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Fabrication of samarium doped MOF-808 as an
efficient photocatalyst for the removal of the drug
cefaclor from water
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MOFs are emerging photocatalysts designed by tuning organic ligands and metal centers for optimal
efficiency. In this study, a samarium decorated MOF-808(Ce) metal organic framework was fabricated by
facile hydrothermal synthesis. The synthesized samarium decorated MOF-808(Ce) was characterized by
using analytical techniques such as SEM, EDX, XRD and TGA to study its morphological, thermal and
structural properties. SEM images showed that MOF-808(Ce) comprised of truncated octahedrons. The
morphology of the material was changed upon Sm incorporation. Sm/MOF-808(Ce) exhibited better
UV-vis light absorption properties than MOF-808(Ce) as evidenced by its slightly higher band gap value.
This material was exploited for the degradation of the drug cefaclor from water. Cefaclor removal
followed double a first order in parallel model (DFOP). Under UV light, 97.7% of the cefaclor was
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Accepted 23rd March 2024 removed in only 20 minutes and after 60 minutes this removal efficiency was increased to 99.25%.
These features exhibited that samarium decorated MOF has immense potential for the photocatalytic

DOI: 10.1035/d4ra00914b degradation of cefaclor as it generates e~ and h* to enhance the photocatalytic efficiency and it is

Open Access Article. Published on 03 April 2024. Downloaded on 5/1/2026 12:06:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1 Introduction

The introduction of various pollutants into the environment
has badly affected the natural environment. These include
pesticides, detergents, pharmaceuticals, food additives, agro-
chemicals and various industrial effluents. Among these,
pharmaceuticals are mostly non-biodegradable and persist for
longer periods of time in water bodies."” They mainly comprise
of nonsteroidal anti-inflammatory drugs (NSAIDs) B-blockers,
antibiotics, contrast agents, vasodilators etc.® Hospitals,
nursing homes and the pharmaceutical industry are major
contributors to the entry of pharmaceuticals into wastewaters.**
Similarly, aquaculture and animal husbandry are major sources
of veterinary medicines in water bodies.*” According to an
estimate about 90% of the drugs administered to humans and
animals are excreted and they find their way into sewage
systems and ultimately reach freshwater bodies.® It is note-
worthy that pharmaceuticals and specially antibiotics have been
frequently detected in water samples.**°

The emergence of these pharmaceuticals in wastewaters is
associated with various health effects on non-target organisms
such as endocrine disruption, behaviour changes etc.' Thus, it
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a promising candidate to treat wastewater without formation of harmful byproducts.

is important to explore efficient strategies for the removal of
pharmaceuticals from wastewater before their disposal in
freshwater bodies.*>* Advanced oxidation processes, including
biological, chemical, or physical methods are used for the
remediation of such pollutants.”® Membrane technology has
also been used but it consumes more energy, can be contami-
nated easily, and needs more cost."”” Recently, photocatalysis
has gained importance for the degradation of pollutants as it is
high in performance, ecologically benign, works at ambient
temperature and pressure and causes no secondary waste
formation." Removal of pollutants by photo-catalysis is cost-
effective and sustainable as compared to other treatment
methods that require significant energy input.*

A number of materials like co-ordination complexes, metal
organic framework (MOFs), covalent organic polymers (COP) and
porous aromatic framework (PAF) can be used for as photo-
catalysts. MOFs have emerged as highly efficient materials for
the degradation and abatement of pollutants.”**® Like heavy
metals, antibiotics, dyes, inorganic ions, and radio nuclei etc.>**’

In 2021, Kaur et al. used the MOF to degrade ofloxacin. A 72
percent degradation was reported in the visible light within 3
hours.” MOFs may also exhibit ligand-metal charge transfer
under light exposure. This type of MOF has been used for the
visible light assisted degradation of hydrogen peroxide (H,O,).
Furthermore, mechanism for the degradation of organic
pollutants was also described.*

Usually, the process of catalysis and adsorption of pollutants
tends to be immediate and inseparable processes. In

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00914b&domain=pdf&date_stamp=2024-04-02
http://orcid.org/0000-0002-4649-8639
http://orcid.org/0000-0003-2634-0698
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00914b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014015

Open Access Article. Published on 03 April 2024. Downloaded on 5/1/2026 12:06:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

photocatalytic degradation, the pollutants first interact with
porous structural network of MOF or MOFs composites and
then reacts with the active species of the framework. This
process is followed by chain of UV-visible light driven catalytic
degradation reactions.*

