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ABSTRACT: Nowadays, the fabrication of 2D metal−organic
nanosheets (2D MONs) has entered the research arena fascinating
researchers worldwide. However, a lack of efficient and facile
methods has remained a bottleneck for the manufacturing of these
2D MONs. Herein, a 2D metal−organic framework (MOF), i.e., 2D
Cu-MOF, was synthesized using a facile and convenient stirring
method by using 4,4′-trimethylenedipyridine (TMDP) as an organic
linker. The as-prepared MOF was characterized in detail and based
on single crystal X-ray diffraction analysis, it was established that
tangled layers in the 2D Cu-MOF are interconnected to produce
thick strands. These tangled layers could be easily separated via
ultrasonication-induced liquid phase exfoliation (UILPE) to give the
2D Cu-MON as illustrated through Tyndall light scattering and
exhaustive microscopic exploration such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The application of this 2D Cu-MON was assessed in the field
of drug delivery revealing exceptional drug loading for the drug lansoprazole (LPZ) by 2D Cu-MONs as well as drug release in the
acidic and neutral medium demonstrating that the 2D Cu-MON is an excellent carrier for antiulcer drug delivery. For environmental
protection, the application of 2D Cu-MON was also examined toward the removal of various cationic and anionic dyes with
excellent selectivity toward cationic dye removal. The plausible mechanism for dye removal indicated the involvement of cation−π
and π−π interactions, for the effective adsorption of cationic dyes as well as a increase in the surface area of 2D Cu-MON by UILPE.
Remarkably, the high drug loading and dye removal are imputed to the increase in surface area by UILPE. In a nutshell, the
developed 2D Cu-MON will prove to be beneficial for application in the field of drug delivery as well as for wastewater treatment.

1. INTRODUCTION
Two-dimensional (2D) nanomaterials with distinct structure as
well as intriguing physical and chemical properties hasve
sparked the interest of researchers since the mechanical
exfoliation of graphene from graphite was achieved in the
year 2004.1,2 Several graphene analogues, such as graphene
oxide,3 hexagonal boron nitride,4 transition metal dichalcoge-
nides,5 graphitic carbon nitride,6 noble metal nanosheets,7,8

and covalent organic frameworks9 have been developed up to
this point enriching the family of 2D nanomaterials. Nowadays,
the fabrication of 2D metal−organic nanosheets (2D MONs),
a new category of crystalline porous materials constructed by
linking organic ligands with metal nodes (e.g., metal ions/
nodes), have attracted considerable research interest.10 Some
interesting features of MONs such as structural and functional
tunability, ample active sites, extended lateral dimension, and
high porosity make them efficient candidates in the fields of gas
separation,11 catalysis,12−14 sensing,15 drug delivery,16,17 dye
removal,18 and much more. However, it is difficult to

synthesize 2D MONs because the growth of the crystals is a
limiting issue. Nowadays, several synthetic methodologies for
the development of 2D MONs have been reported including
top-down and bottom-up methods.19 The top-down approach
as the name suggests involves separation of nanosheets from a
layered material. Basically, the layers/nanosheets in the bulk
MOF are stacked on top of each other through a number of
interactions, i.e., van der Waals forces, π−π interactions, weak
and strong hydrogen bonds, etc.20 These interactions could be
overcome by exfoliation methods such as mechanical
exfoliation, sonication, and chemical exfoliation.21 The
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application of external stimuli including heat, light, solvent, and
mechanochemical force cause the dimensional transition from
3D layered MOFs to 2D MONs without any loss of
crystallinity.22

The high surface area of MONs is one of the interesting
features which enables better interaction of MONs with guest
molecules like drugs, dye molecules, and much more. Owing to
their high surface area along with tunable structure, the MONs
are potential carriers in the field of drug delivery allowing
better drug interactions and high drug loading.23 During the
past few years, various metal−organic frameworks (MOFs)
have been utilized for the purpose of drug encapsulation. Some
of the most common drugs investigated to date are ibuprofen
and anticancer drugs (doxorubicin, 5-fluorouracil, and
cisplatin). In addition to these drugs, a drug named
lansoprazole (LPZ) as illustrated in Figure 1, which is

frequently used to treat peptic ulcers in a number of situations
such as duodenal ulcers, benign gastric ulcers, gastroesophageal
reflux disease, and also long-term Zollinger−Ellison syndrome,
is of considerable research interest. Since the liver is the organ
that metabolizes this medication most efficiently,24 patients
with renal and hepatic issues must take a lower dose. However,
in some typical systems, a lower dose may not have the desired
pharmacological effect. Regular use of LPZ has been linked to
side effects include diarrhea, faintness, bellyache, body rashes,
angioedema, impotence, thrombocytopenia, and much more.
Owing to these severe side effects, LPZ delivery at the optimal
concentration by using appropriate materials is quite
necessary.25 In this regard, designing materials with high
payloads of LPZ, which is a proton-pump inhibitor used to
minimize the production of acid in the stomach, is desirable.
Hence, the application of this new category of MOF, i.e., 2D
MONs in the field of drug delivery could serve the purpose.
Additionally, because of broad industrial expansion, it is

becoming increasingly difficult for environmental chemists to
remove harmful organic dye pollutants from wastewater.26,27

