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KEYWORDS Abstract Porous materials based on NH,-MIL-101(Cr) MOF and their hierarchical acid-base
Metal-organic frameworks; composite with non-precious CaO was successfully prepared using a one-pot scalable hydrothermal
Eggshell; approach. The composites were characterized by XRD, FTIR, UV-vis, 'HNMR, TGA, N, adsorp-
MOFs; tion—desorption isotherms, HRTEM and FESEM. The quantitative assessment of the basic sites
CaO; was performed by benzoic acid titration. The results reveal that there is no remarkable structural
Knoevenagel reaction; alterations in the NH,-MIL-101(Cr) after incorporation of CaO. Raising the CaO content boosted
Heterogeneous catalysis the strength of and content of Lewis basic sites from 0.31 to 1.34 mmol g~' due to the incorporation

with CaO (0.04). Knoevenagel condensation reactions were performed as the probe reactions over
the CaO/NH,-MIL-101(Cr) catalysts. Both basic and acidic sites potentially boosted the reaction.
Pure NH,-MIL-101(Cr) display the catalytic conversion in the reaction (11%) which could be
attributed weak basic sites on the NH,-MIL-101(Cr) framework. However, the conversion (%)
was potentially increased over NH,-MIL-101(Cr) loaded with various content of CaO. The highest
performance of (99%) conversion was achieved for (0.04) CaO/NH,-MIL-101(Cr) catalyst. Excep-
tional conversion above 90% have been obtained for benzaldehyde derivatives both withdrawing
and donating electron moieties. The composites can be recycled in four runs with a very small loss
in performance. Furthermore, the composites produced tend to be feasible for various catalytic pro-
cesses, exploring new avenues to produce of novel inorganic and organic composite materials as
heterogeneous catalysts.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author.

