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ABSTRACT: In the pursuit of enhancing the catalytic potential of
the Wells−Dawson (WD) polyoxometalate (POM) while
addressing its solubility challenges, this study focuses on devising
a sustainable catalyst that operates effectively in aqueous
environments. Leveraging cyclodextrin (CD) polymer chemistry
in conjunction with 3D printing technology, a CD nanosponge,
recognized for its interaction with POMs and molecular shuttle
attributes, is synthesized as a scaffold for WD immobilization.
Through integration into a 3D-printed monolith framework, the
supported WD species becomes embedded within the catalyst
structure, facilitating its application. Extensive characterization
encompassing X-ray diffraction, thermogravimetric analysis, Four-
ier transform infrared, scanning electron microscopy/energy-
dispersive system, elemental mapping analysis, and compression testing confirms the structural integrity and viability of the
resulting catalyst. The catalytic assessment of the developed catalyst in the Knoevenagel condensation reaction within aqueous
settings demonstrates enhanced reusability attributed to the encapsulation within the 3D matrix. Notably, a hot filtration test
provides empirical evidence of heterogeneous catalysis mode, further underpinning the catalyst’s performance and potential for
sustainable applications.

1. INTRODUCTION
Polyoxometalates (POMs) are soluble well-ordered anionic
metal−oxygen clusters1 with general formula of [MOx]n,
where M = Mo, Nb, W, Ta, V, and x = 4−7.2 POMs benefit
from a number of outstanding features, such as strong
Bronsted acidity, high electronegativity, redox properties, and
high chemical and thermal stability,3 which expand their
applications in various research areas, including catalysis,4

sensors, fuel cells,5 biochemistry, and chemical analysis.5,6 One
of the subclasses of POMs is heteropolyanions, which consist
of heteroanions and are mostly applied for catalytic purposes.
The most well-known heteropolyanions are Keggin
[XM12O40] n− and Wel l s−Dawson (WD) anions
[X2M18O62]n− (where M = W or Mo; X = P, Si).7 WD is an
active and efficient catalytic species both for acid-catalyzed and
redox chemical transformations.8 One of the most well-known
organic reactions that can be catalyzed with POM is the
Knoevenagel condensation reaction.9 As this is a key reaction
for the synthesis of other chemicals, many attempts have been
dedicated to develop efficient catalysts, such as Si-substituted
polyoxovanadates,10 chitosan nanofiber,11 porous zeolite
imidazolate framework,12 that can promote it under mild
reaction conditions
Similar to most POMs, the main challenge of WD is its high

solubility in conventional solvents that renders its recovery and

reuse arduous. To circumvent this issue, POMs have been
heterogenized through stabilization on biobased and synthetic
supports13 or encapsulation within porous compounds.14 In
this context, the utilization of biobased supports, such as
cyclodextrin (CD) and its polymers, has garnered significant
attention. A distinguishing characteristic of CD is its cone-
shaped structure, which imparts a hydrophilic outer surface
and a hydrophobic cavity15,16 and allows CD to act as a
molecular shuttle for embedding hydrophobic guests in its
cavity and transferring them in hydrophilic media.16,17 CD also
can form self-assembled systems, which have a broad range of
applications.18 CD-based polymers, such as CD nanosponges
(CDNS),19 also benefit from CD cavity effect,20 and have
demonstrated successful applications in catalysis. In fact, the
use of nonsoluble CDNS with porous structures with diverse
pore sizes is beneficial for stabilizing various catalytic species.
Considering the role of CD and CDNS as phase-transfer
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catalysts, they are mostly designed for performing the reaction
in aqueous media and developing environmentally benign
protocols. According to the literature,21 CDs can interact with
POMs to form host−guest complexes or CD-POM-based
frameworks. This feature makes it a potential support for the
immobilization of various types of POMs. It is worth noting
that for highly soluble catalysts, such as WD, there is always the
possibility of catalyst leaching during the course of the
reaction, potentially resulting in a decrease in the catalyst
recyclability. While various solutions, including chemical and
physical treatments of the support, have been proposed, this
issue remains a challenging topic within the realm of
heterogeneous catalysis.
An emerging approach for enhancing catalyst properties

