20 + CO2 (13)

In addition, the role of hydroxyl radicals in
the degradation of methylene blue and methyl
orange is also evidenced by testing photocata-
lytic activity with a mixture of tertiary butanol
(tert-BuOH) and H203. Figure 11 showed a de-
crease in degradation efficiency to 63.16% and
95.10% for methylene blue and methyl orange,
respectively. Tert-BuOH captures hydroxyl
radicals, reduces the number of hydroxyl radi-
cals that play a role in the degradation process,
and decreases degradation efficiency.

4. Conclusion

This study has successfully synthesized the
bimetallic MOF La-Y-PTC by solvothermal
method. The synthesized bimetallic MOF La-Y-
PTC showed higher degradation efficiency to
methylene blue and methyl orange than mono-
metallic MOFs La-PTC and Y-PTC. The photo-
catalytic degradation of methylene blue and
methyl orange by bimetallic MOFs La-Y-PTC
occurs through forming of hydroxyl free radical
species. This study shows that the combining
lanthanum and yttrium metal ion in enhances
their photocatalytic activity for both MB and
MO degradation.
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Figure 11. Degradation efficiency of (a) methylene blue and (b) methyl orange in the presence of the
addition of hydrogen peroxide (H202), methanol (MeOH) and tertiary butanol (tert-BuOH).
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