E-mail address: hmahmed@ju.edu.sa (H.M.A. Hassan). Recently, the production of heterogeneous catalysts play an important
role in industrial processes (Cui et al., 2018; Matsunaga and Shibasaki,
2013; Matsunaga and Shibasaki, 2014). Solid bases, a form of hetero-
geneous catalyst, have gotten a lot of attention recently because they
have a number of advantages over their liquid counterparts, including
reliability and reusability. After the reaction in a heterogeneous cata-
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lyst was completed, the catalyst could be separated very simply, mak-
ing it practical to use several times. As a result, it offers a cost-effective
and eco-friendly way to fabricate chemicals, which is ideal for green-
chemistry and long-term growth (Zhu et al., 2017). The main focus
of heterogeneous catalysis work is on developing materials with desir-
able architectures and examining the structure—activity correlation be-
tween catalysts and reactions. Also, the impact of defects on
catalytic performance is receiving more attention, and controlling
defects in catalytic materials has emerged as a key route in the devel-
opment of catalyst microstructures (Xie et al., 2020). Metal-organic
frameworks (MOFs), a versatile porous compound, are an instance
of solid heterogeneous catalysts; they are a new class of microporous
components with enhanced versatility, large surface areas, and poros-
ity. Possibilities for modification of MOFs with comparable catalytic
active sites, enabling for catalysis by a variety of functional moieties
as well as bifunctional catalysis (Yang and Gates, 2019; Wang et al.,
2020; Cheng et al., 2020; Tran et al., 2011; Abd El Rahman et al.,
2014; Hassan et al., 2017; El-Shall et al., 2009; Alhumaimess et al.,
2020). Of different MOFs, chromium (Cr)-based MOFs are the easiest
to prepare and have a greater surface area, porosity, very large pore
volume, chemical and thermal stability, excellent moisture stability,
and plenty of unsaturated active chromium sites. Also, it exhibits
two kind of mesoporous diameters 2.9 and 3.4 nm, respectively, which
are available through two microporous cavities of 1.2 and 1.6 nm (Abd
El Rahman et al., 2014; Hassan et al., 2017; El-Shall et al., 2009;
Alhumaimess et al., 2020). Integration of metal cations and functional
moieties on organic ligand could further expand the synergies in
MOFs. MOFs containing both Lewis acidic and basic sites concur-
rently is a committed catalyst for the frustrating solid acid-base cata-
lyst. There is an unlimited ability to modify the pores within MOFs,
where several of guest molecules can be found. For enhancing cataly-
sis, some of functional molecules are combined with MOFs, like metal
oxides. The enhanced catalysis is depend on the synergistic phe-
nomenon of a coupling of various features of MOFs and these molec-
ular guests. The design of metal oxide (MO)/MOFs composites affords
an efficient hybrid catalysis role. It is possible to effectively restrict the
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use of the periodic cavities of MOFs, to limit the aggregations of MO
nanoparticles, lead to consistent and stable nano-structures and facil-
itated diffusion and transport (Wee et al., 2014; Liu et al., 2013;
Zhang et al., 2013; Wang et al., 2011; Li et al., 2020). One of the most
widely implemented organic transformations involve the C—C cou-
pling of aldehydes with substances having the activated methylene ring
(Li et al., 2018). This incredibly valuable chemical synthesis process
that is catalyzed by soluble basic catalysts. However, usage of homo-
geneous catalyst attendant problems in catalyst recovery and reuse.
Therefore, several powerful and reusable solid-base catalyst were uti-
lized for the Knoevenagel reaction, such as functionalized MCM-41
(Parida and Rath, 2009), ionic liquids (Zhao et al., 2013); carbon-
based materials (Villa et al., 2010) and, other amine-tagged supports
(Mondal et al., 2011). The use of aromatic carboxylic acids as linkers
that have an amino moiety could contribute to the development of
amino-tagged MOFs (Aromi, 2011 ; Hasegawa et al., 2007). Neverthe-
less, due to the lower pKa and electron densities triggered by the car-
boxylate groups, amine-tagged MOFs suffering from lower
condensation reactivity. This could be attributed to the aromatic
amino group’s electron density was pushed away by two neighboring
electron-withdrawing carboxylate groups, which contributed in lower
the condensation performance (Stewart and Dolman, 1967). Further-
more, due to nitrogen’s productive coordination with metal ions,
nitrogen-rich MOFs may be suffering from weak basicity (Zhang
et al., 2012). On the other hand, amine anchoring using homogeneous
amine substances on metal centers of MOFs has been investigated as
an opportunity to access catalysts for condensation reactions
(Hwang et al., 2008; Li et al., 2012). Base leaching and poor catalyst
recycling, on the other hand, could be expected, as has been demon-
strated in some cases (Chen et al., 2014). Despite considerable progress
in MOF boosted Knoevenagel process (Trilla et al., 2009), facile
approaches for obtaining potentially powerful heterogeneous basic
MOF catalysts are lacking.

In this work, a series of basic MOF composite catalysts comprising
alkaline-earth-metal oxide like CaO stemming from eggshell as solid
waste were fabricated by in-situ growing hydrothermal approach.

Hydrothermal reaction

Benzylidenemalononitrile

Fig. 1

cC(.:N /

Malononitrile

CaO/NH,-MIL-101(Cr)

Schematic representation displaying the synthesis the fashioned composite CaO/NH,-MIL-101.



CaO nanoparticles incorporated metal organic framework (NH,-MIL-101) for Knoevenagel condensation reaction

3

The in-situ growing approach has been provided to avoid leaching of
the guest species. The composite nanoparticles comprising amine-
tagged MIL-101(Cr) with both Lewis acidic and basic sites and CaO
afford strong Lewis basic sites, rendering CaO/NH,-MIL-101 (Cr)
composite robust and durable catalyst for Knoevenagel condensation.

