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Chapter 5: Ag-based magnetic metal organic......

5b.1 Introduction
Metal-organic frameworks (MOFs) are porous, crystalline substances created by coordinating

metal ions with organic ligands. Due to their larger specific surface areas, simplicity in
separation, higher porosity, variety of structures and functions, they have gained a lot of
attention. MOFs constructed from a variety of organic binding ligands and metal ions have
made it possible to more systematically engineer their chemical and physical characteristics,
making them useful for a variety of applications in various fields, such as gas adsorption and
separation, sensors, drug delivery, catalysis or other areas (Zhao et al., 2015) (figure 5b.1).
An external magnetic field can be used to quickly separate magnetic Fe3Os from reaction

fluids. Magnetic MOF composites, which are made of MOFs and magnetic nanoparticles,

have great benefits in adsorption and separation.
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Figure 5b. 1. Application of metal organic frameworks

Immobilizing AgNPs/nanofluids onto a support provided a practical way to address
reusability issues while maintaining the catalysts’ high catalytic activity and reusability
(Xianchun Liu et al., 2015)(Q. Mao et al., 2015). The catalytically active metal NPs have also
been immobilized on solid supports with mesopores like SBA-15 (X. Zhang et al., 2013) and
MCM-41 (D. Chen et al., 2013)(Selvakannan et al., 2013) in order to control their catalytic
properties which have been regarded as ideal supports for heterogeneous catalysis due to their
excellent stability, high surface area, tunable pore size and robust surface chemistry. Naik et
al. reported the production of AgNP within the pores of Mesoporous silicas (like SBA-15)
(Naik et al., 2011) and mesoporous alumina for the conversion of 4-NP to 4-AP (Naik et al.,

2012).
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Dong et al. synthesized silver nanoparticles immobilized on fibrous nano- for reduction of 4-
nitrophenol and 2-nitroaniline (Dong et al., 2014).

Liu and co. studied the catalytic potential of an Ag NPs/Si chip for nitro aromatics reduction
(Xiang Liu et al., 2014).

Magnetic metal organic framework nanocomposites (MMOFCs) fabricated by hybridization
of magnetic nanoparticles and metal organic frameworks (MOFs), possess the structure and
performance of MOFs as well as magnetic properties that can help in their separation and
recyclability. MMOFCs have thus gained attention as candidates with great potential for
environmental remediation as sorbents and solid phase extractants that can be effectively
separated by means of an external magnetic field and reused (Meteku et al., 2020).
Specifically, iron-based MOFs, such as Fe-benzene tricarboxylic acid, Fe-BTC commercially
called as BasoliteS F300, have been used as catalyst supports (Rivera-Torrente et al., 2018),
as catalyst for quinazolinone synthesis (Oveisi et al., 2016) and as photocatalyst for
degradation of dyes (Hossein Zadeh et al., 2019). Iron oxide has been used as support for
impregnating Ag nanoclusters (Islam et al., 2016) with potential for catalytic hydrogenation
of 4-nitroaniline. Ag-based nanocomposites, have been extensively investigated as catalysts
because of their high activity, easy preparation, low cost, good stability and low toxicity.

U. Kurtan et al. synthesized magnetically recyclable MnFe;O.@SiO.@Ag nano catalyst for
the catalytic reduction of azo dye and nitro compounds (Kurtan et al., 2016). This magnetic
nano catalyst has been observed to have excellent reusability properties that remained
constant even after several cycles.

Pratik Nariya et al. developed recyclable magnetic silver cyclodextrin nanocomposite with
catalytic potential for simultaneous reduction of nitroaromatics and organic dyes from waste
water (Nariya et al., 2020).

Thanh-Danh Nguyen used Jasminium subtriplinerve to synthesize AgNP which was then
capped with nanocomposite 2-hydroxypropyl-B-cyclodextrin/alginate and used for the
degradation of pollutants such as 4-nitrophenol, methyl orange and rhodamine B (Nguyen et
al., 2018).

Zhengping Dong et al. anchored amino groups on fibrous silica for the well dispersion of
silver nanoparticles on it (Dong et al., 2014). The synthesized novel fibrous nano-silica base
nano catalyst had been used for the reduction of 4-nirophenol and 2-nitroaniline.