Numerous enterprises discharge their effluent in urban
neighborhoods that are directly connected to numerous
groundwater sources. Wastewater contamination especially
aromatic pollutants can easily contaminate subterranean water
harming both the environment and human health.28 Stable
chemicals that do not break down readily in living tissue are
the major problem because they either directly or indirectly
impair human health and the health of other living things. As a
result, they must be effectively dealt with as these can be
harmful to drinking water even at very low amounts. The most
stable chemicals are those that contain chlorine, heavy metal
ions, organic molecules, and aromatic dyes.29,30 Due to their
negative effects on aquatic life, organic dyes rank as the third
most serious water pollution.31 Although dyes are predom-
inantly utilized in the textile industry, they are also widely used
to color a wide range of materials including papers, rubber,
wood, plastic, and leather.32 As a result, it is essential to
eliminate all of these dangerous aromatic dyes from wastewater
which is a significant issue. Numerous methods such as

ozonization, photodegradation, coagulation, filtration, biosorp-
tion, and adsorption have been investigated for the removal of
organic contaminants from an aquatic environment.33

However, the adsorption technique has emerged as one of
the most successful ones because of its simple handling,
environmental friendliness, high adsorption effectiveness, low
cost, and ability of adsorbent to be reused.34,35 To specifically
remove organic pollutants from wastewater, multiple environ-
mental chemists investigated various adsorbents, including
biomass, resin, activated carbon, clay, and zeolite materials.36

Furthermore, organic dyes are difficult to remove from these
materials due to their weak adsorption effectiveness.37 In this
aspect, MONs could be employed for the removal of aromatic
dye molecules from wastewater by virtue of their high surface
area with extended lateral dimensions along with the presence
of specific noncovalent contacts such as electrostatic
interactions, H-bonding, and stacking interactions among
MON materials and dye molecules.38

Herein, we synthesized a Cu-based 2D MOF, i.e., 2D Cu-
MOF, by using 4,4′-trimethylenedipyridine (TMDP) as an
organic linker adopting a simple stirring method under
ambient conditions. The synthesized 2D Cu-MOF was
comprehensively characterized using a variety of spectroscopic
techniques, and the crystal structure of the MOF was
established using a single-crystal X-ray investigation. The
top-down delamination of the synthesized 2D MOF was also
carried out using the ultrasonication-induced liquid phase
exfoliation (UILPE) approach to give the 2D Cu-MON layers.
The morphological analysis was done to investigate the
delamination after UILPE for different time duration as the
duration of ultrasonication affects the extent of exfoliation into
nanosheets. The application of these as-prepared 2D Cu-
MONs after UILPE was assessed in the fields of drug delivery
and wastewater treatment for the removal of various cationic
and anionic dyes.

2. EXPERIMENTAL SECTION
2.1. Materials. All the chemicals were of analytical grade

and procured from Sigma-Aldrich Chemical Co. (India)
including 4,4′-trimethylenedipyridine (TMDP), copper(II)
nitrate trihydrate [Cu(NO3)2·3H2O], methanol (MeOH),
and acetonitrile (MeCN). The drug lansoprazole (LPZ)
(≥98%) was also acquired from Sigma-Aldrich Chemical Co.
(India). Aromatic dyes such as methylene blue (MB), methyl
orange (MO), rhodamine B (RhB), and Congo red (CR) were
also used. All the chemicals have been used without further
purification.
2.2. Characterization. Fourier transform infrared (FTIR)

spectral studies were done using PerkinElmer model GX
spectrophotometer with KBr pellets in the 4000−400 cm−1

range. Electronic data were obtained using UV-3600
(Shimadzu) spectrophotometer. The PXRD patterns were
recorded by the Miniflex II X-ray diffractometer with Cu Kα
radiation (Shimadzu 6100).23 TGA was recorded on a
Shimadzu TGA-50H in the range 25−800 °C at a heating
rate of 20 °C min−1 under a nitrogen atmosphere. The data for
elemental analysis (C, H, and N) was gathered from the
Central Drug Research Institute (CDRI) Micro-Analytical
Laboratory in Lucknow, India. For morphological analysis,
scanning electron microscopy (SEM) was done on JEOL JSM-
6510LV, USA. Transmission electron microscopy (TEM) was
performed with TECHNAI 200 kV (Fei, Electron Optics)
fitted with 35 mm photography system and digital imaging, to

Figure 1. Chemical structure of drug lansoprazole (LPZ).
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assess the morphology of synthesized material (organic and
inorganic phases). The Brunauer−Emmett−Teller (BET)
nitrogen isotherm analysis was carried out on Quantachrome
ASiQwin at 77 K.
2.3. Synthesis of Cu-MOF. The Cu-MOF has been

synthesized via slow evaporation technique according to the
previously reported process.39 For this reaction, 0.966 g of
Cu(NO3)2·3H2O with 0.396 g of TMDP were taken in a
conical flask followed by the addition of a 20 mL of mixed
solvent (MeOH/deionized, double distilled water (DDW), 1:1
ratio). Simultaneously, 20 μL of trimethylamine was poured
into the above solution dropwise with continuous stirring. The
whole reaction mixture was kept stirring on a magnetic stirrer
under ambient conditions for 20 h (Scheme 1).