involves 3D printing.22 In 3D printing, structures can be
designed in freeform configurations based on digital models,
and fluid/chemical engineering simulations can be harnessed
for this purpose. This integration enables the comprehensive
utilization of 3D printing in engineering, facilitating
optimization of the structural design. Such optimization can
significantly impact mass transfer and pressure drop within the
catalyst, ultimately leading to enhanced catalytic perform-
ance.23 In this context, numerous catalysts and electro- and
photocatalysts have been previously documented. As an
illustrative instance, Chatre et al.24 devised a simplified
methodology for structure-directed random packing, aimed at
enhancing gas−liquid interfacial area and mitigating pressure
drop. This approach involved the utilization of 3D-printed
structures enveloped by randomly packed spherical particles.
Recently, a novel methodology has been proposed by Franchi
et al. for the evaluation of the mass transfer properties of 3D-
printed catalyst supports. The 3D-printed samples were
manufactured using a lab-scale stereolithography 3D printer,
which was lower in cost and more accurate than equivalent
metallic structures.25 As reported by Han et al.,26 the
photosolid 3D printing method demonstrated the capability
to directly fabricate Ni-based electrocatalysts characterized by
distinctive gluten-like cubic structures. Additionally, in a
straightforward electroless plating-baking process, a novel
integrated 3D hollow foam electrode was engineered, which
exhibited competence in operating at high current densities for
water-related applications.27

The classification of 3D printing encompasses material
extrusion-based, vat photopolymerization-based, and powder-
based techniques, each category comprising various established
methods.28 Notably, digital light processing (DLP) stands out
as a promising and straightforward approach for catalyst
fabrication. DLP employs a light source, typically a projector,
to solidify a photopolymer resin, thus offering a viable route for
catalyst synthesis. Two technologies are used in this approach:
(i) indirect, whereby a template is created, printed from a
polymer resin, filled with the appropriate mixture, and finally
burned out, or (ii) direct, wherein the polymer resin is mixed
with other components, such as alumina, silica, hydroxyapatite,
or zirconium.29

Building upon our ongoing exploration of heterogeneous
catalysts30,31 and POMs,32 we present a novel approach that
combines 3D printing technology with CDNS chemistry to
address the challenge of leaching associated with WD-type
POMs, while concurrently developing a proficient heteroge-
neous catalyst. In this context, we detail a comprehensive
methodology involving the immobilization of WD onto
CDNS, followed by the 3D printing process to produce a
resilient catalyst denoted as 3D-WD@CDNS. Subsequently,
we delve into the assessment of the catalytic performance and
reusability of 3D-WD@CDNS within the context of the
Knoevenagel condensation reaction, serving as a representative
model for acid-catalyzed reactions.

2. EXPERIMENTAL SECTION
2.1. Materials. Diphenyl carbonate (DPC, 99%), β-

cyclodextrin hydrate (CD, ≥97%), and ethanol (EtOH,
>99%) were purchased from Sigma-Aldrich for the synthesis
of CDNS. WD heteropolyacid (H6P2W18O62) was prepared
according to the procedure described elsewhere.33 For 3D
printing, epoxyacrylate resin was supplied by ManPolymer Co.,
Iran.
2.2. Synthesis of WD@CDNS. CDNS was first prepared

according to our previous report.31 In brief, 16 mmol of DPC
was melted and vigorously mixed with 2 mmol of CD at 120
°C, resulting in the formation of a white solid. The reaction
was allowed to proceed for 20 h, after which the CDNS solid
was manually crushed into a fine powder. To purify CDNS, we
underwent sequential washing with deionized water and
acetone. Subsequently, the precipitate was dried and subjected

Figure 1. Pictorial procedure for the preparation of 3D-WD@CDNS.
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to further purification via Soxhlet extraction with ethanol for a
duration of 4 h.
To stabilize WD on CDNS, we employed the conventional

wet impregnation method, as outlined in our previous work.32

Specifically, we dissolved WD (20 wt %) in 5 mL of deionized
water and gradually introduced it into a stirring suspension
containing 1 g of CDNS in deionized water. The resulting
mixture was stirred at 70 °C for 24 h to ensure the
homogeneous stabilization of WD on CDNS. Following this,
the solid was separated, subjected to multiple washes with
deionized water, and subsequently dried at ambient temper-
ature overnight.
2.3. Ink Preparation. The WD@CDNS ink was prepared

by mixing 2 g of WD@CDNS powder with 2 g of acrylic resin.
A high particle loading and low agglomeration slurry was
created using an in-house micro pin mill. To achieve a 10 wt %
suspension of WD@CDNS particles, an adequate amount of
resin was added, followed by ultrasonication to ensure
improved dispersion.
2.3.1. Printing of WD@CDNS: Preparation of 3D-WD@

