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Self-assembled nanocomposite of HKUST-1 and
LAPONITE®: towards a hydrogel with high
mechanical strength for selective dye adsorption
and column chromatographic separation

Jyoti,a Chhaya,a Vinod Kumara and Anindita Chakraborty *b

Herein, we report the synthesis of a novel hydrogel nanocomposite, HKUST-1@LP, through the self-

assembly of a prototype metal–organic framework (MOF), HKUST-1 and the nanoclay, LAPONITE® (LP).

The nanocomposite was characterized by using different techniques including PXRD, FESEM, EDX, FTIR,

TGA, rheology, zeta potential analysis and N2 adsorption measurements. The resulting composite exhibits

significantly enhanced dye adsorption/separation properties compared to its individual parent com-

ponents and has been exploited as a dye adsorbent and stationary phase for gel-column chromatography.

It demonstrates superior capabilities in selective dye adsorption, particularly for cationic dyes such as

methylene blue (MB), 229 mg g−1, and rhodamine B (RhB), 212 mg g−1, with adsorption kinetics influenced

by temperature. Furthermore, the HKUST-1@LP hydrogel separates mixtures of dyes effectively, as was

evident from the conducted gel-column chromatography experiments. The HKUST-1@LP hydrogel

showcases remarkable mechanical robustness and rheological studies revealed higher storage modulus

(G’) and loss modulus (G’’) values for the composite compared to pristine LP, withstanding greater strain

levels before structural failure (82.7% for HKUST-1@LP hydrogel vs. 52.7% for LP). These enhanced

mechanical and functional attributes underscore the composite’s potential for practical applications in

selective dye adsorption and chromatographic separation processes.

Introduction

Metal–organic frameworks (MOFs) have attracted significant
attention over the past two decades due to their highly crystal-
line nature, exceptionally large surface area, structural tunabil-
ity and their potential in various applications, including cataly-
sis, sensing, drug delivery, adsorption, and separation.1–11

However, the powdered forms of most MOFs, and thus their
poor processability and stability in water,12,13 limit practical
applications as membranes, filters or columns.14–17 To over-
come these issues, MOF composites18–29 have emerged as new
functional materials that offer superior properties, including
better solution processability and applications compared to
those of the parent materials. In particular, MOF-based hydro-
gel composites offer significant advantages over powdered
materials, as the gels exhibit excellent solution processability
and hold great potential for applications in adsorption/separ-
ation, optoelectronics, gas storage, catalysis, sensing, and drug

delivery.30–35 However, synthesis of soft gels from rigid MOFs
remains a formidable challenge, and requires complex syn-
thetic routes and precise control over the conditions used.36–42

Dye adsorption and separation using MOFs is a highly
effective method for wastewater treatment and environmental
protection by minimizing chemical waste and enabling dye
recovery for industrial reuse.43 When MOFs are packed into
chromatographic columns for separation applications, issues
such as inhomogeneous packing, the formation of cracks, and
high backpressure significantly compromise performance and
reproducibility.14–17 We envisage that a MOF-based hydrogel
composite could have enhanced potential for dye capture and
separation, owing to the gel network structure in the compo-
site and synergistic effects of the functional parent materials.
Furthermore, the gel network structure could potentially
prevent the formation of cracks, inhomogeneous distribution
of the sample and dead zones when packed into columns
for chromatographic separation. To furnish such a composite,
we have selected a synthetic nanoclay, LAPONITE® (LP).
LP is a synthetic nanoclay having molecular formula
Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]

−0.7 with a 2 : 1 layered structure
and disk-like particles ∼25 nm in diameter and ∼1 nm thick,
where Li+ ions partially replace Mg2+ ions in the octahedral
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layer, creating a net negative charge balanced by Na+ ions. In
water, Na+ dissociates, making the sheet faces negatively
charged, while the edges, rich in Mg–OH groups, become posi-
tively charged at neutral pH, leading to an anisotropic charge
distribution.44 LP is widely recognized for its high dispersibil-
ity in water, excellent rheological properties45–50 and potential
use in biomedicine.51 The fabrication of structurally resilient
modulable hydrogels45 for targeted drug delivery48 and size-
selective catalysis52 can also be achieved through the strategic
synthesis of LP composites. The chemistry of MOF–LP compo-
sites is relatively new and their composite gels can be syn-
thesized using a one-pot facile self-assembly process,33,52 con-
trary to the traditional but tedious synthetic approaches for gel
formation.14,42 Inspired by the potential of MOF–LP compo-
sites and further exploring the potential of LP in MOF chem-
istry, we present herein the synthesis of a hydrogel nano-
composite termed HKUST-1@LP, incorporating the MOF,
HKUST-1. HKUST-1 is a prototype MOF known for its large
surface area and enhanced thermal stability, making it highly
suitable for various applications in adsorption and separation
studies.53–56 We hypothesize that the formation of the
HKUST-1@LP nanocomposite is facilitated by the charge-
assisted self-assembly (Scheme 1) between the two parent
materials: HKUST-1 nanoparticles having negatively charged
surfaces (due to the deprotonation of the carboxylic acid
linkers)57 and the LP particles having positively charged edge
sites.44 The resulting composite exhibits superior capabilities
in selective dye adsorption, particularly for cationic dyes such
as methylene blue (MB) and rhodamine B (RhB). The compo-
site hydrogel was eventually exploited in this study as a station-
ary phase in chromatographic dye separation from mixtures
of cationic and anionic dyes, such as MB and methyl
orange (MO).