2.4. Single Crystal X-ray Diffraction (SCXRD) Studies.
The crystal data of Cu-MOF was obtained at 100 K using
graphite monochromated Mo Kα radiation on a Bruker-
SMART APEX-CCD diffractometer (λ = 0.71073 Å).40 From
the International Tables for X-ray Crystallography, various
parameters such as atomic scattering factors, anomalous
dispersion corrections, and linear absorption coefficients were
obtained, and data collection was performed via the APEX231
software,41 whereas cell refinement and data reduction was
performed with the SAINT software.42 An empirical
absorption correction has been applied for collected reflections
through SADABS.43 With anisotropic displacement parame-
ters, all non-hydrogen atoms have been refined. Furthermore,
parameters of the bond length were fixed by the use of several
DIFX commands. Finally, the structures have been determined
using Olex2, and solved with SIR-97 using direct approaches.44

The CCDC reference number for 2D Cu-MOF is 2228511. A
summary of the crystallographic data and the structure
refinement for 2D Cu-MOF is provided in Table 1.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure Description and Topology of

2D Cu-MOF. The SCXRD data were used to analyze the
structure of Cu-MOF, i.e., {[Cu(TMDP)2(NO3)2]·H2O}n,
which is a 2D Cu-MOF chain in which a metal−ligand system
is generated by an intriguing bidentate mode of ligand binding.
According to the X-ray diffract ion data , {[Cu-
(TMDP)2(NO3)2]·H2O}n crystallizes in the monoclinic
system with P21/n space group. The X-ray crystallographic
data and refinement parameters are provided in Table 1,
whereas selected bond lengths and angles are listed in Tables
S1 and S2. The mononuclear unit of Cu-MOF contains one

Cu(II) ion, two TMDP, and two NO3 ligands, as shown in
Figure 2a.
The central metal ion is surrounded by two oxygen atoms

attached at the axial position, as well as four ligands of nitrogen
located at the equatorial position, as depicted in Figure 2a. The
TMDP ligand in this instance exhibits bidentate behavior and
is cubic-shaped in the 2D Cu-MOF. Additionally, the Cu1−O1
distance is 2.4242(19) Å and the Cu−N distances are 2.018(2)
Å for Cu1−N1 and 2.013(2) Å for Cu1−N3. Simultaneously,
bond angles are O4−Cu1−O1 170.15°, N1−Cu1−O1 96.53°,
N3−Cu1−O1 86.61°, and N3−Cu−O4 84.32°. In the 2D Cu-
MOF, the H-bonding can occur intramolecularly or
intermolecularly. Furthermore, the stability of the supra-
molecular network is greatly influenced by noncovalent
interactions. However, the emergence of noncovalent contacts
between the Cu-MOF neighboring moieties (i.e., O···H and
π···π) leads to the production of a 2D nanosheet, as shown in
Figure 2(b−d).
The Cu(II) ion is surrounded by hexacoordinated bonds

that give it the octahedral geometry as can be seen in the
coordination polyhedron diagram (Figure 3). The linker
produces helical chains through the self-assembly of Cu(II)
ions, which results in a 2D network, according to a close study
of the crystal packing analysis. Additionally, the layers undergo
2-fold interpenetration to yield tangled double layers, which
appear as thick strands. So hydrogen bonds are what hold these
strands together as they stack on top of one another as
depicted in Figures 2 and 4. The layering arrangement in the
MOF is interpenetrated (Figure 4a) and the topology of the
2D Cu-MOF was found to be sql as determined by TOPOS
Pro program as shown in Figure 4b.

Scheme 1. Synthesis of 2D Cu-MON

Table 1. Crystallographic Data and Refinement Parameters
for 2D Cu-MOF

empirical formula C52H58Cu2N12O13

formula weight 1186.20
temp (K) 100(2)
cryst syst monoclinic
space group P21/n
a (Å) 10.4987(8)
b (Å) 17.3344(13)
c (Å) 15.2266(12)
α (deg) 90
β (deg) 103.345(2)
γ (deg) 90
vol (Å3) 2696.2(4)
Z 2
ρcalc (g/cm3) 1.4610
μ (mm−1) 0.864
F(000) 1233.9
cryst size (mm3) 0.37 × 0.22 × 0.17
radiation Mo Kα (λ = 0.71073)
2θ range for data collection
(deg)

5.34 to 50.1

index ranges −13 ≤ h ≤ 13, −23 ≤ k ≤ 23, −20 ≤ l ≤
20

reflns collected 40981
indep reflns 4773 [Rint = 0.0786, Rsigma = 0.0495]
data/restraints/parameters 4773/0/364
goodness-of-fit on F2 1.095
final R indexes [I ≥ 2σ(I)] R1 = 0.0374, wR2 = 0.0846
final R indexes [all data] R1 = 0.0525, wR2 = 0.0957
largest diff. peak/hole (e Å−3) 0.42/−0.50
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The porosity of 2D Cu-MOF was assessed with the aid of N2
adsorption isotherm, which demonstrated extremely low
surface area as presented in Figure S1.
3.2. Top-Down Exfoliation of Bulk 2D Cu-MOF. As

previously mentioned, tangled double layers of 2D Cu-MOF
crowd on top of one another through hydrogen bonding. The
crystals of bulk 2D Cu-MOF were ultrasonically treated in
acetonitrile for different time duration to see if ultrasonication-
induced liquid phase exfoliation (UILPE) could delaminate 2D

tangled helical chains of the 2D Cu-MOF. The supernatant of
the colloidal suspension of 2D Cu-MOF (Figure 5b) was
tested via Tyndall light scattering effect.45 It was found that
Tyndall light scattering was best observed for the sample that
was subjected to sonication for 40 min, implying that the bulk
is well dispersed as few-layered 2D nanosheets in acetonitrile
within a time duration of 40 min as shown in Figure 5d.
The morphological analysis of the obtained few-layered 2D

Cu-MON was done using SEM and HR-TEM analysis. SEM
analysis was used to assess the exfoliation of 2D Cu-MOF to
2D Cu-MON by drop-casting the supernatant of the colloidal
suspension onto a silicon wafer. Surface morphology and
lateral dimensions were examined by SEM analysis. The
intertwined nature of the 2D Cu-MOF layers makes it
challenging to exfoliate them as a single layer; instead multiples
of at least two layers are anticipated to come off. Figure 6a−e

Figure 2. (a) Structure of the basic building block of 2D Cu-MOF, (b) intertwined double layer of 2D Cu-MOF, and (c, d) stacking of double
layers of 2D Cu-MOF along a and c axes, respectively.