CDNS. A DLP 3D printer (Photon Ultra, Anycubic Ltd.,
China) was utilized for the fabrication of crosshatch structures
under specified parameters: a 50 μm thickness, 60 s exposure
time for the initial four layers, and 4 s exposure time for the
subsequent layers. This process involved the dispensing of the
suspension into a DLP 3D printer tank, followed by its uniform
application onto a polymer sheet. Subsequently, the built plate
was lowered and an ultraviolet projector was employed to cure
the suspension onto the plate. Afterward, the built plate was
raised and a coating was applied for the next layer, resulting in
the formation of cubic crosshatch structures. To ensure the
completion of the curing reaction and enhance mechanical
properties, the 3D-printed crosshatch structure with dimen-
sions of 1 × 1 cm2 was transferred to a UV box for a 30 min
exposure. The schematic procedure for the synthesis of 3D-
WD@CDNS is depicted in Figure 1.
2.4. Characterization of 3D-WD@CDNS. Thermal

stability of WD@CDNS, resin, and 3D-WD@CDNS was
studied by thermogravimetric analysis using Mettler Toledo
thermal calorimeter, in which the heating was performed under
an oxygen atmosphere with a temperature increase of 10 °C
min−1. X-ray diffraction (XRD) patterns of WD@CDNS and
3D-WD@CDNS were obtained using Siemens, D5000
equipped with a Cu Kα radiation. The morphological study
was conducted by scanning electron microscopy (SEM) using
VEGAII TESCAN scanning electron microscope, equipped
with QX2, RONTEC energy-dispersive X-ray analyzer. Fourier
transform infrared (FTIR) spectra of WD@CDNS, resin, and
3D-WD@CDNS were recorded on PERKIN-ELMER-Spec-
trum 65 device (scan time of 1 s and spectral resolution of 2
cm−1, using KBr pellet). Mechanical properties of the 3D-
printed crosshatch structures were determined using a
SANTAM STM-20 universal testing machine. The travel
speed of the machine compressive testing plates was set to 5
mm·min−1. A total of three specimens, each with dimensions of
1 cm × 1 cm, were subjected to compression testing.
2.5. Knoevenagel Condensation Reaction. The Knoe-

venagel condensation reaction, which is a useful organic
transformation for the synthesis of organic compounds, was
selected as a model chemical reaction to study the catalytic
activity and recyclability of 3D-WD@CDNS. To conduct this
reaction, malononitrile (11 mmol) and aldehyde (10 mmol)
were dissolved in the mixture of deionized water and EtOH

(2:1 w/w %) and then 3D-WD@CDNS was immersed in the
solution, which was shaken. The temperature was elevated to
85 °C, and the progression of the reaction was monitored
through thin-layer chromatography. After the reaction was
completed, 3D-WD@CDNS was extracted, and the final
product was obtained following solvent evaporation and silica
gel column chromatography using a petroleum ether/EtOAc
eluent (5:1 ratio).
2.6. Catalyst Recovery. In order to recycle the used 3D-

WD@CDNS, it was immersed in acetone for 1 h using a
shaker (150 rpm). The recovered 3D-WD@CDNS was
subsequently dried at room temperature and employed for a
subsequent reaction run.