To the best of our knowledge, such a MOF–clay hydrogel
composite serving as a stationary phase in chromatographic
dye separation is reported for the first time.

Results and discussion
Synthesis and phase purity

HKUST-1 was synthesized by following a previously reported
synthetic procedure.58 The PXRD pattern of as-synthesized
HKUST-1 matches well with the literature-reported58 PXRD
pattern (Fig. S1). To synthesize the hydrogel nanocomposite,
we initially focused on optimizing the reaction conditions for
the composite formation. We prepared several batches under
varied reaction conditions to identify the optimal parameters
(Table S1 and Fig. S2) and selected entry no. 2 (see Table S1),
which yielded instant gel formation. The resulting composite
was termed HKUST-1@LP, which was subsequently used in
our work. Briefly, an ex situ synthetic approach was used where
LP was first dispersed in water, followed by the addition of
HKUST-1 suspension during sonication (see the Experimental
section for details). We believe that the composite gel for-
mation is driven by the electrostatic interactions between the
negatively charged surface of HKUST-1 particles (resulting
from the deprotonation of –OH groups in the carboxylic acid
moieties, forming –COO− groups)57 and the positive surface
charge at the edges of LP particles (arising from the presence
of Mg–OH in LP).44 The formation of the HKUST-1@LP xerogel
was verified by its PXRD pattern that revealed the composite is
more aligned with pure LP59 (Fig. S3a), which may be attribu-
ted to the higher amount of LP present in the composite.
However, to understand the chemical integrity in the HKUST-1
phase of the composite, we carried out additional experiments.
Specifically, HKUST-1 was immersed in water under identical
synthetic conditions to those used for the composite (see the
Experimental section for details), and the resulting materials
were analyzed by PXRD. The obtained pattern (Fig. S3b) clearly
shows that the characteristic diffraction peaks of HKUST-1 are
retained, confirming that the HKUST-1 framework does not
undergo decomposition under the applied conditions (identi-
cal to those of the composite synthesis).

Scheme 1 Schematic representation of the synthesis of HKUST-1@LP hydrogel nanocomposite via self-assembly of HKUST-1 with LP. The nano-
composite was used in selective dye adsorption and separation.
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IR spectra and thermal stabilities

The FTIR spectrum (Fig. 1) of as-synthesized HKUST-1 shows
the characteristic peaks of HKUST-1, as reported in the
literature.60,61 The IR spectrum of LP demonstrates its charac-
teristic structure of clay (Si–O–Si 971 cm−1, Mg–O 649 cm−1)
with the presence of a broad O–H stretching frequency band
(∼3000–3400 cm−1).59 The FTIR spectral analysis of the
HKUST-1@LP xerogel confirms the formation of a nano-
composite showing characteristic peaks of HKUST-1 and LP,
such as 1646 cm−1, 1554 cm−1, 1372 cm−1 and 729 cm−1,
attributed to the νasym(CvO), CvC, and νsym(C–O) and Cu–O
functionalities derived from the MOF, and the functionality
originating from the LP phase with a slight shift in stretching
frequencies of Si–O–Si and Mg–O at 968 cm−1 and 646 cm−1,
respectively, which can be attributed to the interaction of the
MOF with LP. The presence of the characteristic peaks attribu-
ted to the functional groups arising from the HKUST-1 further
supports the HKUST-1 phase being retained in the composite
without any decomposition.