There are several reports available where the metal core shell nanoparticles are used for

reduction of nitro compounds. Zhengping Dong et al. modified fibrous silica nanospheres
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using Ni@Pd core-shell nanoparticles. The core shell of Ni@Pd NPs possessed a magnetic
core of Pd. The catalyst was used for the reduction of 4-nitrophenol.
Shmuel Gonen et al. had prepared Silver Organic Framework of Benzene tricarboxylic acid
or trimesic acid incorporated in Activated Carbon(Gonen et al., 2019) and investigated its
electrocatalytic activity. Huang et al. prepared a silver based MOF by self-assembly of
silver(l) and carboxylate incorporating pyrazine as an auxiliary ligand(Huang et al., 2013).
Silver trimesic acid based MOF were fabricated by S. Kamal and T.C.-K. Yang as SERS
substrate for detection of organic pollutants(Kamal & Yang, 2021), while Xiu-Ju Yin and
Long-Guan Zhu fabricated silver trimesic acid based MOF as a photocatalyst for degradation
of methylene blue (Yin & Zhu, 2019).
In the present work, it was decided to take into advantage multiple carboxyl groups of BTC
for binding Fe3O4 to Ag-BTC to prepare nano I0@Ag-BTC MMOFCs and evaluate its
potential as catalyst using nitrophenol reduction as the model reaction.

COOH

HOOC COOH
Figure 5b. 2. Structure of Benzene tricarboxylic acid (BTC)

5b.2 Materials and methods

5b.2.1 Materials and Chemicals

Silver nitrate (AgNOs, Spectrochem; 99.9%), Trimesic acid (Sigma aldrich), FeCls
(Spectrochem), and Ferrous sulphate (Spectrochem) were used in this study without further

purification.

5b.2.2 Synthesis of Iron oxide nanoparticles

The iron oxide nanoparticles were synthesised by co-precipitation technique. Briefly, 0.03 M
Fe2* and 0.015 M Fe®* were mixed followed by dropwise addition of 1 mL of 0.1 M ammonia
solution and stirred for 2-3 minutes. The colour of the solution initially changed to brown and

then to black indicating the formation of iron oxide nanoparticles.
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5b.2.3 Synthesis of nano Ag-BTC MOFs

For the synthesis of Ag-BTC MOF, 0.03 M BTC solution in NaOH was added dropwise to
50 mL of 0.03 M AgNO:s solution under stirring in 100 mL beaker. The solution turned
yellow indicating the formation of Ag-BTC MOF(Ag-BTC).

5b.2.4 Synthesis of IO@Ag-BTC MMOFC

A simple mixing strategy was adopted to synthesize IO@AQg-BTC wherein the Ag-BTC
MOF containing solution formed in section 2.3 was added to 10 containing solution prepared
in section 2.2 under stirring conditions. The mixture was stirred for half an hour and was
filtered through Whatman filter paper no. 1 followed by washing several times with water to
remove free AgNOz. Finally, it was dried in oven at 100°C.

During the course of this work Chang et al., reported the fabrication of Fez;Os@MIL-
100(Fe)/Ag and its catalytic potential towards the reduction of nitrophenol (Chang et al.,
2020). However, the MOF was fabricated by functionalization of FezO4 with carboxyl groups
followed by formation of Fes0s@MIL-100(Fe) in second step and Fes0s@MIL-100(Fe)/Ag

in the third step and irradiation with gamma rays. The resulting MOF was used as catalyst for

2
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_
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5b.2.5 Catalytic reduction of Nitrophenol

The efficacy of IO@Ag-BTC MMOFC as catalyst was investigated for catalytic reduction of
PNP. The reaction was performed by taking 10 mL of 100 ppm of PNP in 25 mL beaker to
which 0.2 mL of 0.1 M NaBH3 solution was added under stirring followed by addition of 10
mg of IO@Ag-BTC MMOFC. The reaction mixture was kept under stirring till the solution
turned colorless. The reaction was monitored at 1 min interval by withdrawing 0.5mL aliquot

of the solution, diluting to 5 mL and measuring the decrease in absorbance at 400nm using a

MSU/Mohini Sadhu 2022 147



Chapter 5: Ag-based magnetic metal organic......

JASCO-V635 UV- Visible spectrophotometer. After completion of reaction, the catalyst was

separated by magnet.