For photocatalytic processes, MOFs are used on semi-
conductor precursors and that can be composited with
conventional semiconductor materials. MOF based materials
have large light harvesting abilities which is attributed to high
porosity and interconnected channels of metal-ligand frame-
work. This enhances electron transfer efficiency and reduces re-
combination of photoinduced e /h* pairs. The core active
radicals in photodegrading organic pollutants are mainly O
and OH" and oxidation holes. They are produced by photo-
generated e~ and h" active radicals in photodegrading organic
pollutants are mainly O" and OH' and oxidation holes. They are
produced by photogenerated e~ and h*.**

MOF-808(Ce) is a highly porous structure with high surface
area and higher mechanical and thermal stability. These
features make it a highly effective material for adsorptive
degradation of pollutants. Moreover, its synthesis is facile®
and, it may be decorated with lanthanides like samarium in
a very simple way, to improve the separation of charges and
reduce the bandgap.***® It has higher central metal atom
oxidation state and high stable porosity. It possesses excellent
photocatalytic properties for wastewater purification.’” Its
proposed structure is provided in Fig. 1a.

(b)

Fig.1 (a) Proposed 3-D structure of Sm/MOF-808(Ce). The blue, dark
red, and greyish spheres indicate carbon, oxygen, and metals, in their
respective order. Hydrogen atoms are omitted for clarity. (b) Chemical
structure of cefaclor (CysH14CIN3O4S).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Sm doped MOF-808(Ce) was used for the photodegradation
of cefaclor a widely used pharmaceutical belonging to the
cephalosporin class. The IUPAC name of cefaclor is (6R,7R)-7-
[(2R)-2-amino-2-phenylacetylJamino-3-chloro-8-oxo-5-thia-1-
azabicyclo oct-2-ene-2-carboxylic acid (Fig. 1b). It is commonly
used for the treatment of various diseases. Therefore, it
frequently enters the water bodies and soil through sewers. It
has also been found that its transformation products are more
toxic than the drug itself.*® Thus, in order to avoid its harmful
effects on human health, it is imperative to find a cost effective
and efficient method for its removal from water bodies. It is
expected that the Sm decorated MOF will act as an efficient
photo-catalyst for the degradation of cefaclor without produc-
tion of any toxic intermediates of photodegradation.

2 Materials and methods
2.1 Quality assurance

All reagents and chemicals used in this work were of analytical
grade and used as delivered. Cerium ammonia nitrate (>99.5%
metal basis) and HCl were purchased from Merck, trimesic acid
(>98%, H3BTC, Germany), dimethylformamide (DMF 98%) and
ethanol were procured from Sigma-Aldrich. Doubly distilled
water prepared by Milli-Q was used throughout the study.
Calibration of volumetric apparatus was performed prior to use.
The high quality and acid resistant borosilicate glass was used
through the experiment.

2.2 Synthesis of MOF-808(Ce) and Sm/MOF-808(Ce)

MOF-808(Ce) was prepared by modulated hydrothermal proce-
dure adapted from literature.*® The MOF was synthesised by
constant stirring of Ce(iv) ammonium nitrate as central metal
precursor and trimesic acid as the organic linker in DMF (98%)
and formic acid (1:1 v/v) at 135 °C for 40 minutes. For
preparing the Sm decorated MOF, the solution of samarium
nitrate prepared in water/citric acid mixture was added to MOF
solution while maintaining Sm: Ce ratio of 1:9. The contents
were sonicated and transferred to a stainless-steel autoclave
(Teflon-lined) of 100 mL capacity for 14 hours of heating at 130 ©
C. The prepared MOF-808 and Sm/MOF-808 were analysed by
using various techniques such FTIR, XRD, SEM-EDX etc. The
thermal stability of synthesized compounds was analysed by
using TGA analysis.

2.3 Photocatalytic degradation of cefaclor

For determining the photocatalytic degradation of cefaclor by
using MOF-808(Ce) and Sm/MOF-808(Ce), stock solution of
cefaclor was prepared at 100 mg L™ concentration and used
with appropriate dilution. For a typical degradation experiment,
the 100 mL of drug solution added with a certain amount of
catalyst (MOF-808(Ce) or Sm/MOF-808(Ce)) maintained at an
optimum pH 4 was irradiated with light for different time
intervals. The pH of drug solutions was maintained by using
0.01 M NaOH and 0.01 M HCl solutions in the range of 1 to 11 to
study the effect of pH on photodegradation. Before irradiation,
the solutions were stirred continuously for 30 minutes under
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dark environment at room temperature to attain the adsorp-
tion-desorption equilibrium. To study the photodegradation
performance of prepared materials, the experiments were
carried out under ultraviolet radiation (280 nm) as well as
visible light (446 nm) by using UVC tubes with maximum output
at a wavelength of 280 nm or tungsten bulb with a maximum
output at a wavelength of 446 nm. The intensity of UV light was
0.96 mW cm > while that of visible light was 8.5 mW cm >,