To ascertain the thermal stability of all the samples,
thermogravimetric analysis (TGA) of LP, as-synthesized
HKUST-1 and HKUST-1@LP xerogel was carried out (Fig. S4).
The TGA results of LP are well-matched with the literature
reported values and indicate an initial weight loss of ∼13% up
to 100 °C attributed to the removal of adsorbed water mole-
cules and negligible weight loss (∼5–6%) between 700 and
800 °C because of the presence of phyllosilicates having high
heat of resistance.62,63 TGA of as-synthesized HKUST-1 reveals
an initial weight loss of ∼18% at 120 °C, attributed to the
water molecules present in the MOF, matching well with results
in the literature.58 The composite xerogel exhibits thermal stabi-
lity up to 300 °C, which is similar to that of the as-synthesized
HKUST-1. Beyond this temperature, decomposition of the MOF
framework begins. The thermal profile of HKUST-1@LP xerogel
at temperatures above 300 °C is similar to that of LP, which is
maintained up to 700 °C. The plot also indicates that the use of

LP does not impact the thermal stability of the HKUST-1 frame-
work in the hydrogel nanocomposite.

Textural properties

To analyze the textural properties of the samples, we recorded
the FESEM data of HKUST-1 (Fig. S5a) and HKUST-1@LP
xerogel (Fig. S5b). The particle size of the as-synthesized
HKUST-1 lies in the range of 55–300 nm, within which most
particle sizes are in the range of 75–85 nm (Fig. S6). The tex-
tural properties of HKUST-1 are in good accordance with the
literature.58 HKUST-1@LP xerogel displays a morphology
resembling that of LP59 (Fig. S5b), which is attributed to the
fact that in the composite, HKUST-1 particles are embedded
within the LP layers, which constitutes the higher weight
percentage of the composite. Elemental mapping of the
HKUST-1@LP xerogel reveals that the elements from both the
parent materials are uniformly present in the composite, i.e.,
Cu from the HKUST-1 MOF and Mg and Na from the LP. The
uniform distribution of these elements suggests that the MOF
nanoparticles are uniformly distributed throughout the LP
matrix, resulting in a homogeneous composite (Fig. S7).

Gas adsorption study

To examine the porous nature and surface area of the samples,
N2 adsorption isotherms at 77 K were recorded for activated
as-synthesized HKUST-1, LP, and HKUST-1@LP xerogel
(Fig. 2). HKUST-1 exhibited a characteristic type-I isotherm
indicative of microporosity, with a BET surface area of 835 m2

g−1, consistent with previously reported values.58 LP showed a
characteristic type-IVb isotherm that plateaus at high relative
pressures, along with an H2 hysteresis loop, which reveals the
presence of mesopores in LP with a BET surface area of
353 m2 g−1, which matches well with the literature-reported

Fig. 1 FTIR spectra of (a) HKUST-1@LP xerogel, (b) as-synthesized
HKUST-1 and (c) LP.

Fig. 2 N2 adsorption isotherms of as-synthesized HKUST-1,
HKUST-1@LP xerogel and LP at 77 K. Adsorption of gas molecules is
denoted by open symbols while closed symbols denote desorption of
gas molecules.
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value.64 The desolvated HKUST-1@LP xerogel exhibited a
profile indicative of both microporosity and mesoporosity,
owing to the presence of both HKUST-1 and LP. The calculated
BET surface area of the composite xerogel was found to be
194 m2 g−1. The reduction in surface area compared to both
the parent materials is attributed to the fact that the MOF par-
ticles are embedded/wrapped within layers of LP (Fig. S5),
similar to the literature-reported ZIF-8–LP composite.33 Such
wrapping may lead to the partial blockage or reduced accessi-
bility of the intrinsic pores of HKUST-1. As a result, although
HKUST-1 itself possesses a large surface area, its porous
network is not fully available for gas adsorption once incorpor-
ated into the composite matrix, which diminishes the overall
porosity of the composite.

Zeta potential measurements

Zeta potential measurements were carried out to understand
the stability and surface charge properties of pure LP and
HKUST-1. The zeta potentials were found to be −31.61 mV and
−12.56 mV for LP and HKUST-1, respectively, at neutral pH
(i.e. 7), and the values match well with those found in the
literature.33,57

The zeta potential value of HKUST-1@LP xerogel is −19 mV
at pH = 7, which shows a less negative value compared to that of
pure LP but is more negative than that of HKUST-1. This further
supports our conjecture that the negatively charged surface of
HKUST-1 and the positively charged facets of LP undergo
charge-assisted self-assembly to form the composite gel.