5b.3 Results and discussion
5b.3.1 Characterisation of IO@Ag-BTC MMOFC

UV spectroscopy analysis

The UV-Vis spectra (figure 5b.3a) shows a shoulder band at ~ 250 nm which could be
assigned to the characteristic @ to * transition of BTC while the band at 350 nm may be
attributed to the 4d—»5sp inter-band transitions of silver nanoclusters embedded in BTC
(Islam et al., 2016) and probably to the quadrupole resonance caused due to the presence of
low-dimensional non-spherical particles that might have led to non-uniform incidence of light
across the sphere. The broad absorption band centred in the region 450-600 nm can be
attributed to the d-d transition of Fe®*, as well as transverse band of spherical NPs at 400 -
450 nm and longitudinal plasmon band of Ag nano rods at 600-700 nm (Link & EI-Sayed,
1999). The UV-visible absorption bands thus suggest that the solution consists of low
symmetry particles and nanorods together with fine nanoclusters (Panda et al., 2018). The
EDX spectrum (figure 5b.4a) of IO@AQ-BTC confirmed the presence of iron and silver.
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Figure 5b.3 a) UV spectra and b) Zeta potencial of IO@Ag-BTC MMOFC
Transmission electron microscopy
TEM Transmission Electron Micrographs of IO@Ag-BTC nanostructures (figure
5b.4b) with two different contrasts due to presence of silver and iron oxide were observed.
The Ag nanoparticles, which have higher Z exhibited darker contrast. A large number of
low-symmetry spherical shaped particles of size ~53 nm together with some rod-like shapes
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with aspect ratio ranging from 3.7 to 11.23 nm were observed. The SAED pattern of IO@Ag-
BTC MMOEFC exhibited diffraction rings attributed to (220), (311, 111), (400, 200), (422,
511) and (440, 220) planes iron oxide.

Spectrum 1

Element Weight%

CKE 6.96
oK 32.87
FeK 31.20
AgL 28.98

Totals 100.00

4
ull Scale 491 cts Cursor: 0.000

Figure 5b.4 a) EDAX of IO@Ag-BTC MMOFC, b) TEM images of IO@Ag-BTC MMOFC

X-Ray diffraction analysis

The XRD pattern of I0O@Ag-BTC MMOFCs is shown in Figure 5b.5. X-ray
diffraction peaks of weak intensity at 20 of 32.14° and 35.5° were related to the diffraction of
(220) and (311) planes of Fe,O3(maghemite)/FesOs(magnetite), the diffraction peaks at 260
22.84 ° and 27.58° peaks were attributed to (210) and (211) planes of maghemite (Ruiz-
Baltazar et al., 2015) while the diffraction peaks at 20 of 38.0°, 44.18°, 64.34°, 77.32° were
attributed to (111), (200), (220), (311) diffraction planes of Ag nanoparticles respectively.
The prominent diffraction peak at 38° indicated that the preferential longitudinal growth was
along the (111) crystal plane during formation of rods of Ag (Rekha et al., 2018). The
diffraction peaks of Ag appear to be much stronger than those for Fe,Os3, indicating that the
crystallization of Fe2Os NPs was less ordered as compared to AgNPs.
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Figure 5b.5 XRD of IO@Ag-BTC MMOFC

FTIR analysis

The IR spectrum of BTC (figure 5b.6) exhibited bands at 1606 cm™ and 1681-1727
cm! that can be attributed to presence of protonated and deprotonated carboxylic acid groups.
The C-H stretching mode of BTC was assigned to the signal at 3090 cm™ while the aromatic
C-H in plane bending modes were assigned to the peaks at 1286, 1248, 1180 cm™ and C-H
out of plane bending vibration to 919 cm™. The bands observed at 1327 cm™ and 1402 cm™*
were attributed to OH out of plane bending mode of carboxyl group, while the peak at 3350
to 3400 cm™ was attributed to O-H stretching of carboxylic acid group (Mahalakshmi &
Balachandran, 2014). The C-C ring stretching vibrations of benzene were observed in the
region 1455, 1519 cm™ and 1107, 1180 cm™. The in-plane and out-of-plane bending
vibrations of the benzene ring were observed at 919 cm™.