Figure 3. (a) Coordination polyhedron diagram of 2D Cu-MOF and
(b) coordination environment around the metal ion in the packing
diagram of 2D Cu-MOF.

Figure 4. (a) Layering pattern in 2D Cu-MOF and (b) sql topology in
the structure of 2D Cu-MOF.
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demonstrates that upon increasing the time duration of
UILPE, the exfoliation of nanosheets becomes more effective
and visible as can be seen in the SEM micrograph upon UILPE
for 40 min. The SEM micrograph (Figure 6e) clearly shows the
delamination of 2D Cu-MOF into 2D nanosheets of
micrometer lateral dimensions stacked on top of one another
after exfoliation for 40 min.
TEM investigations were done to get better insights about

the morphology and polymeric network assessment. The
methanolic suspension of 2D Cu-MON was drop cast on a
carbon-coated Cu-TEM grid, and it was observed that the
sheets in the nanometer range of 30−55 nm are stacked on top
of one another. This stacking of nanosheets can also be seen
easily in the SEM micrograph (Figure 6f).
The SEM micrograph clearly demonstrates the top-down

delamination of the bulk MOF into 2D nanosheets of
micrometer lateral dimensions as shown in Figure 6a−e. A
thorough examination of the crystal packing study reveals that
the linker self-assembles into helical chains with the assistance
of Cu(II) ions forming a 2D network. The layers are
penetrated twice to produce intertwined double layers that
look like thick strands. These threads lie on top of one another
and are joined by hydrogen bonds as shown in Figure 7.
3.3. Drug Delivery and In Vitro Release Studies on 2D

Cu-MON. The drug loading and release performance of 2D
Cu-MON was investigated for the drug lansoprazole (LPZ).

LPZ is usually employed for treating the signs of gastro-
esophageal reflux disease (GERD), a condition in which the
esophagus (the tube connecting the throat and stomach)
might get injured due to the stomach acid flowing backward.
Both adults and children with GERD experience heartburn and
other symptoms of this condition.
For the drug loading experiment, 20 mg of 2D Cu-MON

was dispersed in 10 mL of MeCN and treated through
ultrasonication for 25 min. Then, 20 mg of LPZ dissolved in 10
mL of MeCN (2 mg/mL) was added to the former solution
and ultrasonicated for further 15 min. Finally, the mixture of
drug and 2D Cu-MON was stirred for 24 h under ambient
conditions and the supernatant of the mixture was collected via
centrifugation. The concentration of LPZ drug in the
supernatant was determined by recording the UV−vis spectra
before and after drug loading and finally the drug loading
efficiency and content were calculated by using eqs 1 and 2:46

loading efficiency (%)
mass of loaded drug

mass of drug loaded MONs
100= ×

(1)

encapsulation efficiency (%)
mass of loaded drug

mass of total drug
100= ×

(2)

The UV−vis absorption spectra of the acetonitrile solution
containing LPZ before and after drug loading on 2D Cu-MOF
and 2D Cu-MON have been employed for evaluating the drug
loading capacity as shown in Figure S2 and Figure 8,
respectively. The characteristic LPZ absorption peak at 280
nm gets slightly diminished as can be seen in the absorption
spectra of LPZ in MeCN solution after loading on 2D Cu-
MOF (Figure S2) while it shows a marked decrease in the case
of 2D Cu-MON as demonstrated in Figure 8a. Loading
efficiency of 23.95% and 45.61% was observed for 2D Cu-
MOF and 2D Cu-MON, respectively. The encapsulation
efficiency was found to be around 31.50% and 83.51% for 2D
Cu-MOF and 2D Cu-MON, respectively, as estimated from
the standard concentration curve. The results indicated lower
drug loading capacity of 2D Cu-MOF in comparison to 2D
Cu-MON; hence, further drug release studies were performed
on 2D Cu-MON.

Figure 5. (a) SEM image of 2D Cu-MOF, (b) Tyndall light scattering
observed for the acetonitrile suspension of 2D Cu-MOF before
UILPE, (c) SEM image of 2D Cu-MON after UILPE, (d) Tyndall
light scattering for the acetonitrile suspension of 2D Cu-MON after
UILPE for 40 min.

Figure 6. SEM images of 2D Cu-MOF (a) bulk and after UILPE for
(b) 5 min, (c) 15 min, (d) 20 min, and (e) 40 min. (f) TEM
micrograph of 2D Cu-MON after UILPE for 40 min.

Figure 7. (a) Crystal packing diagram of 2D Cu-MOF down the b
axis (various colors correspond to various layers) and (b) intertwined
double layer (2D Cu-MON) of 2D Cu-MOF.
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The drug release profile is also an important parameter for
drug formulations and for that purpose sustained drug release
is a vital requirement. However, burst release is one of the
main drawbacks that hampers the important application of
drug delivery carriers in various viral infection and anticancer
treatments. The in vitro drug release profile of LPZ@2D Cu-

MON was examined under simulated physiological conditions
at different pH conditions as explained below.
For the drug release studies, 20 mg of LPZ@2D Cu-MON

was added into a 20 mL PBS buffer solutions (0.15 M)
maintained at different pH values of 4.5, 7.4, and 8.4 in a
conical flask and stirred at 37 °C via a magnetic stirrer. At
various time intervals, a sample volume of 2 mL was collected

Figure 8. (a) UV−vis absorption spectra of the acetonitrile solution containing LPZ before and after LPZ loading on 2D Cu-MON. (b) In vitro
LPZ nanosheet release profile at various pH values.