3. RESULTS AND DISCUSSION
3.1. Characterization of 3D-WD@CDNS. The structures

of WD@CDNS and 3D-WD@CDNS were analyzed by using
XRD. It is well-established that CDNS, prepared through the
aforementioned procedure, exhibits an amorphous nature,
characterized by a broad peak in its XRD pattern within the 2θ
range of 15−30°.31 The XRD pattern of WD@CDNS is
consistent with an amorphous structure, displaying no
distinctive peaks corresponding to WD (Figure 2). According

to the literature,34 the absence of characteristic WD peaks can
be attributed to its low loading and uniform distribution within
the composite. As anticipated, the XRD pattern of 3D-WD@
CDNS, primarily derived from an amorphous resin, similarly
exhibits a broad peak indicative of its amorphous structural
nature (Figure 2).
To gain further insight into the structure of 3D-WD@

CDNS, we recorded its FTIR spectrum and compared it with
those of the resin and WD@CDNS, as depicted in Figure 3. In
the WD@CDNS spectrum, the absorbance bands at 3998,
2920, 1647, and 1746 cm−1 are representative of −OH, −CH2,
−C−O, and −C=O functionalities in CDNS, respectively.
Furthermore, the bands appeared at 1152 cm−1 (P−Oa), 938
cm−1 (W=Od), 865 cm−1 (W−Ob−W), and 755 cm−1 (W−
Oc−W) can be ascribed to WD.35 Concerning the FTIR
spectrum of the commercial resin utilized for 3D printing, the
absorbance band at 3427 cm−1 indicates the presence of the
−OH functionality. Moreover, the bands observed at 2858 and
2966 cm−1 are representative of the −CH2 bonds. The sharp

Figure 2. XRD patterns of WD@CDNS and the catalyst.
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bands at 1617 and 1726 cm−1 can be attributed to −C=C and
−C=O functionality, respectively. FTIR spectrum of 3D-WD@
CDNS exhibited the aforesaid characteristic bands of WD@
CDNS. However, as some bands of WD@CDNS and resin
overlapped.

In order to investigate both the catalyst morphology and the
morphological impact of incorporating WD@CDNS on the
3D-printed structure, we compared SEM images of the WD@
CDNS-free 3D-printed resin and 3D-WD@CDNS, as shown
in Figure 4. As depicted in Figure 4A,D, the incorporation of
WD@CDNS preserved the ordered structure of the 3D-
printed resin. However, upon closer examination of the higher
magnification images (Figure 4B,E), it became evident that
WD@CDNS induced some degree of morphological alter-
ation. Specifically, the WD@CDNS-free sample exhibited a
well-ordered grooved surface, while the surface of 3D-WD@
CDNS appeared nongrooved and adorned with small particles.
This morphological distinction is more pronounced in Figure
4C,F, providing further confirmation of the incorporation of
WD@CDNS within the 3D-printed structure.
To confirm the incorporation of WD@CDNS in the

resulting 3D-printed structure, we conducted energy-dispersive
system (EDS) analysis on 3D-WD@CDNS. As illustrated in
Figure 5, 3D-WD@CDNS comprises C, W, and P atoms with
C and O attributable to both CDNS and the resin.
Additionally, the presence of P and W atoms confirms the
presence of WD. Elemental mapping analysis of 3D-WD@
CDNS, as shown in Figure 5, also demonstrates the nearly
uniform dispersion of WD within the 3D-printed catalyst.
Thermal stability of the resin used for 3D printing, WD@

CDNS, and 3D-WD@CDNS was also studied. As shown in

Figure 3. FTIR spectra of resin, WD@CDNS, and 3D-WD@CDNS.

Figure 4. SEM images of 3D-printed resin (A−C) and 3D-WD@CDNS (D−F).
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Figure 6, WD@CDNS thermogram is in good accordance with
the previous reports36 and exhibits one weight loss as a result

of evaporation of water (below 200 °C) and another one due
to the decomposition of CDNS and WD, which occurs at 340
°C. The thermogram of the commercial resin that was utilized
for printing showed three weight losses, one at 200 °C
(removal of moisture) and two at ∼440 and 530 °C, which are
related to the degradation of the resin. Regarding 3D-WD@
CDNS, three weight losses at 380, ∼440, and 530 °C were
detected that are ascribed to the decomposition of WD@
CDNS and resin.