Rheology study

Rheology data of LP and the HKUST-1@LP hydrogel were
recorded to provide insight into the gel’s stability and mechani-
cal strength. This typically involved measuring viscoelastic pro-
perties, such as variations in storage modulus (G′) and loss
modulus (G″) with respect to both frequency and strain (Fig. 3).
Frequency sweep measurements revealed parallel and linear G′
and G″ curves for LP and the HKUST-1@LP hydrogel (Fig. 3a).
In addition, G′ and G″ of hydrogels were also examined against
applied strain (%) at a constant frequency (1 Hz) for both LP
and HKUST-1@LP (Fig. 3b). The decrease in G′ with increasing
stress indicates partial breakdown of the hydrogels, with
notable structural failure occurring at yield stress levels of
52.7% and 82.7% for LP and HKUST-1@LP hydrogel, respect-
ively. This underscores that the HKUST-1@LP hydrogel shows
enhanced mechanical robustness compared to that of LP.46,49

Dye adsorption studies

MOFs have emerged as incredibly promising adsorbent
materials for the capture and removal of dyes because of their
exceptionally large surface area, tunable porosity, and chemi-
cal diversity. MOF-based dye adsorption and separation is a
very successful wastewater treatment and environmental pro-
tection technique, reducing chemical waste and facilitating
dye recovery for industrial reuse.43

In our work, we measured adsorption capacities of three
adsorbents, i.e., LP, as-synthesized HKUST-1, and

HKUST-1@LP xerogel using three dyes, including two cationic
dyes (MB and RhB), and one anionic dye, methyl orange (MO).
The study involves a detailed analysis of the adsorption behav-
ior through saturation plots, focusing on the differences
between cationic (MB and RhB) and anionic (MO) dyes (Fig. 4
and S8–S10). The colour of the solution gradually changes
during the adsorption process (stirred at 25 °C) for the respect-
ive dye, indicating a progressive decrease in dye concentration
over time (0 to 1500 minutes). This trend suggests an inter-
action between the adsorbate dyes and the adsorbent sample,
facilitating dye adsorption. The detailed analysis of the plots
revealed that dye adsorption increases with an increase in time
for each sample adsorbent and it can be concluded that
among the different adsorbents, the HKUST-1@LP xerogel
exhibits maximum adsorption capacity for all the dyes, com-
pared to that of LP and HKUST-1. The adsorption capacity
values at different times (qt mg g−1) for all the samples were
determined (Fig. 5 and Table 1). The HKUST-1@LP xerogel
shows adsorption of MB, RhB, and MO with maximum adsorp-
tion capacity values for each dye of 229 mg g−1, 212 mg g−1,
and 23 mg g−1 corresponding to absorbance maxima at
664 nm, 553 nm, and 464 nm, respectively, up to
1500 minutes. On the other hand, LP exhibits a maximum
adsorption of 108 mg g−1 and 97 mg g−1 for MB and RhB,
respectively (Table 1). A negligible adsorption was obtained for

Fig. 3 (a) At a constant strain of 1%, the frequency sweep rheological
experiment for LP and HKUST-1@LP hydrogel in MeOH/H2O and (b) at a
constant frequency of 1 Hz, the strain amplitude rheological experiment
for LP and HKUST-1@LP hydrogel in MeOH/H2O. Inset: image of the
inverted beaker representing stable gel formation.
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the negatively charged dye MO, owing to the repulsion
between the dye and LP particles having negatively charged
facets. After maximum adsorption of the dye, saturation was
reached in 1440–1500 minutes, suggesting the equilibrium
condition was reached during this time span. Once equili-
brium is reached, we may conclude that all available adsorp-
tive sites in the framework have become saturated and no
further dye adsorption occurs. HKUST-1 shows adsorption of
MB and RhB dyes with adsorption capacities 67 mg g−1 and
8 mg g−1, respectively, and negligible adsorption was observed
for MO (Table 1 and Fig. S10). Under equilibrium conditions,
the removal efficacy of MB for HKUST-1@LP xerogel was found
to be superior among all three adsorbents (Table 1). The
results for HKUST-1@LP xerogel further demonstrate that MB
undergoes the highest adsorption, followed by RhB, while MO

Fig. 4 UV-vis plots of dye adsorption using HKUST-1@LP xerogel: (a) MB and (b) RhB dyes.

Fig. 5 Loading curves of (a) MB and (b) RhB using HKUST-1, LP and HKUST-1@LP xerogel.