A self-designed reactor was used for carrying out the photo-
degradation steps. The source of light here was positioned
above the glass reactor of volume 300 mL. The distance between
the reactor and light source was kept at 15 cm. The water was
kept circulated beneath the reactor to get rid of any heat
produced during light irradiation. The reactor was also equip-
ped with a fan to remove the gaseous products produced during
the experiment. The continuous stirring of reaction contents
was carried out by using a magnetic stirrer. After light irradia-
tion for a particular time interval, the aliquots of sample solu-
tions were removed to determine the left-over concentration of
drug in the solution by using a UV visible spectrophotometer.
The concentration of cefaclor is proportional to its absorbance
therefore the changes in drug removal were tracked at 266 nm
which is the Apax of cefaclor. The degradation efficiency was
determined by eqn (1) as given below:

Percentage degradation (%) = (Cy — C)/Cy x100 (1)

Here, C, is the initial concentration (mg L") before illumina-
tion, while C; is remaining concentration of drug after degra-
dation. The effect of different factors such as adsorbent dose,
time and cefaclor concentration were also studied for optimi-
zation. For studying the effect of catalyst dose, the amount of
catalyst was varied between 0.01-0.1 g/100 mL while the effect of
pH was studied by carrying out experiments at pH 1-10.

2.4 Reusability and stability studies

Reusability of the prepared catalysts was checked for four
consecutive cycles after use. A 0.05 g of photocatalyst was added
to 100 mg L~ " drug solution maintained at 303 K and a pH of 4
and irradiated for 30 minutes. After use, the catalyst was recov-
ered by centrifugation, washed successively with distilled water
and dried in an oven at 80 °C. The used catalyst was character-
ized by SEM, EDX and XRD analyses to look into any structural
collapse that might occur after use. The drug solution after
photodegradation experiments were checked for the leached Ce
or Sm metals from MOF structure by spectrophotometer using
ortho-phenylenediamine and HCI as coloring agent.

2.5 Scavenging studies

In order to identify the main active species involved in the
photodegradation process of cefaclor by prepared material, the
experiments were performed with addition of different scaven-
gers. For this purpose, a 1 mM solution of scavenger was added
before turning on the light source on the drug solution main-
tained at optimum conditions, and the efficiency of catalyst was
determined in the presence of scavenger by using UV-visible
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spectrophotometer. Scavengers used included: isopropyl
alcohol, K,Cr,0, p-benzoquinones and formic acid to quench
OH' ", e, 0’ and h" respectively.

2.6 Photodegradation of cefaclor in the real water samples

Photodegradation studies of cefaclor were performed for real
sample containing the other drugs as well to evaluate the effi-
ciency of photo-degradation by using synthesized catalyst under
optimum conditions. In these experiments, the sample was
analysed by HPLC equipped with UV detector. The chromato-
graphic analysis was carried out on HPLC-UV designed with
avacuum degasser. A C-18 column (254 mm x 4.4 mm ID, 5 m)
kept at ambient temperature (25 °C) was used. The mobile
phase was (5-10%) acetonitrile, 0.1% water and formic acid
with flow rate of 1.5 mL min~ ", an injection volume of 5 pL.
Cefaclor residues were detected at 266 nm with retention time
of 3.328 min., along with famotidine at 1.028 min and chlor-
pheniramine at 1.755 min. The 0.1 g of catalyst and effluent
were irradiated with UV and visible light for 30 minutes with
constant stirring. Filtered solutions were run on HPLC.

2.7 Band gap measurement

The optical band gap energy of MOF was estimated from
absorption spectra using Wood-Tauc plot (hv) versus (ahv)?. The
mechanism of photodegradation was evaluated by using the
band gap energies and shift in wavelengths of maximum
absorption.

3 Results and discussion

The residues of pharmaceutical drugs present in river water and
freshwater resources pose a remarkable health risk to the
exposed populations due to their adverse effects.** Thus, MOF-
808(Ce) was employed for removal of cefaclor from aqueous
solution.

Sm doped MOF-808 comprises of the trimesate linkers con-
nected to cerium-samarium nodes (secondary building unit) in
the metal organic framework. Formate anions as modulators
balanced the charge on the synthesized framework. Dimethyl
formamide was selected as solvent because it has a high polarity
of 6.4, good synthetic yield, thermal stability, and wide range of
solubility. The details of materials characterization and their
use as a photocatalyst are provided in the forthcoming sections:

3.1 Characterization of MOF-808(Ce) and Sm/MOF-808(Ce)

MOF-808(Ce) and its modified form were characterized by
different analytical techniques including SEM, TGA, FT-IR, UV-
visible spectroscopy and XRD.

