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ABSTRACT: A series of porous MOF materials, viz.,, Pd,@IRMOF-9 (x = 2, S, and 10%) were synthesized by loading varying
concentrations of Pd(II) on IRMOF-9. The synthesized MOF materials were characterized by ltravioletisible (UV—Vis)
spectroscopy, Fourier transform Infrared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD), Brunauer—Emmett—Teller
(BET), and scanning electron microscopy (SEM) analyses. UV, FT-IR, and PXRD data of Pd(II) @IRMOF-9 were found to be in
line with those of IRMOF-9, which suggests that the structure of the IRMOF-9 remained intact upon Pd(II) loading. Surface
morphology of IRMOF-9 showed sheet-like structures, and upon incorporation of Pd(II) to IRMOF-9, porous cauliflower-shaped
MOFs were obtained. The SEM area mapping of Pd, ., @IRMOF-9 confirmed the homogeneous dispersion of Pd(II) on IRMOEF-9.
BET measurements suggested an increase in the surface area as well as pore size upon incorporation of Pd(II) on IRMOF-9. Due to
high porosity and high petal density, Pd;y@IRMOF-9 demonstrated degradation of seven organic dyes, namely, orange G,
methylene blue, methyl orange, congo red , methyl red, rhodamine 6G, and neutral red. It showed excellent results with >90% dye
degradation efficiency in case of cationic, anionic as well as neutral dyes. Degradation of organic dyes followed the pseudo-first-order
kinetics. Kinetic parameters, Ky; and V., were calculated using the double reciprocal Lineweaver—Burk plot and were found to be
132 yM and 26.68 X 10~ M min~", respectively. Recyclability studies of heterogeneous Pd;q@IRMOF-9 demonstrated the
degradation of CR dye for five consecutive cycles without significant loss of its catalytic activity. Herein, a robust and efficient
material for the degradation of organic dyes has been developed and demonstrated.

B INTRODUCTION catalytic hydrogenation, and coupling reactions.”* ">’ However,
some active-metal-loaded MOFs have also been effectively
used for the degradation of organic contaminants, such as
nitroaromatics and dyes.”’ > In the present scenario, the
removal of organic dye pollutants from water bodies is a bigger
challenge. Organic dyes are widely used for various industrial
applications such as textile and food manufacturing, and most
of their residual waste is released into water. These dyes cause
serious health problems to humans as well as aquatic animals
due to their high chemical oxygen demand and carcinogenic

Metal—organic frameworks (MOFs) are a class of crystalline
three-dimensional highly porous materials synthesized from
metal ions and polyfunctional ligands. MOFs have a high
surface area, tunable coordination sites, and high thermal and
chemical stability."”” Due to these properties MOFs have been
used in catalysis,”~” biomedicine,” '* electrochemical applica-
tions,"> gas recovery and storage'*™'® as well as for the
adsorption'” ™" and photodegradation®' ~** of various organic
contaminants. Tunable coordination space and cavities of
MOFs make them potential materials for the encapsulation of
metal ions.”> During past years, the interaction between the Received: May 2, 2023

MOF support and the active metals has been extensively Accepted:  September 26, 2023
studied for catalytic reactions because of their enhanced Published: October 13, 2023
catalytic properties that arise from this combination. Such kind

of MOFs has been utilized in various types of organic

transformations, such as synthesis of imines, benzoxazoles,

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c03014

v ACS PUb| ications 38895 ACS Omega 2023, 8, 38895-38904


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pardeep+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bhawna+Uttam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ravi+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c03014&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03014?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
https://pubs.acs.org/toc/acsodf/8/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c03014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

http://pubs.acs.org/journal/acsodf

Pd(OAc),

ACS Omega
Scheme 1. Schematic Ilustration for the Synthesis of IRMOF-9 and Pd ,@IRMOF-9
Zinc Nitrate hexahydrate DMF
N 100°C, 18 h