2. Experimental

2.1. Materials

Malononitrile (>99%), 4-nitrobenzaldehyde (98%),
4-bromobenzaldehyde (99%), 4-chlorobenzaldehyde (97%),
P-anisaldehyde (98%), P-tolualdehyde (97%), Methyl

cyanoacetate (99%), 3-bromobenzaldehyde (97%), Chromium
(IIT) nitrate nonhydrate (Cr(NO3);-9H,0, 99%), Tetrahydofu-
ran (THF, > 99.9%), Sodium hydroxide (NaOH, > 98%).
Benzaldehyde (>99%) were procured from Sigma-Aldrich
Co., USA. 4-Cyano-benzaldehyde (98%) was obtained from
Merck KGaA Co., Germany. Aminoterphthalic acid (H,N-
BDC, 99%) was provided by Acros Organics. Toluene
(99.9%) was gotten by Scharlau. Benzoic acid (99.5%) was
obtained from Beijing Chemical Works. All materials utilized
as procured without any further treatment. Eggshells waste
used to synthesize CaO. Distilled water applied in all the exper-
iments was obtained by Milli-Q direct 8 purification system
(Millipore, France).

Table 1 NH,-MIL-101(Cr) and CaO dosage for the preparation of composite catalysts.
Mass Ratio Cr(NO;);-9H,0 H,N-H,BDC CaO Ca
content”
NH,-MIL-101(Cr)/CaO = 27.19 0.400 g 0.180 g 0.010 g 0.006
NH,-MIL-101(Cr)/CaO = 13.59 0.400 g 0.180 g 0.020 g 0.0132
NH»>-MIL-101(Cr)/CaO = 9.06 0.400 g 0.180 g 0.030 g 0.0199
NH,-MIL-101(Cr)/CaO = 6.79 0.400 g 0.180 g 0.040 g 0.0262
# Determined by ICP-OES.
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Fig. 2 (a) FT-IR spectra, (b) XRD patterns, (c) UV-vis, and (d) "HNMR spectra of CaO/NH,-MIL-101(Cr) composite.
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2.2. Materials fabrication

2.2.1. Preparation of CaO nanoparticles from eggshells
Typically, 50 g of the gathered eggshells were cleaned with
deionized water to get ride the pollutants and held for 2 h in
a dry oven at 110 °C. The eggshells were then calcined at
1100 °C for 3 h in the muffle furnace. The solid produced
was cooled, followed by stored in a desiccator (Fig. 1).

2.2.2. Fabrication of NH,-MIL-101(Cr)

According to our previous work (Hassan et al., 2017;
Aldawsari et al., 2020), the virgin NH,-MIL-101(Cr) was

.284.8 C-C (a)

286.1 C-O

529.6 O-M

produced by adding Cr(NO;3);-9H,O (2 mmol, 800 mg),
H,N-BDC (2 mmol, 360 mg), and NaOH (5 mmol, 200 mg)
to 30 mL DI water, agitating for 20 min. Then the blend
was conveyed into a Teflon-lined autoclave reactor and held
for 12 h at 150 °C. After centrifugation, the solid product
was rinsed with DI water, ethanol, and dimethyl formamide
(DMF), then dried under vacuum (Fig. 1).

2.2.3. In-situ preparation of CaO/NH,-MIL-101(Cr) composite

The CaO with various dosage (Table 1) was firstly suspended
in deionized water (15 mL) for 1 h and Cr(NO3);-9H,0,
H,N-BDC and NaOH were transferred to the above suspen-
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Fig. 3 XPS spectra of (0.04) CaO/NH,-MIL-101(Cr) fashioned composite: C Is (a), O 1 s (b), N I s (c), Ca 2p (d), and Cr 2p (e).
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sion The blend was agitated for further 1 h and conveyed to a
hydrothermal reactor, followed by heating in an oven at
150 °C for 12 h. The obtained product were then separated,
rinsed with DI water, ethanol and dimethyl formamide
(DMF), and dried under vacuum (Fig. 1).