The morphology of MOF-808(Ce) and Sm/MOF-808(Ce) was
studied by scanning electron microscope as shown in Fig. 2a
and b. The figure showed that MOF-808 particles comprised of
truncated octahedrons. Upon functionalization with Sm,
a significant change in the morphology of the particles was
observed in SEM images. SEM image of MOF-808(Ce) showed
rod like morphology while after doping it changed to regular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scanning electron micrographs and EDX images of MOF-808(Ce) (a) and Sm/MOF-808(Ce) (b).

crystal grains. The MOF particles exhibited the size in the range
of 65-164 nm as determined by Image J 1.530 software.**?

Distribution of pristine and functionalized MOF was studied
by EDX mapping. Fig. 2 indicated that samples contained C, O,
Sm and Ce elements. Well resolved peaks in the EDX spectra
were associated with metallic elements ie., cerium and
samarium. According to atomic percentage obtained from SEM-
EDX, the empirical formula was estimated as Ce; 33Cq.40-
O(OH)(BTC) for MOF-808(Ce) and Sm;Ces 44C100(OH)(BTC) for
Sm/MOF-808(Ce). The percentages matched well with previ-
ously reported literature.*

To gain understanding of binding modes, FTIR spectra were
recorded at 298 K in the wavenumber range of 500-4000 cm .
Fig. 3 a depicts the FTIR spectrum of MOF-808(Ce) and Sm/
MOF-808(Ce). Characteristics bands appeared in the region of
1612-1550 cm ™" and 1435-1369 cm ™. These bands are related
to the stretching asymmetric vibrations of carboxylate ions (-
COO-) and symmetric Ce-O vibrations respectively. The pres-
ence of these bands confirmed the coordination of cerium ions
with 1,3,5-H;BTC. The OH-groups are associated with broad
band at 3415 cm ™. The vibrations observed at 1337 cm™ " and
1440 cm ™' were attributed to aromatic rings of BTC moieties.
Moreover, vibration at 1391 cm ™" showed the Sm doping in case
of Sm/MOF-808(Ce). In the FTIR spectra of MOF-808(Ce), the
peaks of carboxylic acids were not observed, as carboxyl groups
in the MOF were consumed during the synthesis, for the growth
of MOF-808(Ce). Strong vibration of Ce-O observed at 691 cm ™"
confirmed the coordination of carboxyl groups with cerium ion
in BTC.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The thermal stability exhibited by MOFs is depicted in
Fig. 3b in terms of TGA curves. TGA curve for pristine MOF
exhibited three steps for mass loss with increasing temperature.
The first mass loss of about 20% occurred below 200 °C. This
was due to the removal of guest solvent molecules.** A further
5% mass loss occurred at 300 °C that was attributed to the
decomposition of MOF with the release of backbone fragments
as demonstrated by the exothermic process of thermal decar-
boxylation. This Fig. 3b showed an endothermic peak only in
dry air conditions at 370 °C confirming dehydration probably
because of phase change of pristine MOF to amorphous form.

At 450 °C, the final step of decomposition occurred that
corresponded to the loss of inorganic oxides and carbonates.
The consistent mass loss curve represented the decomposition
of metal organic framework.” TGA data of functionalized MOF
showed a continuous weight loss up to 380 °C. This temperature
is ascribed to the removal of solvent, water, and collapse of
framework with formation of inorganic oxide as well as organic
species. The structural collapse temperature for pure MOF was
greater than that of doped MOF.

Fig. 3c depicts the PXRD patterns of MOF-808(Ce) and Sm/
MOF-808(Ce) having peaks at different 26 values ie., 10.4°,
10.8°, 13.76°, 20.9°, 28.08° corresponding to (100), (110), (110),
(210) and (211) crystal planes. The relative crystallinity of pris-
tine and modified MOF was analysed by using Origin Pro soft-
ware after baseline correction. By increasing the content of
samarium, the peaks of MOF-808(Ce) were decreased in inten-
sity. But they showed the interaction of Ce with linker even after
samarium doping. Phase purity was explained by the

RSC Adv, 2024, 14, 10736-10748 | 10739
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Fig. 3 FTIR spectra (a) thermal analysis (b) and XRD patterns (c) of MOF-808(Ce) and Sm/MOF-808(Ce).

resemblance between the positions of peaks. In terms of posi-
tions of peak and relative intensity, diffractogram resembled
with the UTSA-120a crystalline material as reported in litera-
ture.** MOF-808(Ce) exhibited cubic crystal shape with group
Fd3m having lattice parameter a = 35.076(1) A. Three-
dimensional networks existed in MOF-808(Ce) with spn
topology. Internal diameter was 4.8 A with tetrahedral cages.
Large adamantine was thus designed with 18.4 A diameter of
internal pore (JCPDF 08-0234).* The indexing of XRD patterns
was further carried out using X-pert Pro software.