Table 2. Overview of Drug Encapsulation in MOFs

MOF/MON
metal
ion organic linker

inner pore size
(Å) drug loading method

drug loading (%,
w/w) ref

MIL-101(Cr) Cr BDC 29−34 ibuprofen impregnation 58 50
MIL-101(Fe) Fe BDC 29−34 ethoxysuccinatocisplatin

prodrug
postsynthetic
modification

12.8 51, 52

MIL-101(Cr) Cr BDC 29−34 ibuprofen computational
prediction

52.6 53

BioMIL-1 Fe nicotinic acid nicotinic acid active molecules 71.5 54
NCP-1 Tb disuccinato

cisplatin
disuccinato cisplatin active molecules 75 55

HKUST-1 Cu BTC 6−12 5-FU impregnation 33.3 56
Cu-BTC Cu BTC 9 5-FU impregnation 45 57
2D Cu-MON Cu TMDP lansoprazole impregnation 83.5 this work

Figure 9. (a) FTIR spectra, (b) Raman spectra, (c) TGA plot, (d) PXRD patterns of LPZ, 2D Cu-MON, and LPZ@2D Cu-MON and (e, f) SEM
micrograph of (e) 2D Cu-MON and (f) LPZ@2D Cu-MON.
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from the supernatant after centrifugation at 5000 rpm for 15
min and analyzed with the aid of UV−vis spectrophotometer.
In vitro release analysis of LPZ@2D Cu-MON was carried out
in three different pH media,47 and the drug release (%) was
calculated from eq 3:

release (%)
actual drug released at any time (mg)

amount of drug loaded within MON (mg)
100= ×

(3)

It was observed that drug loaded 2D Cu-MON, i.e., LPZ@
2D Cu-MON, exhibited slow drug release over a time period of
25 h with an almost linear profile over this period (Figure 8b).
Furthermore, it can be seen that LPZ did not completely
release and reached a plateau of 87.40%, 79.50%, and 64.81%
at pH values of 7.4, 4.5, and 8.4, respectively. The above
finding revealed that the drug release in acidic and neutral
media was higher than that in the basic medium, which
indicated that 2D Cu-MON is an excellent carrier for antiulcer
drug delivery. The slow release of LPZ drug from the 2D Cu-
MON suggested that most of the drug remains in the
nanosheets which restricts the diffusion of drugs incorporated
within them and suggested relative binding between LPZ
molecules and the 2D Cu-MON. It was thus discovered that
the drug release process is affected by the pH media and the
type of material matrix.48,49 Various MOFs and their drug
delivery parameters are described in Table 2.50−57

3.3.1. Characterization of 2D Cu-MON and LPZ@2D Cu-
MON. FTIR spectroscopy was used to assess the interaction
between LPZ and 2D Cu-MON by analyzing the characteristic
absorption peaks. The FTIR spectra of LPZ@2D Cu-MON
was compared to that of pure LPZ and untreated 2D Cu-
MON. The characteristic absorption peaks of LPZ appeared at
3245 and 2935 cm−1 corresponding to stretching vibration of
−NH− and the intense peaks at 1600, 1375, and 1103 cm−1

belong to −CH2, aromatic ring, and C−O and ether bond,
respectively as shown in Figure 9a. In the case of 2D Cu-
MON, the broad absorption peak at 3553 cm−1 corresponds to
O−H υ of a water molecule present in the lattice. The peaks at
3075, 2938, and 2845 cm−1 depict the aromatic C�C−H υ
and asymmetric and symmetric CH2/CH3 υ, respectively. The
peak at 1622 cm−1 corresponds to the bending mode of H2O
molecule, a medium intensity peak at 1560 cm−1 corresponds
to C−N υ of the bipyridyl ring, and a strong peak at 1386 cm−1

denotes the υ mode of nitrate group. The prominent peaks in
the low frequency region 520−584 cm−1 depict the υ Cu−N
vibrations. In the case of LPZ@2D Cu-MON spectrum, the
lack of any shift in the LPZ and 2D Cu-MON characteristic
peaks suggests that no new chemical bonds have been formed.
Further, it was observed that there is a distinct match in the
peaks of 2D Cu-MON before and after the drug loading.
Consequently, this ruled out the possibility of an interaction
between drug and 2D Cu-MON indicating that LPZ was
dispersed on the nanosheets.58,59

Raman spectra of 2D Cu-MON containing LPZ or without
LPZ have been recorded and compared to that of LPZ
spectrum as presented in Figure 9b. The peaks corresponding
to the 2D Cu-MON were well detected in LPZ@2D Cu-MON
along with the peaks corresponding to LPZ presenting main
peaks at 600, 900, 1200, and 1600 cm−1. This is another
technique that indicates the effective drug loading in the 2D
Cu-MON. The peaks in the range of 1400−1600 cm−1

correspond to C−C cyclic ring stretching (benzimidazole
and pyridine moieties) of LPZ as well as bipyridyl moiety of