2.3. Characterization

FT-IR spectra were obtained in the range of 4000400 cm ™'
using Shimadzu IR Tracer-100 (Shimadzu, 1 Nishinokyo
Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan). X-ray
diffraction (XRD) were conducted using Cu-Ko radiation
(1.54056 A) at 40 kV and 40 mA by Shimadzu diffractometer
(XRD7000). X-ray photoelectron spectroscopy (XPS) analysis
on K-ALPHA (Thermo Fisher Scientific GmbH, Dreieich,
Germany) was operated. The N, isotherms and surface charac-
teristics was obtained at —196 °C using A NOVA 4200e
(Quantachrome Instruments, Quantachrome GmbH & Co.
KG, Boynton Beach, USA).

The Barrett-Joyner—Halenda (BJH) method was utilized to
determine the pore size distributions employing the adsorption
branch of the nitrogen isotherms. Thermogravimetric profiles
(TGA) were performed on TGA-51 Shimadzu (25-600 °C, 10 °-
C min~', under flowing air gas). UV—-vis spectra were mea-
sured on a UV Visible spectrophotometer Agilent Cary 60
Spectrophotometer (Agilent Technologies, USA). Scanning
electron microscopy (SEM) images were gained with a Zeiss
FESEM Ultra 60 and High-resolution transmission electron
microscopy (HRTEM) images were collected via a JEOL-
2011 electron microscope operated at 200 kV. The Knoeve-
nagel reaction product of the catalytic reaction was followed
by NMR-Jeol 600.

2.4. Basicity assessment

Acid titration of the basic centres offers a first sign of rising
overall basicity as the CaO content increases. The quantitative
assessment of the basic sites was performed by benzoic acid
titration (Xie et al., 2006; Van Laar et al., 2001). For this
experiment, the CaO/NH,.MIL-101(Cr) composite (100 mg)

80

60

Weight %
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Fig. 4 TGA profiles of NH,-MIL-101(Cr), CaO and fashioned

composite CaO/NH,-MIL-101(Cr) containing various dosage of
CaO.

was suspended with suitable volumes of toluene solution
(3 mL, 0.1 mg/mL phenolphthalein (pKa = 9.3) indicator
and maintained to equilibrium for 1 h. The solution was then
titrated with (0.01 M) benzoic acid solution in toluene to assess
the total basicity. Besides, the leached basicity was estimated
by sonicating the composite aqueous solution (200 mg in
20 mL water) for 2 h at ambient temperature. Initially, the
composite was collected by simple filtration, followed by the
assessment of the solution pH followed by leachate titration
with benzoic acid in methanol (0.01 M) using phenolphthalein.

2.5. Catalytic performance

The Knoevenagel condensation between benzaldehyde deriva-
tives and an active methylene compound using CaO/NH,-
MIL-101(Cr) hybrid was performed in a magnetically stirred
glass vial at 30 °C in THF. Typically, a blend of benzaldehyde
(106 mg, 1.0 mmol) and malononitrile (100 mg, 1.5 mmol) was
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Fig. 5 (a) N, adsorption—desorption isotherms at —196 °C (b)
pore size distribution of a: NH,-MIL-101(Cr), b: (0.01) CaO/NH,-
MIL-101(Cr), c: (0.02) CaO/NH,-MIL-101(Cr), d: (0.03) CaO/
NH,-MIL-101(Cr), and e: (0.04) CaO/NH,-MIL-101(Cr).
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dissolved in 10 mL of THF in a glass vial, and 1 mg of the
CaO/NH,-MIL-101(Cr) catalyst was introduced to it. The sus-
pended blend solution was then stirred for 60 min. The catalyst
was isolated from the reaction blend by centrifugation and
under reduced pressure (30 mbar, 40 °C), the filtrate was then
concentrated. The yield was calculated from 'H NMR by com-
paring the magnitude of the integration signals of both unre-
acted aldehyde with the product. The (%) yield was
evaluated for the reaction between 4-nitrobenzaldhyde and 2-
(4-nitrobenzlidene) malononitrile, by compared the integral
of the signal at 6 9.89 ppm (4-nitrobenzaldhyde) with those
at 0 7.93 ppm (2-(4-nitrobenzlidene) malononitrile).