The infrared spectrum of pristine iron oxide (figure 5b.6) exhibited vibrational modes
that appeared at 3627 cm™, 2353 cm™, 3354 cm™ and 1669 cm™ are assigned to the O-H
bending vibrations and vibrations of hydrogen-bonded water molecules adsorbed on the
surface, while the peaks in the range 400 to 800 cm™ can be attributed to Fe-O vibrations of
iron oxide (Daou et al., 2008).

The spectra of Ag-BTC (figure 5b.7) displayed the characteristic carboxylate peaks at
about 1553, 1357 cm™as a result of the delocalized electronic cloud of carboxyl groups
confirming the formation of metal organic framework(Wei et al., 2017).
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Figure 5b.6 IR spectra of BTC and 10

The spectrum of IO@BTC-Ag (figure 5b.7) was with very less features, with the main bands
being observed at 742, 1367, 1438, and 1637 cm™ (Classen et al., 2007). The broad band in
the region 3450 cm™ was attributed to OH stretching vibration, 1637 cm™ to symmetric
stretching vibration of COO" group while the band at 1438 cm™ was attributed to asymmetric
stretching of C-O group and 1367 cm™ to aromatic C=C stretching of trimesic acid
(Chandrasekaran et al., 2015; Ruiz-Baltazar et al., 2015). The band at 740 cm™ was attributed
to Fe-O vibrations of iron oxide suggesting the formation of IO@BTC-Ag.
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Figure 5b.7 IR spectra of Ag-BTC and IO@Ag-BTC
Raman spectroscopy analysis

The broad features in the Raman spectrum of IO@Ag-BTC (figure 5b.8) at 1359 and
1584 cm™ were assigned to symmetric and asymmetric C=0 stretching vibrations of
carboxylate group respectively as well as ring C-C stretching modes. The scattering observed
at ~745 cm can be attributed to C-H out-of-plane bending modes of rings. The ring in plane
and out of plane bending modes was observed at 450 and 385 cm™ respectively. The broad
band observed at 1295 cm™ was assigned to O-H out-of-plane bending of carboxylic acid
group(Mahalakshmi & Balachandran, 2014). The broad band centred at 683 cm™ (A1) which
extended upto 745 cm™ and bands at ~527 cm™ (E) and ~385 cm™ (T1) were attributed to
maghemite. The spectrum exhibited a sharp band at 243 cm™, attributed to the stretching
vibrations of Ag-O bonds. Further the weak peaks at, 312 cm™, 541 cm™ and 672 cm™
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overlapping with maghemite peaks were attributed to magnetite indicating the presence of

both maghemite and magnetite.
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Figure 5b. 8 Raman spectrum of IO@Ag-BTC

TGA analysis

1
3000

The thermogravimetric curve (figure 5b.9) of the MMOFC I0@Ag-BTC displayed a
small and lineal loss of weight (~5.8%) in the interval between 30 °C and 600 °C due to

evaporation of water with negligible loss of structure.
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DSC analysis
The exothermic peak in the DSC thermogram may be attributed to crystallization of

silver and framework reorganization followed by decomposition of BTC (figure 5b.10)
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Figure 5b.10 DSC spectra of IO@Ag-BTC

VVSM analysis

The magnetic property of IO@Ag-BTC MMOFC was investigated by a vibrating
sample magnetometer (model 7400 with P.S 665) at ambient temperature (figure 5b.11). The
absence of hysteresis loop with a saturated magnetization of 26.96 emu/g indicated the

superparamagnetic nature of the MMOFC that can be magnetically separated.
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Figure 5b.11 VSM of IO@Ag-BTC
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XPS analysis

The XPS deconvoluted spectra and survey spectra of Ag-BTC, 10 and IO@Ag-BTC
are presented in figure 5b.12, 5b.13 and 5b.14 respectively. The presence of a peak at 367.4
eV was attributed to Ag present in the bonded form in the BTC framework of Ag-BTC while
the peaks at ~ 368 and 374 eV in IO@AgQ-BTC was attributed to Ag® 3ds;2 and 3ds/2 spin
orbitals respectively. The peaks at ~369 eV and 375 eV in Ag-BTC and IO@Ag-BTC
respectively can be attributed to silver nanoclusters of size smaller than 10 nm (B. H. Mao et
al., 2014). 1t was observed that nanocluster content was higher in Ag-BTC while metallic Ag
content was higher in IO@Ag-BTC. This position of the band due to nanoclusters has been
reported to change depending on the cluster sizes and distribution. The width observed (~1.6
eV FWHM) points to a large distribution of cluster sizes, while the metallic silver peak is

positioned at the energy reported by several authors(Calderon et al., 2013).
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Figure 5b. 12 XPS spectra of a) Ag3d peak in Ag-BTC, b) Ag3d peak in IO@Ag-BTC c) Cls
peak in Ag-BTC d) C1s peak in IO@Ag-BTC