3.2 Removal of cefaclor by using MOF-808(Ce) and Sm/MOF-
808(Ce)

The pristine and Sm modified MOF-808(Ce) were studied for
their potential to remove cefaclor drug. Different factors were
optimized including pH, time of contact, initial concentration
of drug, dose of MOF material and temperature.
Photocatalytic efficiency of MOF depends upon the pH of
solution. The pH can affect the oxidative property of produced
reactive radicals. With a change in pH, there will be a change in
the surface charge of catalyst molecules thereby altering the
degree of ionization.*” As shown in Fig. 4a the drug degraded by
MOF and Sm doped MOF was significantly decreased at pH of
10 and 1, which is similar to previous literature.*® This tendency
is attributed to the deportation of drug at high pH (pK, of
cefaclor is 1.5) and decrease of surface charge of MOF-808(Ce)

10740 | RSC Adv, 2024, 14, 10736-10748

and destruction of its structure at low pH. In other words,
repulsive interactions between MOF and cefaclor were
increased at very low pH.

Under visible and UV light, the photodegradation capacity
was decreased to 0.0833% for Sm/MOF-808(Ce) as pH dropped
from 4 to 1. At low pH values the H" competes with drug
ions.*>*° The maximum cefaclor removal was obtained at the pH
of 4.0 under both visible and UV lights ie., 51.75% and 97%,
respectively. Previous research also reports pH 4 as optimum
pH for photodegradation of drugs. Different functional groups
like -OH, -NH, C=O0 on cefaclor react with oxygen containing
groups present on the MOF surface. Resultantly, hydrogen bond
formation would lead to increased drug adsorption followed by
its increased degradation. Enhanced removal of cefaclor under
UV light was attributed to the high distribution of cefaclor ions
as the monochromatic absorption coefficient of cefaclor is high
at pH 4. Many studies have proved that UV light absorbance and
photolytic properties are influenced by distribution of ions.
Thus, at different pH values, different protonated and depro-
tonated forms of cefaclor exist that affect its degradation.>
Furthermore, at acidic pH the concentration of H' ions caused
greater production of hydroxyl radicals resulting in high pho-
todegradation of cefaclor. In alkaline media, the number of
negatively charged sites were increased leading to electrostatic
repulsion and thus poor drug degradation. With the increase in
the number of insoluble ions produced, the intensity of light
transmitted was also reduced that prevented the production of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of pH (a), time (b), temperature (c) and catalyst dose (d)

hydroxyl radicals and hence photodegradation rate was
lowered.>*

An increase in the amount of drug removed was observed by
increasing the contact time of catalyst with drug as depicted in
Fig. 4b. It was observed that the photodegradation was
increased until all the active sites of catalyst were occupied. At
30 °C and pH 4, 100 mg catalyst was used with different solu-
tions. Initially the drug removal was enhanced with time as the
number of active sites were vacant and available on catalyst due
to its large surface area. So, 51.75% of cefaclor was degraded
within the first 20 minutes by pristine MOF-808(Ce) whereas
Sm/MOF-808(Ce) removed 97.58% of cefaclor in this time under
UV light.

These results suggested that under UV light aggregation was
prevented and MOFs showed increased UV light absorption and
reduced decomposition by maintaining its crystallinity. Ultra-
violet light generates cluster defects in the nanoregions of
MOFs, so abundant catalytic sites were available in doped MOF
that attracted drug molecules to the surface of MOF as
compared to pristine MOF.*® Fig. 4c depicts the temperature
effect on removal of cefaclor. It is apparent from the figure that
photocatalytic degradation was increased with the gradual rise
in temperature. As, the activation energy barrier was overcome
from the energy generated with temperature rise.>® In partic-
ular, the photocatalytic performance of MOFs was more sensi-
tive to temperature, and their degradation efficiencies reduced
from 30 to 90 percent because of structural degradation of
MOFs and drug at higher solution temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry

on cefaclor removal by MOF-808(Ce) and Sm/MOF-808(Ce).

Another parameter that influenced the photodegradation
efficiency was the photocatalyst dose. The results depicted in
Fig. 4d, indicated that photocatalytic degradation was higher at
low catalyst dose. When the dose was increased from 0.01 to
0.1 g, the drug degradation rate was initially increased as the
drug molecules rapidly occupied the sites present on surface of
photocatalyst.