2.6. Catalyst recyclability

The reusability experiments were carried out to explore
CaO/NH,-MIL-101(Cr) stability in the Knoevenagel reaction
by selecting the reaction between 4-nitrobenzaldyde with
malononitrile as a model test reaction. The catalyst was also
retrieved by centrifugation after each run from the reaction
products and rinsed thoroughly with ethanol (~2 times, each
time for ~ 60 min) and used for the subsequent measurment.

3. Results and discussion

3.1. Spectroscopic investigation

FT-IR spectra used to confirm the fabrication of the CaO/
NH,-MIL-101(Cr) composite. Fig. 2a illustrated the spectra
of the CaO/NH,-MIL-101(Cr) composite. The assigned bands
at 1430 and 1620 cm™' are related to the symmetrical and
asymmetrical stretching vibrations of O-C-O respectively, sug-
gesting the presence of di-carboxylic moieties (Ferreira et al.,
2013). The characteristic bands in the range of 700-
1300 cm ™', are ascribed to the fingerprint vibration region of
BDC (Petit and Bandosz, 2010). The absorption bands in the
region of 760-861 cm™" are related to the bending vibrations
of C—H aromatic. The assigned bands of 1055 and
1150 cm™! are related to C—N and C—O stretching modes,
respectively. The peaks in between 400 and 700 cm ™' assigned
to the featured Ca—O vibration was depicted for all the sam-
ples except NH,-MIL-101(Cr) (Roy and Bhattacharya,
2011). Further, the intensity of absorption bands tends to be
weaker with further increasing of CaO ratio.

To emphasize the NH,-MIL-101(Cr) stability and confirm
the fruitful synthesis of CaO/NH,-MIL-101(Cr) composite,
XRD was performed. The XRD patterns of the as-
synthesized NH,-MIL-101(Cr) and CaO/MIL-101(Cr) with
various quantity of CaO loadings are displayed in Fig. 2b.
The as-prepared NH,-MIL-101(Cr) XRD pattern is quite sim-
ilar to the simulated XRD pattern (Figs. S1 in the Supporting
Information), with the distinctive diffraction peaks at 260 = 2
.61°, 3.31°, 3.98°, 2.61°, 5.12°, 5.62°, 5.91°, 6.41°, 8.62°
9.11°, 10.51°, 11.51° confirming the fruitful fabrication of
NH,-MIL-101(Cr) for eventual CaO NPs immobilizing. When
comparing NH,-MIL-101(Cr) and CaO/NH,-MIL-101(Cr) to
the simulated peak, the relative intensity changes for both. The
presence of modest quantity of remain terephthalic acid and
the insertion of CaO NPs into the MOF pores cause this beha-
viour (Hassan et al., 2017). The NH,-MIL-101(Cr) displayed
no obvious alteration in the crystal structure during the in-
situ preparation of CaO/MIL-101(Cr) composite, indicating
the great stability of the prepared MOF. The diffraction peaks
from CaO NPs were not visible, which is mainly linked to
lower CaO contents and the great dispersion of CaO within
MOF pores. Also, NH,-MIL-101(Cr) framework of is
unchanged after use, as evidenced by similar XRD peaks
before and after catalysis (Fig. 2b).

In order to further affirm the composite CaO/NH,-MIL-
101(Cr) fabrication and bonding, UV-vis absorption was
recorded. The UV-vis spectra of the organic linker, NH,-
MIL-101(Cr) MOF and CaO/NH,-MIL-101(Cr) are depicted
in Fig. 2¢. As shown in Fig. 2¢, for the free organic linker, a
strong characteristic band occurring at 345 nm may be attrib-
uted to transitions of m-n* and n-n*. In comparison, the NH,-
MIL-101(Cr) MOF and CaO/NH,-MIL-101(Cr), absorption
spectra deviated entirely from that of the free organic ligand,
and a wide band of absorption was detected. Increased elec-
tron transfer between the Cr-oxo cluster and NH,-BDC may
have induced the broadening of the UV-vis spectra.This indi-
cates that NH,-BDC associate intensely with Cr-oxo clusters
and participate in the fabrication of MOF and MOF
composite.