A compression test conducted on the 3D-printed structure
revealed a compressive strength of 137 ± 20 MPa. This finding
suggests that the structure possesses ample strength as a
catalyst base and can withstand conventional mechanical
forces. Moreover, it is noteworthy that the printed structure
exhibits good homogeneity.
The results of XPS analysis of 3D-WD@CDNS are shown in

Figure 7. The full scan XPS spectra of the nanocomposite,
Figure 7a, contain the peaks of C 1s and O 1s. As shown in
Figure 7b, high-resolution C 1s spectrum can be deconvoluted
into the peak at 286.4, 286.7, and 292.5 eV that are
respectively attributed to C−O, C−C, C=C, or C=O in the
structure of resin and CDNS.37

Analyzing the O 1s spectrum and the respective binding
energies gives insights into the types of oxygen-containing
species in 3D-WD@CDNS, Figure 7c. Gaussian subpeak
appeared at 537.8 eV and is attributed to C−O or oxygen−
hydrogen (O−H) bonds.38 It is worth noting that no peak
related to WD, i.e., W and P, was observed. This issue can be
due to the embedding of WD in the framework of the 3D-
printed catalyst.
3.2. Optimization of the Reaction Conditions. To

evaluate the catalytic performance of 3D-WD@CDNS, we
chose the Knoevenagel condensation reaction between
aldehydes and malononitrile, a pivotal organic transformation.
Initially, we considered the reaction between benzaldehyde and
malononitrile as a model Knoevenagel condensation reaction
for the purpose of optimizing the reaction conditions.
3.2.1. Effect of Solvent. As described earlier, in pursuit of

conducting the reaction in an aqueous environment, CDNS
was employed as the support for WD. Consequently, we
initially carried out the model reaction at 65 °C in water as the
solvent. The results, shown in Table 1, revealed that under the
aforementioned conditions, the desired product was obtained
in a yield of 50%. Replacement of water with EtOH led to the
increase of the yield of the reaction to 57%. Interestingly, the
use of a mixture of these two solvents resulted in the
improvement of the reaction yield, and the highest yield was
achieved using H2O/EtOH (2:1 v/v %). It is worth noting that
conducting the reaction in some conventional solvents, such as
acetonitrile, acetone, and CH3Cl, was less efficient. Based on
these findings, we selected a solvent mixture of H2O/EtOH
(2:1) for the subsequent experiments.
3.2.2. Effect of Reaction Temperature. We investigated the

impact of the reaction temperature, a significant factor affecting
the yield of the desired product. To achieve this, we conducted
the model reaction across a temperature range spanning from
25 to 95 °C, and we quantified the product yield for each
temperature variation, as depicted in Figure 8. The results
clearly indicate that conducting the reaction at lower
temperatures was inefficient, resulting in comparatively lower
yields under these conditions. Upon raising the reaction
temperature, however, the yield of the product was gradually
increased and reached its maximum value of 87% at 85 °C.
Importantly, increasing the temperature to 95 °C did not result
in a significant impact on the reaction yield. As a consequence,
the optimal reaction temperature was determined to be 85 °C.
It is worth noting that under the optimum reaction conditions,
no byproduct was detected.
3.3. Recyclability. WD is a catalytic species with high

solubility in conventional solvents including water. Despite the
potential of this catalyst to be stabilized on supporting
materials, its propensity for leaching is notably pronounced,

Figure 5. (Up) EDS and (down) elemental mapping analysis of the
catalyst.

Figure 6. Thermograms of the resin, WD@CDNS, and 3D-WD@
CDNS.
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leading to unsatisfactory recyclability. In an effort to enhance
this aspect of the catalyst, we initially stabilized WD on CDNS,
resulting in WD@CDNS, which was subsequently encapsu-
lated within a 3D-printed framework. The rationale behind this
approach was the belief that embedding WD@CDNS within
the 3D-printed structure could effectively suppress WD
leaching, consequently improving catalyst recyclability. To
assess this hypothesis, we investigated the recyclability of 3D-
WD@CDNS in the model Knoevenagel condensation reaction
under optimal reaction conditions. As shown in Figure 9, 3D-
WD@CDNS preserved its catalytic activity for three successive
runs and after that only insignificant loss of the catalytic

activity (1%) was observed for the fourth and fifth reaction
runs. For the sixth, seventh, and eighth runs, 4, 2, and 3% loss
of the catalytic activity were observed, respectively. However,

Figure 7. (a) Full scan XPS spectra of 3D-WD@CDNS, (b) C 1s, and (c) O 1s spectra.