Table 1 Amount of dye adsorbed (mg g−1) by different adsorbentsa

Serial no. Adsorbates Adsorbents Dye adsorbed (mg g−1)

1 MB HKUST-1@LP 229
2 RhB HKUST-1@LP 212
3 MO HKUST-1@LP 23
4 MB LP 108
5 RhB LP 97
6 MO LP 1
7 MB HKUST-1 67
8 RhB HKUST-1 8
9 MO HKUST-1 Negligible

a Reaction conditions: 15 mg adsorbent, 100 ml (35 ppm) aqueous dye
solution, stirred at 25 °C for up to 1500 minutes.
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exhibits minimal adsorption. This is attributed to the strong
electrostatic interaction between the cationic dye and the
nucleophilic environment of the composite, as indicated by its
negative zeta potential (−19 mV). This explains the higher
adsorption capacity for MB, therefore enabling its efficient
adsorption. The rapid adsorption of MB might also be sup-
ported by its smaller size and linear structure. In contrast,
RhB, although a cationic dye, shows less adsorption than MB
because of its larger size and non-linear structure. The electro-
static repulsion between the negatively charged gel network
and the anionic dye molecules predominantly prevents the
adsorption of MO, therefore causing minimal uptake.

For effective wastewater treatment, it is not only essential for
the adsorbent to exhibit high adsorption capacity for individual
dye pollutants, but also to efficiently remove a selected dye from
their mixtures, and separation efficacy remains a significant
challenge. Beyond single-dye adsorption studies, we also investi-
gated the adsorption behavior of the composite using dye mix-
tures to assess its selectivity (Fig. 6 and Fig. S11). HKUST-1@LP
xerogel was soaked in a mixture of MB/MO, MB/RhB, and MO/
RhB dye solutions and time-dependent UV-vis studies indicated
that molecules of MB were adsorbed more efficiently than those
of MO or RhB dyes over a set range of times.

Table S3 presents the dye adsorption capacities of litera-
ture-reported MOFs and MOF-based composites and compares
the data with the dye adsorption performance of HKUST-1@LP
xerogel and also suggests that dye adsorption efficacy of
HKUST-1@LP xerogel is found to be noteworthy compared to
the pristine MOFs and other MOF-based composites. We envi-
sage that the HKUST-1@LP composite, owing to its gel-like
network structure and the synergistic contributions of the
parent materials, exhibits enhanced dye adsorption capacity
and superior separation efficiency. For the effective adsorptive
removal of wastewater contaminants, the availability of adsorp-
tive sites of the adsorbent plays an essential role. However,
other key factors also influence the adsorption capacity,

including the surface area of the adsorbent sample, the linear-
ity of dye molecules, the charge and size of the dye molecules,
and the surface charge of the framework.65–68 Typically, the
adsorption–desorption phenomenon is driven by electrostatic
interactions between the adsorbate and adsorbent, π–π inter-
actions, hydrogen bonding, non-covalent interactions, van der
Waals forces, and ion exchange processes.66 For the
HKUST-1@LP xerogel, the adsorption mechanism may predo-
minantly involve electrostatic interactions, hydrogen bonding,
and π–π interactions.34,53–55 The high adsorption capacity for
MB can be attributed to the strong electrostatic attraction
between the cationic MB+ molecules and the nucleophilic aro-
matic moieties of carboxylate groups present in the MOF
framework. H-bonding interactions between O− (present in
both the LP and MOF) and protons of the dyes and π–π inter-
actions between the aromatic ring of dye molecules and the
MOF also contribute significantly to the overall adsorption
process. Similar to MB, the cationic RhB dye is significantly
adsorbed by the composite, since both interact through the
same types of interactions such as π–π, electrostatic, and
H-bonding. The interactions between the composite and the
dye molecules are illustrated in Scheme 2.

Gel-column chromatographic separation of organic dyes

Inspired by the selectivity in dye capture of the composite, we
further investigated its efficacy to serve as a stationary phase
for gel-column chromatographic separation of dyes. It may be
noted that several studies have reported the use of MOFs as
stationary phases in column chromatography for separating
various compounds, including organic molecules, dyes and
other pollutants.69–80 However, the use of MOF-based hydro-
gels as a stationary phase in gel-column chromatography for
dye separation remains unexplored. Keeping in mind the
unique combination of high and selective dye adsorption,
water retention properties and processability of the hydrogel
composite HKUST-1@LP, we envisaged that it could be a