Biphenyl- 4,4’-dicarboxylic acid

> IRMOF-9

Pd,.,@IRMOF-9
Toluene, rt, 24 h

where, x=2%, 5%, 10%

nature.”* ™ Several reports have been published for the

reduction of dyes using noble metals (Pt, Pd, and Au)
dispersed on a solid support, such as activated carbon,’”**
polymeric materials,””** and MOFs.”' "' In this regard,
MOFs have been demonstrated as efficient materials for the
degradation of organic pollutants, and among them Zn-based
MOFs have been extensively explored .** Yaghi and co-workers
synthesized IRMOF-9, containing oxide-centered Zn,O as a
simple basic unit (SBU) and 4,4'-biphenyl dicarboxylate as an
organic linker.*> IRMOF-9 has been explored for the nitrogen
adsorption,” CO, uptake, and in the field of sensing.*
Literature reports based on IRMOF-9 suggest that utilization
of IRMOF-9 in different fields is still in its infancy stage.
Various modified analogues of IRMOF-9 have been synthe-
sized and used as catalysts in various organic trans-
formations.**~*

We herein report the synthesis of a series of heterogeneous,
porous, and cauliflower-shaped Pd(II)-doped materials, i.e.,
Pd,, @IRMOF-9, Pdso,@IRMOEF-9, and Pd, 4, @IRMOF-9 by
loading of 2, S, and 10% Pd(II) on IRMOEF-9 using an
impregnation technique. Out of these synthesized MOF
materials, Pd,y, @IRMOF-9 has been successfully investigated
for the degradation of a variety of organic dyes.

B EXPERIMENTAL SECTION

The chemicals used in this work were used as received without
further purification. Biphenyl dicarboxylic acid and zinc nitrate
hexahydrate were procured from TCI Chemicals. The solvents
used in the reaction were of analytical grade, and Milli-Q water
was used for the present study. All of the organic dyes were
purchased from Sigma-Aldrich. Fourier Transform Infrared
(FT-IR) and Ultraviolet—Visible (UV—vis) spectra were
measured on a PerkinElmer spectrometer (UTAR Two) and
a Shimadzu UV-3600i Plus UV—vis—NIR spectrophotometer,
respectively. A quartz cuvette of 3 mL capacity and 1 cm path
length was used for absorption studies. Scanning electron
microscopy (SEM) images were taken on a JSM-7600 field
electron gun-scanning electron microscope and a Hitachi
SU8010 field emission scanning electron microscope.
Inductively coupled plasma—mass spectrometry (ICP—MS)
studies were done on an Agilent 7900 ICP—MS instrument.
Nitrogen adsorption measurements were performed on a
Quantachrome Autosorb iQ station 3 at 77 K. Approximately
30 mg of each MOF sample was added to a preweighed 9 mm
sample cell. Both the samples were activated under vacuum at
200 °C for 2 h. The activated MOF samples were used for
analysis for 1.5 h. Brunauer—Emmett—Teller (BET) surface
areas and pore volumes were calculated by using Quantach-
rome ASiQwin software.

X-ray photoelectron spectroscopy (XPS) analysis was
carried out on a Kratos Analytical instrument (AXIS Supra
model). Powder X-ray diffraction (PXRD) studies were carried
out on a Panalytical X'Pert Pro.

Synthetic Procedure of IRMOF-9. IRMOF-9 was
synthesized by the reported procedure using some modifica-
tions.** To a solution of Zn(NO;),-6H,0 (180 mg, 0.605
mmol) in N,N-dimethyl formamide (DMF) (4 mL), 4,4'-

biphenyldicarboxylic acid (BPDC) (30 mg, 0.124 mmol) was
added. The resultant mixture was allowed to stir for 15 min at
room temperature to form a homogeneous solution. The
solution was placed in a preheated oven at 100 °C for 18 h.
Colorless cubic crystals obtained after 18 h were thoroughly
washed with fresh DMF three times. The resulting crystals
were immersed in chloroform for 3 days. A white crystalline
powder of IRMOF-9 was obtained. The as-synthesized
IRMOF-9 was characterized by FTIR, UV—vis, BET, PXRD,
and SEM.