2D Cu-MON. The peaks in the range of 1300−1250 cm−1

denote the C−N stretching bands of LPZ, whereas those at
600 and 900 cm−1 correspond to the in plane ring mode and
symmetric ring breathing shifting and broadening. Overall, the
Raman investigation confirmed the successful LPZ incorpo-
ration on the 2D Cu-MON without showing any shift in the
characteristic peaks.
TGA has been performed in the range of 50−800 °C to

examine the thermal stability of 2D Cu-MON before and after
drug loading in a nitrogen atmosphere. The TGA pattern of
2D Cu-MON revealed the degradation via three step loss. The
first slight weight loss of about 15% at 200 °C corresponds to
the removal of water molecules that are present in the crystal
lattice as shown in Figure 9c. In the second step, weight loss of
∼40% in the range of 232−335 °C corresponds to the
degradation of ligand moiety. Finally, the remaining framework
begins to deteriorate at temperature above 450 °C, and the
final residue might be attributed to the presence of metal oxide.
Moreover, the TGA patterns of the LPZ@2D Cu-MON also
demonstrate three-step degradation but the former showed a
loss at a temperature of 150 °C owing to the lesser thermal
stability of the drug LPZ.
PXRD patterns of 2D Cu-MON, LPZ@2D Cu-MON, and

pure LPZ have been investigated and are presented in Figure
9d. The PXRD pattern of exfoliated nanosheets matches well
with that of bulk MOF with slight change in relative intensities
owing to orientation effects. The phase purity of 2D Cu-MON
was thus well established by comparing with the bulk material
which confirms the retention of structural integrity after
exfoliation. The PXRD pattern of LPZ displayed several
characteristic peaks that depict the crystalline nature of the
drug. However, the PXRD pattern showed no significant
change after drug loading, i.e., in LPZ@2D Cu-MON,
indicating that the drug has been loaded in an amorphous
state which further facilitates drug release at target site with
ease.60 The surface morphology after drug loading was also
assessed by recording the SEM micrographs. The SEM
micrograph of 2D Cu-MON depicts the layered patterns of
nanosheets randomly distributed as shown in Figure 9e. This
enhanced surface area has been found to display remarkable
drug loading on the surface of 2D Cu-MON. The SEM
micrograph (Figure 9f) of drug loaded nanosheet, i.e., LPZ@
2D Cu-MON, revealed the uniform distribution of globular
shaped particles on the surface depicting the loading of drug.
3.4. Adsorption of Organic Dye Pollutants.Wastewater

emerging from some chemical plants consists of organic dye
pollutants. With a global dye usage of almost 700,000 tonnes,
the textile industry emerged as one of the worst polluters.61

Nearly all dyes are dangerous and carry a significant risk of
causing malignant mutations; therefore, a variety of approaches
have been employed in recent years to eliminate dye
contaminants from wastewater.62 The absorption method is
one of them and is widely employed for the removal of
aromatic dye molecules from wastewater since it is economical
and easy to use.
To investigate the adsorption behavior of 2D Cu-MON for

the removal of organic dyes such as MB, MO, RhB, and CR, an
adsorption experiment was conducted by placing dye solution
at 10 ppm concentration in a conical flask. To this dye solution
(50 mL), 10 mg of the absorbent (2D Cu-MON) was added
with continuous stirring. Aliquots of 2 mL were taken at
different time intervals of 10, 20, 40, 60, 80, 100, and 120 min
from the conical flask after centrifugation and assessed with the
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aid of UV−vis spectrophotometer. In order to vary the pH of
the solution, 0.1 M HCl and 0.1 N NaOH were also employed.
The adsorption capacity and removal percentage of 2D Cu-
MON toward different cationic and anionic dyes were
calculated by using eqs 4 and 5:63

Adsorption capacity,

q
C C

M
V

( )
t

t0=
(4)

Removal efficiency,

R
C C

C
(%)

( )
100t0

0
= ×

(5)

where C0 (ppm) is the initial dye concentration, Ct (ppm)
indicates the dye concentration after adsorption at different
time intervals (t), V represents the volume of the dye solution,
and M is the mass of the 2D Cu-MON (absorbent) in
milligrams.
In this work, four distinct aromatic dyes with various size

and charge including cationic dyes (MB and RhB) and anionic
dyes (MO and CR) were used to evaluate the dye adsorption
behavior of 2D Cu-MON as shown in Figure 10. The

absorption spectra (Figure 10) revealed that 2D Cu-MON has
excellent adsorption capability for cationic dyes such as MB
and RhB. The absorption maxima of MB and RhB dye
observed at 664 and 463 nm, respectively, were lowered within
10 min with 66.1% and 42.5% adsorption efficiencies. The
absorption peak largely vanished after 120 min for MB dye and
reached 97.12% efficiency (Figure 10a) while 80.5% efficiency
was reached for RhB (Figure 10b) by utilizing 2D Cu-MON as
an absorbent. The absorption maximum at 464 nm of the MO
dye diminished slightly and displayed a removal percentage of
49.7% (Figure 10c), whereas CR (absorption maxima at 498
nm) only had a removal efficiency of 30.55% within 160 min
(Figure 10d), which is a significantly lower proportion as
compared to the cationic dyes. with the assistance of eq 4, the
adsorption capacity of 2D Cu-MON (adsorbent) for MB and
RhB was found to be 61.72 mg/g and 59.55 mg/g, respectively.
The maximum removal of cationic MB dye could be attributed
to the electrostatic cation−π interactions between the cationic
part of the dye and π electron cloud of the aromatic ring
present in 2D Cu-MON. However, another reason behind
effective and speedy adsorption of MB dye is the smaller size
and linear structure of the MB molecule. On the other hand,
RhB also being a cationic dye showed lower removal owing to

Figure 10. UV−vis spectra for adsorption of dyes including (a) MB, (b) RhB, (c) MO, and (d) CR by using 2D Cu-MON as an adsorbent.