Fig. 6 UV-vis plots of selective dye adsorption from a mixture of (a) MO/MB and (b) MB/RhB dyes by HKUST-1@LP xerogel.
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promising material for improving dye separation efficiency in
wastewater treatment in a selective manner. MO, an anionic
dye, and MB, a cationic dye, were chosen for their distinct
visual properties. Initial adsorption studies revealed that the
hydrogel could fully adsorb the cationic dye MB from a 10−5 M
solution but not the anionic dye MO, as confirmed by UV-vis
spectrophotometry. To demonstrate chromatographic separ-
ation, a column (15 cm length and 0.5 cm bore diameter) was
packed with the HKUST-1@LP hydrogel for use as the station-

ary phase, and a mixture of MO and MB in methanol was
passed through it. Owing to electrostatic repulsion where the
xerogel composite has a negative zeta potential, the anionic
MO dye was eluted steadily, turning the column yellow
initially. Once the MO dye had fully eluted in 450 minutes, the
column turned blue, indicating the adsorption of MB by the
hydrogel (Fig. 7). This selective adsorption of MB can be attrib-
uted to the electrostatic interaction between the positively
charged dye and the negatively charged surface of the

Scheme 2 Schematic illustration showing the plausible interactions between the HKUST-1@LP xerogel and the dye molecules.

Fig. 7 (a) Comparison of absorption spectra of eluent indicating gradual separation of MO from MB dye and (b) colour of the column changes with
time indicating separation of MO and MB dye from their mixture using the nanocomposite HKUST-1@LP.
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HKUST-1@LP hydrogel, showcasing the hydrogel’s effective-
ness in separating cationic dyes from mixtures based on
charge interactions. UV-vis spectra of eluted dye with time
were recorded until all of the dye was separated from the
mixture (Fig. 7). Additionally, the composite hydrogel’s ability
to differentiate between cationic dyes was further evaluated
using a mixture of MB and RhB dyes in methanol (Fig. S12).
The results show that while MB was fully adsorbed by the
HKUST-1@LP hydrogel, RhB was only partially eluted. This
partial elution of RhB suggests that separation efficiency is
influenced not only by charge interactions but also by other
factors such as molecular size and specific affinity to the MOF
structure. This finding highlights the hydrogel’s potential to
selectively separate dyes within complex mixtures, providing
insight into tailoring composite materials for targeted pollutant
removal. Furthermore, to evaluate the separation efficiency of
the HKUST-1@LP hydrogel relative to silica as a stationary

phase, column chromatographic separation was performed
using the same dye mixture (MO/MB). When silica was used,
dyes eluted rapidly within minutes, hindering effective separ-
ation. This rapid elution highlights the limited retention capa-
bility of silica, whereas the HKUST-1@LP hydrogel demonstrates
superior dye selectivity and controlled separation.

The facile formation of thin films could be a remarkable
advantage of such sol–gel phases. Next, we attempted the for-
mation of a HKUST-1@LP hydrogel film by a spin-coating
method.

HKUST-1@LP hydrogel can be facilely spin-coated onto a
glass substrate at 4000 rpm for 2 minutes. The coated film
slide was air-dried and then AFM was conducted to check the
topographical properties of the film. The film exhibits very
good uniformity at the overall surface (Fig. S13a) and the 3D
view of the surface is displayed in Fig. S13b. The AFM
measurements were performed in contact mode using a SiO2

Fig. 8 UV-vis plots of MB dye adsorption using HKUST-1@LP xerogel at (a) 35 °C, (b) 45 °C, (c) 55 °C and (d) bar diagram showing the amount of
dye adsorbed (MB) at different temperatures.
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tip with a force constant value of 0.2 N m−1. The surface rough-
ness calculated using Tosca analysis software was 23.7 nm,
which confirms the good uniformity of the film formation.

Effect of temperature and adsorption kinetics

Temperature is a crucial physicochemical parameter that influ-
ences the adsorption capacity of dye molecules. We conducted
a detailed study of the adsorption–desorption phenomena at
varying temperatures. Generally, as the temperature increases,
the adsorption capacity tends to decrease, indicating that the
process is exothermic.53 The highest adsorption capacity of
HKUST-1@LP xerogel for MB dye motivated us to examine the
adsorption capacities for MB at different temperatures within
the range of 25 °C to 55 °C. As presented in Fig. 8, the adsorp-
tion efficiency of the HKUST-1@LP xerogel for MB dye
diminishes with rising temperatures from 25 °C to 55 °C. This
may be attributed to increased molecular motion at higher
temperatures, which creates sufficient hindrance to reduce the
adsorption of dye molecules within the MOF framework.53 It
was found that 25 °C is the optimum temperature at which
maximum adsorption is observed.