Synthesis of Pd,@IRMOF-9. A series of Pd,@IRMOF-9
having different concentrations of Pd(II), viz., Pd,,@IRMOF-
9, Pdso@IRMOF-9, and Pd;; @IRMOF-9 were synthesized.
For the preparation of Pd;p,@IRMOF-9, to a solution of
Pd(OAc), (10 mg, 0.0445 mmol) in toluene (2 mL) was
added IRMOF-9 (100 mg) in a S mL sample vial. The
resultant heterogeneous solution was allowed to stir at room
temperature for 24 h at 220 rpm. The resulting brown color
solid was separated by centrifugation, followed by washing with
acetone (three times), and dried under vacuum. Yield = 95 mg.

Using similar reaction conditions, Pd,,@IRMOF-9 and
Pds, @IRMOF-9 were prepared by taking 2 mg (0.0089
mmol) and S mg (0.02227 mmol) of Pd(OAc),, respectively.
The synthesized Pd,@IRMOF-9, Pd;,,@IRMOEF-9, and
Pd;p, @IRMOF-9 MOF materials were characterized by
PXRD, FTIR, UV—Vis, and SEM analyses.

Sample Preparation for Microscopy. One mg of
powdered MOF (IRMOF-9, Pd,,@IRMOF-9, Pd.,@
IRMOF-9, and Pd,,@IRMOF-9) was suspended in 1 mL of
ethanol and allowed to sonicate for 30 min. From the dispersed
sample, 10 uL solution was drop-cast on a small piece of
aluminum foil and dried. The dried samples were mounted on
carbon tape (sample stub) to check the morphology of the
samples.

Absorption Parameters of Organic Dyes. Reductive
degradation studies of various organic dyes, such as Congo red
(CR), Methyl orange (MO), Orange G (OG), Methylene blue
(MB), Rhodamine 6G (R6G), Methyl red (MR), and Neutral
red (NR), were carried out in water using Pd,,@IRMOF-9 in
the presence of NaBH,. The concentration of the stock
solution of organic dyes prepared in water was 25 uM. The
experiments were performed in a quartz cuvette by taking 2.7
mL of 25 #M dye and 250 pL of 0.01 M NaBH, in the case of
all organic dyes. The concentration of stock solution of
Pd;,@IRMOF-9 material used was 10 mg/mL, having a
cuvette concentration of 0.083 mg/mL in the case of all the
dyes. The kinetic studies were performed in the case of CR dye
by varying the Pd,,@IRMOF-9 concentration (0.033, 0.083,
0.13, 0.18, 0.23, and 0.33 mg/mL) and keeping the dye
concentration constant as 22.5 yuM. The degradation of all the
dyes was monitored by UV—Vis absorption spectra with
respect to time.

Recyclability Studies. A recycling experiment was
performed for the degradation of CR dye by using the
Pd, o, @IRMOF-9 material. The material was recovered for use
in the next cycle by centrifugation, followed by washing with
water and acetone. The recyclability experiments were carried
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Figure 1. Graphs of IRMOF-9 and Pd;,IRMOF-9. (a) UV—vis spectra, (b) FTIR spectra, (c) PXRD patterns, and (d) nitrogen sorption
isotherms of IRMOF-9 and Pd, ., @IRMOF-9 at 77 K. Black and red colors correspond to data of IRMOF-9 and Pd,;,,JRMOF-9, respectively, in

case of (a), (b), and (d).

out in a quartz cuvette by taking 2.7 mL of CR dye (25 uM),
250 puL of NaBH, (0.01 M), and 25 uL of recycled catalyst.
The stock solution of the recycled catalyst used was 10 mg/
mL.

B RESULTS AND DISCUSSION

Synthetic Scheme of Pd@IRMOF-9. IRMOF-9 was
synthesized by the procedure given above in the Experimental
Section, and the Pd (II) was immobilized on IRMOF-9 via an
impregnation technique that resulted in the formation of Pd,@
IRMOF-9, where x is 2, 5, and 10%, as shown in Scheme 1.
IRMOEF-9, Pd,;;@IRMOF-9, Pd;,;@IRMOF-9, and Pd, @
IRMOF-9 were characterized by various characterization
techniques such as IR, UV, PXRD, and SEM analyses.