The photocatalytic efficiency gradually decreased as the
excess photocatalyst competed for available photons resulting
in particle aggregation and subsequently decreasing degrada-
tion. The aggregation also decreased the surface area of pho-
tocatalyst resulting in lack of active sites.>® A catalyst dose of
0.1 g for MOF-808(Ce) and 0.05 g for Sm/MOF-808(Ce) were
selected for further photodegradation experiments.

Photocatalytic performance of both the catalysts was
reduced in visible light. This decline in visible light is due to
scattering of low energy visible light by increased in number of
photocatalytic particles. Whereas as UV light has less wave-
length and high energy so the probability of reaction between
drug and oxidizing species is increased that promotes the
production of hydroxyl radicals on catalyst surface which leads
to improvement of photocatalysis in ultraviolet light.>

3.3 Stability and reusability of photocatalyst

Cost of the catalyst is considerably reduced if it is reuseable for
successive cycles.”””® So stability and recyclability of the
prepared catalyst was determined while treating actual waste
water. The recyclability of MOFs was checked for three
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Fig. 5 Reusability and stability MOF-808(Ce) and Sm/MOF-808(Ce).

consecutive cycles after use as shown in Fig. 5. It was observed
that drug degradation efficiency was not decreased upto two
cycles. When MOF was used in the first cycle, 97.6% removal of
drug was observed. The MOF's efficiency was slightly reduced in
the second cycle due to a reduction in number of active sites
that were collapsed. At third cycle 23% removal was still ach-
ieved which further declined in fourth cycle. The decreased
efficiency was attributed to the collapse of active sites available
on the surface of MOF.

The number of active sites were also reduced to a greater
extent due to trap of drug molecules with in the pores of MOF
structure during fourth cycle which were not recovered even
after washing. So the efficiency during the fourth cycle was
negligible for drug removal.

In order to determine the structural deformation of catalysts
after reuse in consecutive cycles, the XRD and SEM analysis
were carried out again after use and corresponding data is
depicted in Fig. 6a-c. The SEM images showed that the
morphology of the pristine and Sm doped MOF was affected
after reuse due to formation of aggregates.

The Fig. 6¢, for XRD analysis showed that intensity and
position of XRD diffraction peaks were slightly changed after
reuse thereby confirming that the structure of the catalyst was
retained after photocatalytic degradation cycles.

3.4 Mechanism of photocatalysis

MOFs absorb over wide range in UV-visible spectrum as shown
in the diffraction reflection spectrum (DRS), Fig. 7a. The abor-
tion maximum of MOF-808(Ce) is at 358 nm that is red shifted
in doped MOF to 379 nm suggesting both MOFs as potential
absorber for solar light especially in UV-visible range. MOF-
808(Ce) showed narrow absorption from 300-500 nm, while
Sm/MOF-808(Ce) has wider absorption range from 300-570 nm
therefore its optical absorption capacity is broader depicting it
to be an efficient photo-catalyst.

The equivalent absorption coefficient was determined using
the Kubelka-Munk eqn (2)

ahv = A(hv — E,)" (2)
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Fig. 6 SEM micrographs (a) and (b) and XRD patterns (c) of MOFs after
photocatalytic experiments.

where, h is Planck's constant (6.626 x 10 >* ] s), 4 is a pro-
portionality constant, « is coefficient of absorption. E, is the
band gap, v is frequency of light and Av is the energy of the
photons. Optical band gap energies of MOFs were estimated
from absorption spectra using Wood-Tauc plot (hv) versus
(ahw)? and was found to be narrow i.e., 1.76-1.81 eV as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7b. Small band gaps enable visible light excitation in MOFs.
Less electrons and hole recombination will limit the generation
of oxidizing species/radicals. This could be resolved by reduc-
tion of particle dimensions making it suitable for catalytic
reactions.”>*°

The absorbance of MOF-808(Ce) was less than doped Sm/
MOF-808(Ce) as HOMO-LUMO gap of pristine MOF-808(Ce)
(1.81 eV) is large. MOFs photocatalyst possess the metallic
chains that help in capturing visible photons and generate
electron-holes in the process. Both catalysts displayed high
absorption in UV and visible light.