The XPS spectra of iron in IO@AQ-BTC peaks at binding energies ~710 and 713 eV were
assigned to Fe?* and Fe®" 2pa/2 respectively while peaks at ~723 and 726 eV were assigned to

Fe?* and Fe®* of Fe2pi. respectively. The satellite peaks corresponding to Fe?*and
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Fe3*appeared in the range ~715-722 eV. The peaks observed at ~724.30 eV in iron oxide
and I0@Ag-BTC corresponded to Fe?*and ~728.93 eV to Fe**ions (Fe2piz) in IO@AgQ-
BTC. The peaks observed at 716, 720, 729,733 eV were attributed to the satellite lines of

Fe?*and Fe*"ions of 2pa/, and 2psy. respectively(Bravo Sanchez et al., 2017)
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Figure 5b.13 XPS spectra of a) O1s peak in Ag-BTC b) O1s peak in IO@Ag-BTC c) Fe2p
peak in IO@AQ-BTC
The C 1s spectra of Ag-BTC and IO@Ag-BTC (figure 5b.12¢c and 5b.12d) exhibited peaks at
284.84 eV ascribed to the aliphatic carbon. The components at binding energies ~287 eV and
290 eV clearly indicated the existence of carboxylate or carbonyl carbons. The carboxylate
group gets deprotonated in alkaline medium. The deprotonated carboxylic groups stabilize
silver ions (Ag") and subsequently an electron transfer from the oxygen of the trimesate anion

to the silver ion (Ag") converts the silver ion to silver metal nanoparticle (Ag®) which further
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can interact with maghemite to form IO@Ag-BTC (Wei et al., 2017). The XPS mapping
images of Ag-BTC, 10 and IO@Ag-BTC are shown in figure 5b.15 (Wu et al., 2018).
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Figure 5b.15 XPS mapping images

5b.3.2. Catalytic activity

The catalytic activity of the fabricated IO@BTC-Ag MMOFC was investigated utilizing the
reduction of 4-nitrophenol to 4-aminophenol with sodium borohydride as a model reaction.
About 10 mg of IO@BTC-Ag MMOFC comprising 2.26 x 10 mmol silver was added to 10
mL of a solution containing 100 mg/L of 4-nitrophenol and 0.2mL of 0.1M sodium
borohydride. The addition of sodium borohydride led to the solution turning yellow due to
the conversion of 4-nitrophenol to nitrophenolate in alkaline conditions. The decolorization
of the yellow colour after addition of the catalyst was monitored by UV- Visible
spectroscopy.

The PNP exhibited an absorbance maximum at ~317 nm (figure 5b.16a), which red shifted to
400 nm in the presence of NaBH4 due to the formation of 4-nitrophenolate ion in alkaline
medium. On addition of IO@BTC-Ag, there was a decrease in the intensity of the absorption
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peak at 400 nm with simultaneous appearance of a new peak at ~ 300 nm indicating the
formation of reduction product, 4-aminophenol (4-AP).
The appearance of isosbestic point at ~320 nm, further affirmed the reduction of 4-NP to 4-

AP occurred without by-product formation.
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Figure 5b.16 a) UV absorption spectra of catalytic reduction of p-Nitrophenol with NaBHa in

the presence of IO@Ag-BTC, b) plot of In A/Ao versus reaction time in minutes (k=0.3926

min?)

The Kinetics of catalytic reduction by I0@Ag-BTC was determined from UV-visible
absorption spectra (figure 5b.16b). The kinetic study confirmed that the catalytic reduction
followed pseudo first order kinetics in the presence of excess NaBH4 with a rate constant of
0.3926 min, calculated from the slope of the plot of InA/Ao versus time (Ao is the initial
concentration of 4-nitrophenol and Ay is the concentration of 4-nitrophenol at time t).