Figure 11. (a) UV−vis spectra for adsorption of MB dye by using 2D Cu-MOF as an adsorbent. (b) Comparison between removal efficiency of 2D
Cu-MOF and 2D Cu-MON for MB dye.
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its nonlinear structure and larger size that imparts hindrance in
its adsorption on the surface of 2D Cu-MON adsorbent.
Dye adsorption capability for the removal of cationic dye

MB was also assessed by using 2D Cu-MOF as an adsorbent,
and it was observed that removal efficiency of ∼46% was
achieved in 120 min in comparison to about 97% in case of 2D
Cu-MON (Figure 11). The enhanced dye removal in the case
of 2D Cu-MON could be attributed to the exfoliation in the
form of few-layered nanosheets that provide more surface area
for the adsorption of dye molecules.

3.4.1. Selectivity for Organic Dyes. The achievement of
selective adsorption for particular dye contaminants is quite
relevant as well as difficult for an environmental scientist. It
was observed that the cationic dyes (MB and RhB) were
quickly absorbed by the 2D Cu-MON; hence, it was also
investigated whether the framework could help with selective
adsorption of the dye. Therefore, to assess the selectivity for
organic dyes, a thorough experiment was conducted by
introducing two different dyes to form a solution mixture,
and the adsorption process was studied using a UV−vis
spectrophotometer. It has been observed that 2D Cu-MON
adsorbs dye from a solution mixture in a selective manner.
It is noteworthy to mention that 2D Cu-MON successfully

adsorb cationic dyes, i.e., MB and RhB, in the presence of the
anionic dyes (MO and CR) as shown in Figure S3a−d.
Additionally, the selectivity of cationic dyes in a mixture of all
the four dyes, viz., MB, RhB, MO, and CR, was also observed
with the removal efficiency of about 82.6% and 28.1% for MB
and RhB, respectively, comparatively higher than the anionic
dyes with 9.1% (MO) and 10% (CR) removal efficiency as
demonstrated in Figure S3e. It can thus be concluded from
these results that 2D Cu-MON could quickly and selectively
adsorb cationic dyes from a mixture of cationic and anionic dye
solutions.

3.4.2. Effect of pH. The pH of reaction is a critical
component to such adsorption events from an application
standpoint. The surface charge, dye structure, and level of
ionization of dye components are all greatly influenced by the

pH. As shown in Figure S4, the PXRD patterns under diverse
pH conditions ranging from 2 to 12 have been investigated
indicating that the 2D Cu-MON is quite stable at different pH
values.
In order to assess the effect of pH on the adsorption

phenomena on the surface of 2D Cu-MON, the cationic dyes
with maximum removal percentage, i.e., MB and RhB, were
utilized. Diverse sets of adsorption experiments were
conducted by varying the pH in the range of 2−12 to explore
the impact of pH by using 0.1 M HCl and 0.1 N NaOH
solution. It can be concluded from Figure 12a that 2D Cu-
MON adsorption efficiency increases when the pH of both dye
solutions rises from 2 to 7. The reason behind this behavior
could be that the adsorbent surface becomes protonated at low
pH values resulting in H+ ions competing with the cationic
moiety of the dye and thus reducing adsorption efficacy. The
maximum removal efficiency for both cationic dyes (MB and
RhB) was observed at neutral pH (7). For both the dyes, the
removal efficiency was found to be lower under harsh
conditions, i.e., highly acidic or alkaline conditions, and
appreciable reduction in adsorption behavior was observed.
This reduction could be attributed to some structural changes
in the adsorbent (2D Cu-MON) or due to the interference
from the ionic species in the surrounding environment. These
findings imply that 2D Cu-MON as an adsorbent has a
remarkable capacity for cationic dye adsorption at pH = 7.

3.4.3. Effect of Temperature. Temperature is another
physicochemical parameter which has a major influence on the
adsorption capacity of 2D Cu-MON (adsorbent). The removal
efficiency of 2D Cu-MON for MB and RhB dye adsorption
was assessed in the temperature range between 25 and 60 °C
(Figure 12b). Generally, an endothermic process is involved
when adsorption efficiency increases with an increase in
temperature, while decrease in adsorption efficiency with
temperature rise indicates an exothermic process. The
adsorption effectiveness of 2D Cu-MON for MB dye was
found to be maximum at room temperature (25 °C) and
rapidly decreased as the temperature further increased from 40

Figure 12. (a) Influence of pH, (b) effect of temperature on dye (MB and RhB) adsorption, (c) recyclability of adsorbent 2D Cu-MON, and (d)
PXRD pattern of 2D Cu-MON before and after adsorption of MB and RhB dye.
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to 60 °C. This decrease in adsorption efficiency when the
temperature is further raised indicates that the adsorption
phenomenon follows an exothermic reaction.64

3.4.4. Reusability Study. Recyclability of the as-synthesized
adsorbent is a critical component of wastewater treatment from
an application standpoint. Following the dye adsorption
process, the 2D Cu-MON adsorbent was repeatedly rinsed
with ethanol solvent until all dye molecules were eliminated;
after that the adsorbent was reused for the next adsorption
cycle. As demonstrated in Figure 12c, the adsorbent was
functional up to four cycles with an impressive adsorption
efficiency for MB. Furthermore, efficiency starts to decline after
the fourth cycle and showed lower efficiency in the fifth cycle,
which occurs as a result of decrease in the number of open sites
for adsorption. After the fourth adsorption cycle, the PXRD
pattern was evaluated for MB adsorbed 2D Cu-MON (MB@
2D Cu-MON) as well as RhB@2D Cu-MON showing that the
framework was unaltered throughout the adsorption/desorp-
tion procedure as shown in Figure 12d.