The conduction band (ECB) and valence band (EVB) poten-
tial of MOF and MOF derived material were calculated theo-
retically by Mulliken electronegativity theory using following
equations:

ECB =X — Ee - OSEg (3)

EVB = ECB + Eg (4)

where, E, is the band gap of the semiconductor material and E.
is taken as 4.5 eV which comes from the energy of free electrons.
Moreover, w is the electronegativity of the semiconductor. w is
calculated by the geometric mean of the absolute electronega-
tivity of the constituent elements. Eyg is VB potential and E¢g is
CB potential.**

© 2024 The Author(s). Published by the Royal Society of Chemistry

The proposed degradation scheme as shown in Fig. 7c
comprised of excitation of the CB e in Sm; then these photo-
generated electrons migrate to the less negative CB of MOF-
808(Ce) and thus lifetime of charge carriers was prolonged.
These charge carriers together with the e~ of the conduction
band of the cerium MOF-808 reacted with the surface O,.
Considering standard redox potential superoxide ‘O, radicals
are generated because of negative nature of the CB edge
potential in contrast to the standard redox potential of O,/O,.
Then, the ‘O, degraded cefaclor. The h" of the MOF-808(Ce)
were transmitted to the VB of the samarium.®” This increased
the photocatalytic performance because generated holes in the
VB of samarium are found to react with OH"/H,O to produce
OH. This reaction is credited to more positive nature of the VB
edge potential than the standard redox potential of OH/OH . By
substitution of samarium in MOF-808, LMCT is markedly
improved because carboxylate linker also transfers electrons to
the metal clusters. The overlapping d orbitals of samarium and
cerium metals and pi orbitals in organic ligand BTC allowed
efficient transfer of photogenerated electrons. Here, the cefaclor
reacted with h* and generated the cefaclor intermediate and
finally, complete mineralization was achieved.®® From the
discussion, it is apparent that the photocatalysis mechanism
was mainly due to interfacial transfer of charges that was trig-
gered in fabricated MOF under irradiation.*
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Comprehensively, the resultant reactions generated "O,~
and h* favouring the photodegradation process. The fabricated
MOF material turns out to be more dynamic catalytic centres for
attachment of cefaclor and its subsequent removal from
wastewater. Therefore, high-quality interfaces in the hetero-
structure composites played a significant role in improving the
photo-catalytic performance as depicted in eqn (5) through (10)

Photocatalyst MOFs + A (UV/vis) — h™yg + ¢ ¢p (electrons)(5)

h+VB + Hzo — 'OH + H+ (6)

Degradation efficiency %
=3
8

20 II
0

Without Without
¢ scavenger isopropyl K2Cr207 Formicacid | o poyyong
Pasigvour Sm/Ce Mof | alcohol ImM 1mM 1mM p-BQ) 1m)
A 808
[=vis %% 100 100 §9.9 65.79 78.25 299
[=uvee 100 100 §8.25 64.9 77.41 28.25

Fig. 8 Photocatalytic degradation of cefaclor in the presence of
different scavengers.
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"0, (catalyst surface) + e cg — Oy (7)
‘O, + H" > ("OOH),q (8)
2°00H — "0, + H,0, ©)

H,O0, + hy — 2'OH (10)

Organic pollutant (cefaclor) + ("OH, h*yg, e ¢ or '0,7) —
H,O + CO, (complete mineralization)

3.5 Scavenger studies

As stated in the above mechanism the dominant species
responsible for the photo-assisted removal of cefaclor could be
superoxide and hydroxyl radical in addition to e~ and/or holes
as depicted in Fig. 8. To provide insight into the role of these
species in degradation of cefaclor with the photocatalyst,
different experiments were conducted using various scavengers.
Scavengers selected were p-benzoquinone (p-BQ) for trapping of
superoxide radicals ("O>7), iso-propyl alcohol for hydroxyl
radicals ("OH), K,Cr,05 for (e”) and formic acid for holes (h").
The initial concentration of the scavengers was 1 mM. Fig. 8
depicts the degradation of cefaclor in the presence of different
scavengers. It elaborates that all the reactive species contributed
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to the degradation process. p-BQ showed the most vital impact
on the catalytic process. The catalytic performance is mainly
suppressed by pBQ so the superoxide radicals ("O?) appeared as
the most likely active species in the cefaclor degradation.

3.6 Kinetics of photodegradation

Further insight into the mechanism of degradation was gained
by using different kinetic models. Three models used were:
single first order rate model (SFO), indeterminate order rate
equation (IORE) and double first order in parallel model (DFOP)
as shown in Fig. 9. Kinetic studies data for MOFs assisted

(a)

Pealk area (mALT)

Time (min)

14

(c)
12
10
8
6
4
2
: .