The rate constants were comparable to those reported in the recent literature, as summarized
in Table 5b.1 and required lesser amount of catalyst as compared to FesOs@GTE/Ag NPs
(Veisi & Ghorbani, 2017). The rate constants with FesOs-Au Magnetic Nanocomposites(Y .
Chen et al., 2018) and Au- Fe3Os@ MIL-100(Fe) (X. Chen et al., 2019) catalysts were higher
than IO@AgQ-BTC but involved the use of Au with tedious preparation methods and low
reusability efficacy. However, it is difficult to compare the efficacy as the Ag loading in the
reported catalysts is different and has not been reported in all the reported references in

literature.
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Table 5b.1 Comparison of catalytic activities for the reduction of 4-NP

Catalyst Rate constant Reference
AgFe;04/ATO nano-composites 1.047 min*t (Karki et al., 2018)
Fes04-Au Magnetic Nanocomposites 0.0738 mint (Y. Chenetal., 2018)
FesO4s@GTE/Ag NPs 4.02 min? (Veisi & Ghorbani, 2017)
Fes0s@MIL-100(Fe)/Ag 2.83 min? (Chang et al., 2020)
silver nanoparticles on 2D silica nanosheets 4.8 min't (Yanetal., 2018)
Fes0s@Pt@MIL-100(Fe) 0.38 min* (X. Chen et al., 2019)
Fes0.@Tannic acid@Au microspheres 0.38 min? (Xiong et al., 2020)
Au- Fes0,@ MIL-100(Fe) 5.53 min? (X. Chen et al., 2019)
Ag NPs@ MOF-199 s/CCFs 0.145 min? (Duan et al., 2019)
MAA- Fes04@ Pt/MIL-100(Fe) 2.58 min' (H. Zhang et al., 2014)
I0O@Ag-BTC 0.39 min? This work

5b.3.3 Plausible mechanism

Ag" ions get reduced within the assembly of deprotonated trimesic acid network wherein the
trimesic acid anion can provide electrons to the metal ions. The catalytic activity of the metal
particles is due to their ability of transferring electrons from donor to acceptor.

The AgNPs in iron oxide matrix exhibit better dispersibility and smaller size than bare
AgNPs, which would make the PNP molecules contact with AgNPs sufficiently and lower
their interface potential barrier height. Thus, the Iron Oxide@Trimesic acid capped silver
nano hetero structures show a fast electron transfer rate between the catalyst and PNP

molecules.

5b.3.4 Reusability of catalyst

The main advantage of magnetic heterocatalytic system is ease of separation and reusability
of the catalysts. Therefore, the reusability of IO@AQ-BTC was further investigated. The
reusability was tested by separating the catalyst from solution using magnet followed by
washing with water twice and drying the catalyst at 100°C in oven for 2 h. Then the catalyst

was reused for the next cycle.
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Figure 5b.17 Reusability of catalyst Cycle 1-9 after cycle 1,2,3 and 4

Figure 5b.17 shows the catalyst efficiency against time required for the reduction for
particular cycle number. It can be seen that the reduction time was 7 min upto 4" cycle which
increased to 8, 15, 20 and 30 min in 5th, 8th, 9th and 10th cycles respectively. The
morphology of the catalysts after each cycle and the silver content was examined by SEM-
EDX analysis. After 4 runs, the Ag content was reduced by 4.08 weight % (figure 5b.18).
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Figure 5b.18 Reusability of catalyst Cycle 1-9 and EDAX images after cycle 1,2,3 and 4

5b.4 Conclusions

In this study we developed an effective two-step method to synthesize IO@Ag-BTC
MMOFCs comprising of highly dispersed AgNPs. The Ag nanoparticles were immobilized in
the framework by the in-situ reduction of Ag* ions. The fabricated Iron Oxide@Trimesic acid
capped silver nano hetero structures were characterized by UV —Visible spectroscopy, FT-IR,
Raman, SEM-EDX, TEM, SAED and XPS techniques. The fabricated MMOFCs were
pseudospherical and rod shaped. IO@AQg-BTC as a facile cost effective MMOFC proved to
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be a promising recoverable heterogeneous catalyst for reduction of nitrophenol with low

catalyst loading.
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