IRMOF-9 and Pd,y, @IRMOF-9 show an absorbance peak
at Ap, = 280 nm, as can be noticed from Figure la. FT-IR
spectra of IRMOEF-9 is similar to that reported in the
literature.”* The peak observed at 1660 cm™ corresponds to
the C=O stretching frequency of the BPDC ligand of
IRMOF-9 (Figure 1b). PXRD analysis was performed for
IRMOF-9, whose result is consistent with the reported
literature data.** The PXRD data of Pd,,@IRMOE-9,
Pd, @IRMOF-9, and Pd,g,;@IRMOF-9 show that there is
no apparent loss in the crystallinity of MOF after the
immobilization of Pd(II) (Figure 1c). The percentage loading
of PA(II) estimated by ICP—MS was found to be ~1.013% of
Pd loaded in the case of Pd,g, @IRMOF-9.

The BET measurements of Pd;y,@IRMOF-9 revealed that
doping with Pd(II) on IRMOF-9 results in a significant
enhancement in the surface area. As per the BET measure-
ments, there was an increase in the surface area from 13.507
m?/g (IRMOF-9) to 38.410 m?>/g (Pd;o, @IRMOF-9).
Moreover, there was ~2-fold enhancement in the average
pore diameter of Pd, o, @IRMOF-9 (13.59 to 24.23 nm). The
increase in the surface area and pore volume may account for

38897

the increased catalytic efficiency of the Pd,y@IRMOF-9
material toward the reductive degradation of dyes.

The surface morphology of IRMOF-9 and Pd,@IRMOF-9
(x =2, 5, and 10%) was analyzed by SEM. In the case of
IRMOF-9, micrometer-sized sheet-like structures of about 3—4
pum in length and 1—1.5 pm in width were obtained, as can be
observed from Figure 2a. These sheet-like structures resulted
in flower-like morphologies upon incorporation of Pd(II) in
IRMOF-9. In the case of Pd,,@IRMOF-9, the sheets of
IRMOF-9 appeared as flower-like structures of ~2 um in size
having petals spaced wide apart, as shown in Figure 2b, while
in the case of Pdg@IRMOF-9, ~5—6 um size flowers were
obtained (Figure 2c). With increasing concentration of Pd(II)
loading (2—5%), the size of the flower increased along with the
increase in the petal density. In the case of Pd,,,@IRMOF-9,
spherical cauliflower-like MOFs (~8—9 pm) were obtained
(Figure 2d). These cauliflower-shaped MOFs are nanoporous
in nature (~500—600 nm), as can be noticed from Figure 2e,f.
The EDX analysis of Pd;,,@IRMOF-9 showed the presence of
Pd along with other components such as Zn, C, and O (Figure
2i). The area mapping of the Pd,y,@IRMOF-9 material
suggested that Pd(II) is homogeneously distributed over the
MOF material (Figure 2gh). The merged mapped image of
Pd,;,@IRMOF-9 is given in Figure 2h, and the individual area
mapping for each element is given in the Supporting
Information SI.01, Figure SO1. The area mapping and EDX
analysis for IRMOF-9 showed the presence of Zn, C, and O, as
shown in Figure S02 in SI.O02. Based on the surface
morphology of all the synthesized Pd-loaded MOFs, Pd, @
IRMOF-9 was selected for investigation of the catalytic activity
toward dye degradation.

Pd, 4., @IRMOF-9-Catalyzed Reductive Degradation of
Organic Dyes. The degradation studies were performed on
cationic dyes, namely, methylene blue (MB) and rhodamine
6G (R6G); anionic dyes, such as congo red (CR) and orange
G (OG); and neutral dyes such as neutral red, by using NaBH,

https://doi.org/10.1021/acsomega.3c03014
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Figure 2. SEM images of (a) IRMOF-9, (b) Pd,,@IRMOF-9, (c)

C Atam. C Error (3 Sigma)
8] (at.$) (wt.$)