The adsorption behavior of MB using the HKUST-1@LP
composite is influenced by the contact time between the
adsorbent and the dye molecules. To evaluate this process, the
pseudo-second-order kinetics model was employed81 (for
details see the SI). It should be noted that we tested different
models, such as pseudo-first-order and pseudo-second-order
equations, and it was the pseudo-second-order equation that
exhibited the highest correlation coefficient (R2), indicating
the best fit for the experimental data. This suggests that the
adsorption mechanism is primarily governed by chemisorp-
tion rather than physical diffusion. The linearity of the kinetic
plot (Fig. S14) further reinforces the applicability of the
pseudo-second-order model in describing the adsorption
dynamics of MB using HKUST-1@LP. A linear plot of ln k2
versus 1/T for MB adsorption using HKUST-1@LP xerogel was
constructed to determine the activation energy (Ea) from the
slope (Fig. S15). The activation energy was also calculated by
thermodynamic parameters with the help of k2 calculated at
different temperatures using the Arrhenius equation82 and was
found to be 59.49 kJ mol−1 (see the SI).

Conclusion

In summary, a new MOF–clay composite hydrogel
(HKUST-1@LP), was synthesized via the self-assembly of
HKUST-1 and LP and the composite provides an efficient and
selective separation approach through gel-column chromato-
graphy. We envisaged that the electrostatic interactions
between the negatively charged surface of HKUST-1 and the
positively charged facets of LP facilitate the formation of the
composite. The resultant material demonstrates superior
adsorption capabilities, particularly for cationic dyes such as
MB and RhB, as well as great dye separation performance, as
evidenced by gel-column chromatography. Additionally, the

composite hydrogel showcases enhanced mechanical robust-
ness, with significantly elevated storage and loss moduli com-
pared to values for the pristine LP, and the ability to withstand
greater strain before structural failure enhances the perform-
ance of the composite. Our findings underscore the potential
of emerging MOF–clay chemistry to furnish functional hydro-
gel composites by facile synthetic routes. Such composites
may demonstrate great promise for advanced applications in
dye adsorption and separation processes, offering versatile
solutions for environmental and industrial challenges.

Experimental
Materials

All commercially available chemicals were used without further
purification. Copper nitrate trihydrate (Cu(NO3)2·3H2O) and trime-
sic acid (H3BTC) were purchased from Sigma-Aldrich Chemical
Company. LAPONITE® (LP) was gratefully provided by BYK India
Private Limited. Distilled water, acetone, ethanol, methanol,
methyl orange (MO), methylene blue (MB) and rhodamine B
(RhB) were purchased from Central Drug House (CDH), Delhi.

Physical measurements

PXRD patterns were recorded using a Rigaku Smart Lab SE
instrument with Cu-Kα radiation (λ = 1.5406 Å). FTIR spectra
were recorded on a Bruker IFS 66v/S spectrophotometer within
the 4000–500 cm−1 range. Thermal stability under an N2 atmo-
sphere was assessed using a Mettler Toledo-TGA 850 instru-
ment, with measurements conducted from 30 to 800 °C at a
heating rate of 5 °C min−1. Morphological studies were per-
formed using a Zeiss GeminiSEM 500 Field Emission Electron
Microscope, with samples placed on a silicon wafer under
high vacuum and subjected to an accelerating voltage of 20 kV.
Elemental composition was analyzed via EDS using an EDAX
Genesis instrument attached to the FESEM column.
Adsorption isotherms of N2 at 77 K were measured using an
AUTOSORB iQ2 instrument with desolvated samples. To
prepare these samples, LP, HKUST-1, and HKUST-1@LP
xerogel were degassed at 120 °C under a 10−1 Pa vacuum for
12 hours prior to measurement. To examine dye adsorption,
UV-vis spectroscopy was employed. The instrument used was a
Shimadzu UV-2600 spectrophotometer equipped with quartz
cells. Surface height topography was observed via atomic force
microscopy (AFM) using an Anton Paar AFM. A silicon probe
with resonant frequency of 14 kHz and a force constant of 0.2
N m−1 was used for nanomechanical characterization. The
zeta potential measurements for all the samples were carried
out using a NanoZS (Malvern, UK) employing a 532 nm laser.