3.4.5. Adsorption Kinetics. UV−vis spectra revealed
maximum adsorption of cationic dyes on the surface of 2D
Cu-MON as compared to the anionic dyes. Moreover, the
adsorption behavior was evaluated at different time intervals,
and finally the reaction adsorption kinetics was investigated. In
order to comprehend the kinetics of the adsorption process,
three adsorption kinetic models were employed including
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion.65 The calculated kinetic parameters are provided in
Table S3.
The pseudo-first-order rate is given by eq 6 as follows:

q q q
k

tlog( ) log
2.303te e

1=
(6)

where qe and qt (mg/g) indicate the dye adsorption capacity at
equilibrium and at time t and k1 (min−1) is the pseudo-first-
order rate constant. Using the pseudo-first-order rate equation,
the slope of the log(qe − qt) vs time plot was used to compute
all kinetic parameters. The rate constant is roughly consistent
with past literature findings, but the R2 (correlation coefficient)

value did not line up with the graph. Due to discrepancies
between the calculated and experimental adsorption capacity
values, this model cannot be applied to explain the adsorption
phenomenon.
The pseudo-second-order rate is given by eq 7 as follows:

t
q k q

t
q

1

t 2 e
2

e

= +
(7)

Here, qe and qt (mg/g) indicate the dye adsorption capacity at
equilibrium and at time t and k2 (g/(mg min)) is the rate
constant of pseudo-second-order, and it is determined by
plotting t/qt against time. The pseudo-second-order pattern
shows good linearity and the R2 value is close to 1 as
demonstrated in Figure 13, as estimated and experimental qe
values are also quite similar. The adsorption of contaminants
like dyes can thus be demonstrated using this model.
Intraparticle diffusion is given by eq 8 as follows:

q K tt 3
1/2= (8)

In this case, qt (mg/g) is the adsorption capacity of dye at time
t and K3 (mg/(g min1/2)) is the rate constant of intraparticle
diffusion. This model is also not appropriate for adsorption
kinetics as shown by the conflicting values of estimated and
experimental adsorption capacity values.

3.4.6. Adsorption Mechanism. The essential factors
affecting dye adsorption capacity from wastewater are the
surface properties of the material framework and the functional
and structural behavior of the dye molecules. Ion exchange,
hydrogen bonds, acid−base interactions, electrostatic inter-
actions, and π−π interactions are among the many processes
that control adsorption as has already been documented in
previous studies.66 In the present work, the plausible
adsorption mechanism could be explained on the basis of
electrostatic cation−π and π−π interactions that are
responsible for the quick adsorption of cationic dye to the
surface of 2D Cu-MON as depicted in Figure 14. The primary
reason for enhanced MB and RhB dye adsorption could be
attributed to the cationic nature of both the dyes that interact
electrostatically with the nucleophilic aromatic ring of the

Figure 13. Adsorption kinetic plots of MB and RhB dye onto 2D Cu-MON using (a, d) pseudo-first-order, (b, e) pseudo-second-order, and (c, f)
intraparticle kinetics models.
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TMDP ligand present in 2D Cu-MON. Moreover, the most
efficient and highest adsorption of MB dye could not be only
attributed to the cationic nature of dye but also to the linear
structure of MB dye facilitating the ease in the adsorption of
MB molecules over the sites available on the adsorbent.67

Another cationic dye, RhB, shows good adsorption efficiency
after MB for its adsorption on the 2D Cu-MON. The reason
for the decline in the adsorption of RhB could be attributed to
its nonlinear structure and bulkiness, which ultimately pose a
hindrance for swift approach of it toward the framework, and
thus it exhibits lower adsorption than MB.
On the other hand, the electrostatic repulsion between the

nucleophilic aromatic ring of TMDP ligand in 2D Cu-MON
and the anionic dyes (MO and CR) resulted in insignificant
adsorption capacities compared to the cationic dyes.68,69 In
addition, the adsorption mechanism involved and the
adsorption capacities for the removal of various organic
pollutants by several 2D MOFs reported earlier are given in
Table 3. The mechanism of adsorption by 2D Cu-MON was
compared to these reported 2D MOFs depicting the
involvement of similar types of mechanism patterns, viz.,
electrostatic interactions and π−π interactions.

4. CONCLUSION
This work reports the facile synthesis of 2D Cu-MOF via a
simple stirring method followed by slow evaporation under
ambient conditions. The single crystal X-ray structure
determination revealed that the reaction of TMDP with
Cu(NO3)2·3H2O resulted in a multilayered MOF which could
further be delaminated to form 2D Cu-MONs by UILPE, as

supported by Tyndall light scattering and other morphological
analysis. The sonication process helped to improve the surface
area which ultimately proved beneficial toward LPZ drug
loading efficiency by 2D Cu-MON. The drug release in acidic
medium was higher than that in basic medium indicating that
2D Cu-MON is an excellent carrier for antiulcer drug delivery.
In addition, the developed 2D Cu-MON can also be effectively
employed as an efficient adsorbent for removing cationic MB
dye with 97% removal efficiency from wastewater. Simulta-
neously, the 2D Cu-MON can be employed to selectively
adsorb the cationic dye even in the presence of anionic dye.
The adsorption kinetics data revealed pseudo-second-order
kinetics which shows a better agreement with the adsorption
process. It was also suggested that cation−π, electrostatic, and
π−π interactions influence the fast adsorption of cationic dyes
onto the surface of the 2D Cu-MON with recyclability for up
to five cycles. This finding gives a new dimension to the
application of 2D MONs in the fields of drug delivery and
environmental remediation.
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Wang, Q. M. Nanopore Structure and Sorption Properties of Cu-BTC
Metal-Organic Framework. Nano Lett. 2003, 3 (6), 713−718.
(57) Lucena, F. R.; de Arauj́o, L. C.; Rodrigues, M. D.; da Silva, T.
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