20

Pds,@IRMOF-9, and (d) Pd;p@IRMOF-9 (the inset image shows the

comparison with the cauliflower-like structure); (e,f) enlarged images of Pd, o, @IRMOF-9 showing the petal density and the porosity; (g) image of
Pd, 0 @IRMOF-9 selected for area mapping; (h) SEM-mapped monograph; (i) EDX analysis showing the presence of all the elements in the case

of Pdoo,@@IRMOF-9. The scale bar in the case of (a—f) is 3, 1, 1, S,

2, and 1 pum, respectively.

as a reducing agent. The absorption spectra of CR, MB, MO,
NR, R6G, OG, and MR showed A,,,, values at 497, 664, 464,
451, 526, 480, and 425 nm, respectively. The time taken by the
material, Pd;o,@IRMOEF-9, for the degradation of the dyes
varied irrespective of the charge on the dyes. The reductive
degradation time taken for CR, MO, MR, OG, NR, MB, and
R6G was found to be 15, 31, 20, 23, 8 min, 40 s, and 45 min,
respectively (Figure 3a—g). Plots of absorbance vs time for all
the dyes are given in the Supporting Information SI.03, Figure
S03. Further, the degradation efficiency of the MOF material
was calculated by using the following expression:

Degradation efficiency = (1 — C,/C,) X 100, where “C,” is
the initial concentration and “C,” is the concentration of the
dyes after a certain time.

The degradation efficiency and time taken for degradation
by the MOF material, i.e., Pd,0@IRMOEF-9 for various dyes
are given in Figure 3h, i. The degradation efficiency was found
to be higher than 95% for OG, MB, and MO. While for CR,
MR, R6G, and NR, the degradation efficiency was found to be
>90%, as can be noticed from Figure 3h. These results confirm

that the synthesized Pd,, @IRMOF-9 is a robust and efficient
material for the degradation of dyes of diverse nature.

Kinetic Study of the Degradation of Dyes. The
absorption studies support that the degradation of dyes
followed pseudo-first-order kinetics. The kinetic calculations
of all of the dyes were carried out by using a first-order rate
equation:

In(C,/Cy) = —Kt + ¢, where ‘t is the reaction time, ‘K is the
rate constant, “C,” is the initial concentration, and “C,” is the
concentration at time t. The value for the rate constant, K, was
obtained from the slope of the linear plot of the graph between
In(C,/C,) vs t.

Effect of Pd,q,,@IRMOF-9 Concentration. To calculate
the kinetic parameters, the effect of various concentrations of
Pd, 0o, @IRMOF-9 on the degradation of CR dye was studied in
the concentration range from 1.04 to 10.578 ug/mL. The
values of rate constant obtained by varying the Pd @
IRMOF-9 concentration from 1.04 to 2.631, 4.22, 5.89, 7.39,
and 10.57 ug/mL were found to be 0.35 X 107}, 1.069 X 107",
139 X 107, 3.69 X 107!, 6.04 X 107", and 3.59 X 10™" min™"
respectively, Figure 4a—f. A significant increase in the rate of
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Figure 3. Absorption spectra of various organic dyes using Pd, o, @IRMOF-9 material in the presence of NaBH,: (a) CR, (b) MO, (c) MR, (d)
NR, (e) OG, (f) MB, and (g) R6G; (h), (i) % degradation efficiency and the time taken for all the dyes studied, respectively. Reaction conditions:
dye concentration, 22.5 uM; NaBH,, 0.83 mM; Pd,;,,@IRMOF-9 concentration, 0.083 mg/mL.