Synthetic procedure

HKUST-1. HKUST-1 was synthesized following a literature-
reported procedure.58 In brief, Cu(NO3)2·3H2O (378 mg,
1.8 mmol) was dissolved in 18 ml of water, and 18 ml aqueous
suspension of trimesic acid (H3BTC) (210 mg, 0.9 mmol) was
quickly added to this solution. The reaction mixture was then
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vigorously stirred at 1200 rpm for 1 hour at 25 °C. The result-
ing product was collected, washed three times with ethanol,
and then subjected to sonication and centrifugation at 9000
rpm for 12 minutes. The sample was subsequently dried under
vacuum. The yield was 42% relative to Cu(II) salt. The phase
purity of the sample was verified using PXRD (Fig. S1).

Gelation experiments and stability of the HKUST-1 phase in
the composite gel

HKUST-1@LP hydrogel. This study explores the gelation be-
havior of HKUST-1 and LP at room temperature by varying
their ratios (Table S1). The hydrogel nanocomposite formu-
lation involved an ex situ synthetic process, starting with pre-
paring a stock solution of HKUST-1, i.e., 20 mg of HKUST-1
was dispersed in 4 ml of methanol by sonication for about
45 minutes at 35 °C. Simultaneously, 16 mg of LP was dis-
persed in 1 ml of water. Following this, 500 µl of the HKUST-1
suspension was added to the LP solution under sonication at
35 °C, resulting in the rapid formation of a stable hydrogel,
termed HKUST-1@LP (Table S1, entry 2). To prepare a larger
batch of the composite, the stock solution of HKUST-1 (20 mg
in 4 ml of MeOH) was introduced into the LP dispersion,
which contained 128 mg of LP in 8 ml of water, during soni-
cation. The sonication process continued for approximately
15 minutes at 35 °C, after which the mixture was left undis-
turbed. Over the course of 3–5 days, stable hydrogel formation
occurred. The hydrogel remained structurally intact upon
inversion (Fig. S2), indicating strong and stable gel network
formation. All the characterization studies were carried out
using HKUST-1@LP xerogel except the rheology studies.

Stability of the HKUST-1 phase in the composite gel

To understand the chemical stability of the HKUST-1 phase in
the composite, we carried out additional experiments and
treated the as-synthesized HKUST-1 sample under conditions
identical to those of the composite synthesis. Specifically,
20 mg of HKUST-1 was dispersed in 4 ml of methanol by soni-
cation for about 45 minutes at 35 °C. This stock solution of
HKUST-1 (20 mg in 4 ml of MeOH) was immersed in 8 ml of
water and sonicated. The resulting mixture was allowed to
stand for 2 minutes, and an identical batch was prepared and
left to stand for 1 hour. Afterward, the samples were centri-
fuged, and the MOF solids were collected and dried. The dried
materials were analyzed by PXRD. The obtained diffraction pat-
terns (Fig. S3b) clearly show that the characteristic diffraction
peaks of HKUST-1 are retained, confirming that the HKUST-1
framework does not undergo decomposition under the
applied conditions. These results verify the chemical integrity
and structural stability of HKUST-1 within the composite.

Dye adsorption

Batch adsorption experiments. Three dyes MB, MO, and
RhB were used to assess the adsorption capacity of all
samples. 15 mg of each adsorbent (LP, HKUST-1 and
HKUST-1@LP xerogel) were immersed individually in 100 ml
of freshly prepared aqueous dye solutions with an initial con-

centration of 35 ppm. Furthermore, to evaluate dye adsorption
selectivity, mixed-dye solutions (MB/MO, MB/RhB, and
MO/RhB) were prepared separately by dissolving 3.5 mg of
each dye in 100 ml of water (35 ppm). Subsequently, 15 mg of
HKUST-1@LP xerogel was added to 100 ml of each mixed-dye
solution. Over a set time range of 0–1500 minutes, UV-vis spec-
troscopy was used to track the adsorption behavior of the
samples. Magnetic stirring ensured the solutions were con-
stantly stirred during the experiments; aliquots were extracted
at predetermined time intervals. With UV-vis spectra recorded
in the 185–800 nm range, each sample aliquot was examined
individually. Eqn (1) was used to compute the adsorbed dye
amount, qe (mg g−1):81

qe ¼ ðC0 � CeÞV
m

ð1Þ

Here, C0 (mg L−1) and Ce (mg L−1) represent the initial and
equilibrium concentrations of the dye in solution, respectively.
V (L) denotes the volume of the dye solution, while m (mg)
corresponds to the mass of the adsorbent used. The effect of
temperature on the adsorption behavior of all samples, as well
as the removal rate of MB, MO, and RhB dyes from aqueous
solutions, was investigated using UV-vis spectrophotometry.
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