Table 1. Effect of the Reaction Solvent on the Yield of the
Model Reaction

entry solvent yield (%)

1 EtOH 57
2 H2O 50
3 H2O/EtOH (2:1) 65
4 H2O/EtOH (1:1) 60
5 H2O/EtOH (1:2) 58
6 acetone 45
7 CH3Cl 48
8 CH3CN 47

Figure 8. Investigation of the effect of the temperature on the yield of
the model Knoevenagel condensation reaction.
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the last run of the reaction resulted in 7% loss of activity. These
results confirmed the high recyclability of 3D-WD@CDNS.
The substrates and products deposited on the recovered 3D-

WD@CDNS were effectively removed through a washing
procedure with acetone. To ascertain the stability of 3D-WD@
CDNS upon recovery and recycling, we obtained the FTIR
spectrum of the 3D-WD@CDNS after the seventh run of the
model reaction and compared it with that of the fresh catalyst,
as depicted in Figure 10. Gratifyingly, this comparison

confirmed the similarity of the two spectra, thereby establish-
ing the structural stability of the recycled 3D-WD@CDNS.
Furthermore, since no new absorbance bands emerged in the
FTIR spectrum of the recycled catalyst, it can be concluded
that simple washing was effective in removing deposited
organic reagents.
3.4. Hot Filtration Test. Beyond recyclability, the

authentic heterogeneity of a heterogeneous catalyst is a pivotal
consideration. Indeed, in the case of WD, it can either be

permanently anchored to the support or leach and
subsequently redeposit during the Knoevenagel condensation
reaction. To elucidate this matter, a hot filter test was
conducted using the Knoevenagel condensation reaction
model. To this aim, 3D-WD@CDNS was removed from the
reaction vessel after a short reaction time (20 min), and the
progress of the yield of the reaction was monitored for 4 h.
The results, as depicted in Figure 11, indicated that in the

absence of 3D-WD@CDNS, the yield of the reaction did not
increase, thereby ruling out the possibility of WD leaching
during the course of the reaction and affirming the true
heterogeneous nature of the catalysis.
3.5. Generality of the Developed Protocol. The results

obtained from the model Knoevenagel condensation reaction
involving benzaldehyde and malononitrile underscored the
high activity of 3D-WD@CDNS under relatively mild reaction
conditions. To assess the versatility of the developed protocol,
various aldehydes, encompassing both aliphatic and aromatic
aldehydes with electron-withdrawing and -donating groups,
were utilized as substrates in conjunction with malononitrile.
The outcomes, summarized in Table 2, substantiate that the
nature of the substrate exerts a significant influence on the
reaction yield, with less-active aliphatic aldehydes yielding
lower results compared to their aromatic counterparts. Within
the aromatic substrates, those bearing electron-withdrawing
groups exhibited greater activity and produced higher yields.

4. CONCLUSIONS
The utilization of CDNS as a robust support for WD POM,
resulting in the WD@CDNS composite, has been proven. By
incorporating this composite into a 3D-printed framework, we
successfully addressed concerns related to WD leaching,
resulting in a catalytic monolith. Comprehensive character-
ization and application of this monolith in Knoevenagel
condensation reactions revealed its versatility and efficiency.
Importantly, the catalyst demonstrated remarkable recyclability
due to the innovative 3D printing approach, ensuring sustained
catalytic performance. The heterogeneous nature of the
catalyst was unequivocally established through the hot
filtration test, further affirming its effectiveness in heteroge-

Figure 9. Recyclability of the as-prepared catalyst for the model
Knoevenagel condensation reaction under the optimum reaction
conditions, i.e., temperature: 85 °C, solvent: H2O/EtOH (2:1).

Figure 10. FTIR spectra of the fresh and reused 3D-WD@CDNS
after the seventh Knoevenagel condensation reaction model under
optimal reaction conditions.

Figure 11. Results of the hot filtration test for the model Knoevenagel
condensation reaction.
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neous catalysis. This study underscores the potential of
synergistic strategies involving CDNS support, 3D printing,
and immobilization, offering a pathway to the development of
recyclable and efficient catalytic systems for sustainable
aqueous applications.
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