degradation of CR dye was observed with an increase in the
concentration of Pd,y,@IRMOF-9 up to 7.3 pug/mL. Further,
the increase in the material concentration resulted in a small
decrease in the rate of reaction, as can be noticed from Figure
4g. Steady-state kinetic parameters were evaluated by changing
the concentration of the material, viz., Pd; 0, @IRMOF-9. From
the absorption vs time plot, the initial velocity was calculated
by using the equation, Vi, = slope;,;/€. The plot of velocity
as a function of catalyst concentration showed a typical
Michaelis—Menten saturation curve, plotted in Figure 4h. The
reaction rate increased gradually with increasing Pd;q,@
IRMOF-9 concentration until it reaches the maximum value,
6.04 X 107" min™', indicating the saturation in the reactivity of
Pd; ;o @IRMOF-9. Michelis—Menten parameters K, and V.,
were calculated from the double reciprocal Lineweaver—Burk
plot, and their values were found to be 13.26 uM and 26.68 X
107® M min™!, respectively. The absorption spectra and
absorbance vs time plots recorded by varying the concen-
tration of the catalyst are given in Supporting Information
SL.04, Figure S04, and SI.0S, Figure SOS, respectively.
Control experiments for the degradation of dyes were
performed with NaBH, (0.01 M) and IRMOF-9. The
absorption spectra of CR dye were measured and monitored
for 45 min in the presence of NaBH, alone as well as with
NaBH,/IRMOF-9. The spectral data for these are given in the
Supporting Information SI.06, Figure S06. The bar diagram
given in Figure Sa depicts the comparison of the % degradation
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of CR dye in the case of NaBH,, NaBH,/IRMOF-9, and
Pd, 0o, @IRMOF-9. IRMOEF-9 and NaBH,/IRMOF-9 degraded
the CR dye up to 2% which is about 1/44th of the catalytic
efficiency of Pd,p@IRMOF-9. The rate constant for all the
other dyes was also calculated by using the equation In(C,/C,)
= —Kt + ¢, and these parameters are defined above in the
kinetic calculations. The values of the rate constant for MB,
MO, MR, OG, R6G, NR, and CR were found to be 54.1 X
1071 5.42 X 1072, 6.37 X 1072, 8.14 X 1072, 4.63 X 1072, 3.47
x 107!, and 1 X 107" min~!, respectively (Figure 5b). The plot
of In(C,/C,) vs time for all of the dyes are given in the
Supporting Information SI.07, Figure SO7. The rate of
degradation of the dyes by using Pd,;,@IRMOF-9 was
found to be independent of the nature of and charge on the
dyes. The rate constant of the neutral dye is ~1.5—-2 times
higher than those of anionic dyes, MO, MR, OG, and CR.
However, the rate constant of MB dye (cationic) is ~16 times
higher than the NR. The value of t,,, was calculated by the
equation t,, = 0.693/K, where K is the rate constant of the
respective dyes. The values of t,, for R6G, MO, MR, OG, CR,
NR, and MB were found to be 0.1497, 0.128, 0.108, 0.0851,
0.0693, 0.01997, and 0.001348 min, respectively, as can be
noticed from Figure Sc. The bar graph depicts that the value of
t,/, follows the order: anionic > neutral > cationic dyes.

The recyclability of the MOF material, i.e., Pd, g, @IRMOF-
9 was further explored for a few consecutive cycles. The
degradation of CR dye was checked by using the recovered
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constant K of various dyes; (c) t,/, of all the dyes studied.

material from the previous set of reactions. Pd,y,@IRMOF-9
showed recyclability up to five consecutive cycles without
significant loss in the catalytic activity. A minor decrease in the
efficiency of the material, i.e., Pd;o,@IRMOF-9 was observed
after the third cycle, as shown in Figure 6a. The bar diagram
illustrates that the recycled catalytic material degraded CR dye
>87% for first three cycles. However, the % degradation of CR
dye decreased to ~70% in the last cycle. The recycled material
was characterized by PXRD to confirm any structural changes.
PXRD of the recycled material indicates additional peaks at 26
= 40 and 45° that correspond to the (111) and (200) planes
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due to conversion of Pd (II) into Pd(0) (Figure 6b). To
confirm the presence of Pd (0) in Pd,n,@IRMOF-9, XPS
analysis was performed. The XPS spectrum of Pd;,, @IRMOF-
9 showed the presence of Pd (II) and Pd(0) peaks of 3d;,, and
3d;,, at 332.98, 339.49 eV and 334.64, 338.01 eV, respectively
(Figure 6¢c). The agglomeration of Pd(0) species on the
surface of IRMOF-9 due to recycling may account for the
decrease in the efficiency of the material.