Realwater MOF-808(Ce) Sm/MOF808 MOF-808 (Ce) Sm/MOFB808
(Vis) (Ce) (Vis) uv) (Ce)(uv)

Peak area (mALU)

Fig. 10 (a) HPLC chromatograms of real sample containing famoti-
dine (retention time 1.028 min) chlorpheniramine at 1.755 min and
cefaclor (retention time of 3.328 min). (b) HPLC chromatograms of real
sample under ultraviolet light with Sm/MOF-808(Ce). (c) Concentra-
tion of cefaclor in real wastewater sample in visible and ultraviolet light.
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Table 2 Performance of some MOF based composites as photocatalysts for degradation of drugs
Degradation
MOF based composite Pollutant efficiency (%) Time (min) References
MOF-5 Tetracycline 96 60 65
Bi,S3;/MOF-808 Tetracycline 80.8 60 66
CuO@C Paracetamol 95 60 67
NiCo0,0,@MOF-801@MIL-88A Meropenem 99 45 68
Ti-MOF Tetracycline (TC) 87.03 60 69
Chlortetracycline (CTC) 78.91
MHACF-MOF-808(Zr) Sulfamethazine 21 180 70
AgI/MOF-808 Tetracycline hydrochloride (TCH) 83.02 60 71
NH,-UiO-66 Ketorolac tromethamine 68.6 120 72
Tetracycline 71.8
Sm/MOF-808(Ce) Cefaclor 99.25 20 Current work

degradation in UV and visible light for different models are
presented in Table 1. The table depicted 50% confidence region
critical boundary value i.e. S.. The critical values of S. are less
than Sspo values. So, the SFO model cannot not be fitted to
dissipation of cefaclor as per guidelines of NAFTA. In this case it
is preferable to use DFOP or IORE model for degradation of
cefaclor. The preference will be given on the basis of Tiogg value
for IORE model and DT50 value of DFOF model.

Tiore Values are less than 2DT50. So, degradation of cefaclor
followed DFOP kinetics and it can be used to determine the
half-life of cefaclor. MOF-808(Ce) tested under the same reac-
tion conditions exhibited the greater light harvesting at surface
of the doped MOF in the UV-visible range. The half-life value of
cefaclor degradation with Sm/MOF-808(Ce) (693 min) is less
than MOF-808(Ce) (816 min) in visible light. Similarly in UV
light, the half value of cefaclor with Sm/Ce-MOF-808 (88 min) is
less than MOF-808(Ce) i.e., (693 min). According to these results
Sm/MOF-808(Ce) has the greatest photodegradation efficiency
and higher rate kinetics for cefaclor degradation in UV light.

Photodegradation experiments conducted on real water
sample containing cefaclor and other drugs were used to test the
efficiency of prepared catalyst in real system applications as
shown in HPLC graphs of Fig. 10. It was observed that the peak
areas was decreased with the increase in degradation as
compared to the peak areas of same concentration of the non-
degraded cefaclor. Moreover, no additional peaks of degrada-
tion intermediates were observed showing complete degradation
of cefaclor. The chromatograms showed that under visible light
irradiation, cefaclor concentration was observed to be decreased.
While, in the presence of UV light, no cefaclor peak was detected
after only 30 minutes of irradiation indicating that photocatalytic
degradation was complete and cefaclor was degraded completely
without the production of any hazardous intermediate.

Table 2 provides a comparison of photo-catalytic degrada-
tion of different drugs by using MOFs and MOF based
composites. Chen et al. (2022) used NiCo,0,@MOF-801@MIL-
88A for the 99% photodegradation of meropenum in 45
minutes. Another study reported the 95% degradation of para-
cetamol in only 60 minutes. Among all the catalyst, the Sm
doped MOF-808(Ce) was found to be the most efficient one, that
degraded 99.25% cefaclor drug completely in 20 minutes. Thus,

10746 | RSC Adv, 2024, 14, 10736-10748

the prepared catalyst may be used for the removal of hazardous
micropollutants from wastewaters in short interval of time,
thereby ensuring a safe and clean environment.

4 Conclusions

MOF-808(Ce) and its functionalized form Sm/MOF-808(Ce) were
prepared and used for the photocatalytic degradation of cefa-
clor. The materials were synthesized by using a simple facile
method. The data for photodegradation studies showed that
97.58% cefaclor was completely mineralized in only 20 minutes
at a pH of 4 by using Sm/MOF-808(Ce). While 99% removal was
achieved within 60 minutes. The kinetic studies of MOFs sug-
gested that removal of drug from wastewater followed and IORE
kinetics. The newly constructed metal organic framework is
a promising candidate for drug degradation in wastewater as it
efficiently reduced the half-life of the cefaclor. The half-life was
reduced from 693.3 min to 88 min in UV radiation. Further-
more, activating the MOF using ultraviolet light improves the
structural, and morphological properties for enhanced selective
drug affinity. The use of free radical scavengers verified that all
'OH, h', e~ or 'O,  were responsible for the process of
photodegradation.

So, the synthesized MOF may be used for the decontamina-
tion of wastewater without any ecotoxic intermediates. The
prepared materials may be explored with respect to their
effectiveness for the complete degradation of other hazardous
micro-pollutants present in contaminated water effluents.
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