Further, a plausible mechanism of the degradation of dyes
using Pd(II)@IRMOF-9 is outlined in Scheme 2.
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Scheme 2. Plausible Mechanism for Dye Degradation

Degraded Dye

IRMOF-9 Palladium acetate

PA(IN)@IRMOF-9

products
NaBH,
(excess)
Pd@IRMOF-9
(Characterized by
PXRD & XPS)

Table 1. Comparison of Degradation Efficiency of Pd,,@IRMOF-9 with Those of Existing Catalysts

catalyst
catalyst concentration dye studied degradation time reference
heteroatom@ZIF-67 20 mg CR and MO 30—60 min 49
CA-AgNPs 1 mg CR and MB 36 min and 32 min 50
CuO@C 12 mg CR and MB 55 min and 15 min S1
Fe;0 @silica Pd NPs 0.4 mg MO, MR, and MB 20 min 52
MR assisted Pd NPs 4 mg CR 14 min S3
MTiCuPdS500 S mg MB 20 min 54
Pd/CNFE 10 mg MO 240 min SS
NiFe,0,/y-Fe, 0,4 0.1 mg MO 36 min 56
CoFe,0,/7-Fe,05 0.1 mg MO 36 min 56
Pd/ZSM-S & Pd/MMZ 0.5 mg MB 12 and 3 min N
MnO,. RGO 10 mg NR 90 min 58
Zn/CeO, 10 uM NR 60 min 59
Fe/Pd NPs 0.1-2.0 g/L orange II 12 min 60
Pd, ;0 @IRMOF-9 2.631 ug CR, MR, MO, NR, MB, OG, and R6G 15 min, 20 min, 31 min, 6 min, 40 s, 23 min, and 45 min  present work

A comparative statement of the catalytic efficiency of the
synthesized material with respect to the existing catalysts, in
terms of catalytic concentration and degradation time, is
presented in Table 1 which signifies the robustness of the
material Pd,, @IRMOEF-9.

B CONCLUSIONS

Organic dyes have been extensively used across the globe, and
release of these dyes into water bodies causes serious health
problems. Various types of MOFs have been reported for the
removal and degradation of organic dyes from water. However,
the zinc-based MOF, IRMOF-9, has not been explored toward
dye degradation until now. In this regard, a series of Pd-doped
IRMOF-9, Pd,@IRMOEF-9, Pds, @IRMOF-9, and Pd, @
IRMOE-9, were synthesized by varying the concentration of
palladium acetate on IRMOF-9 using the impregnation
technique. These MOFs were characterized by various
characterization techniques such as FT-IR, UV—Vis, PXRD,
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and SEM analyses. The PXRD data of all three Pd,,@IRMOEF-
9 are in line with IRMOF-9, which suggests no structural
change even after the loading of Pd(II) and that is further
supported by FTIR and UV—vis spectra. The BET measure-
ments showed enhancements in the surface area and pore
diameter of Pd,p,@IRMOEF-9. The surface morphology of
IRMOF-9 and Pd;;@IRMOF-9, analyzed using SEM,
illustrated the initial formation of a flower-like structure
which develops as a cauliflower-shaped porous MOF of ~8 ym
size. Based on the surface morphology of Pd(1I)-loaded MOFs,
Pd, 0o, @IRMOF-9 was employed for the degradation of seven
organic dyes due to the high petal density and porous
framework. A brief summary of the synthesis, characterization,
and reductive degradation of organic dyes using Pd, o, JRMOEF-
9 material is depicted in Scheme 3.

Kinetic studies of all these dyes were calculated by using the
equation In(C,/C,) = —Kt + ¢, which follows pseudo first-order
kinetics. The t,,, of all these dyes, viz, CR, MO, MR, R6G,
MB, OG, and NR was found to be 0.0693, 0.127, 0.1088,
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Scheme 3. Brief Outlook of the Synthesis, Characterization, and Reductive Degradation of Organic Dyes Using Pd,,, JRMOF-
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0.14967, 0.00134, 0.085, and 0.01997 min, respectively. Ky
and V., values were calculated by the steady-state
approximation and found to be 13.2 uM and 26.68 X 107
M min™", respectively.

In summary, we have developed a robust and eflicient
material that can be effectively utilized for the degradation of
organic dyes in an aqueous medium which can be recycled for
up to five consecutive cycles.
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