"H NMR were also performed to ensure the fruitful fabri-
cation of the MOF and emphasize the structure stability after
incorporation of CaO. '"H NMR spectra of the NH,-MIL-101
(Cr) MOF and (0.04) CaO/NH,-MIL-101(Cr) were illustrated
in Fig. 2d. It is clear that the chemical shift of the organic lin-
ker of the digested catalyst can be and the integral, which ver-

Table 2 Surface, texture and basicity characteristics for CaO/NH,-MIL-101(Cr) composite nanoparticles containing various contents

of CaO.

Catalysts BET" Vpb Total basicity (mmol/g)“(mmol/g) Leachable basicity pH of H,O suspension®

m’¢")  (em’g™h) (mmol/g)’

NH,-MIL-101(Cr) 1032 0.34 0.31 - 3.8
CaO/NH,-MIL-101(Cr) 801 0.26 0.65 0.03 7.2
CaO/NH,-MIL-101(Cr) 638 0.23 0.87 0.04 7.4
CaO/NH,-MIL-101(Cr) 588 0.22 1.12 0.08 7.9
CaO/NH,-MIL-101(Cr) 290 0.13 1.34 0.11 8.1

4 Surface area.
® Total pore volume.

€ 0.1 g dried catalyst, suspended in 2 mL phenolphthalein solution (0.1 mg/mL), is titrated with (0.01 M) toluene solution of benzoic acid.
9 Benzoic acid titration of the leachate in water in the presence of phenolphthalein as indicator.

¢ Suspension of 0.5 g catalyst in 100 mL deionized H,O.
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ified the fruitful modification, also matched. Evidently, the
result offers strong proof on the successful fabrication of the
composite and the MOF structure remained unchanged after
the integration of CaO into MOF frameworks.

To estimate the real contents of CaO NPs loading on MOF
surface, the ICP-AES was performed. The obtained results are
tabulated in Table 1. The real CaO concentrations were found
to be smaller than the stimulated values. The elemental compo-
sitions of (0.04) CaO/NH, -MIL-101(Cr) was assessed by XPS.
The catalyst verified the existence of C, O, N, Ca, and Cr ele-
ments. The binding energy peaks at 284.8, 286.1, and 288.8 eV
ascribed to Cls of C—C, C—0O, and C=—O0, respectively
(Fig. 3a). Binding energy peaks at 529.6, 530.9, and 532.2 eV
in the Ols spectrum (Fig. 3b) could be assigned to C-O, O-
M, and O-H, respectively. Other peaks located at 398.1,
399.2, and 401.1 eV related to C—N—C, N—(C)3;, and
C—N—H (Fig. 3¢). Also, as displayed in Fig. 3d, the bands
of Ca cation are supported by the development of 2p;;, and
2p1 > at 347.6 and 352 eV, respectively that obviously displays
the existence of CaO in the composite materials. Furthermore,
Cr 2p3; and 2py;, have bands assigned to 576.7 eV and
588.3 eV, respectively, (Fig. 3e).

3.2. Thermal stability

The composite thermal stability was evaluated by the thermo-
gravimetric experiments. The thermogravimetric profiles of
NH,-MIL-101(Cr), CaO, and CaO/NH,-MIL-101(Cr) with
various amount of CaO are displayed in Fig. 4. It worth noting
that the TGA profile of CaO remained steady up to 454 °C.
For NH,-MIL-101(Cr), two weight-losses have been noted.
The initial 18% weight loss happed at temperature less than
150 °C, which was related to the dehydration of physisorbed
water, while the second weight-loss occurred at temperature
around 320 °C which was linked to the framework degrada-
tion. The addition of CaO to NH,-MIL-101(Cr) has a little
effect on the thermal stability of the pure NH,-MIL-101(Cr),
as indicated by the slight increase in the degradation tempera-
ture from 320 to 325 °C in NH,-MIL-101(Cr) and (0.04)CaO/
NH,-MIL-101(Cr) respectively.

3.3. Surface and textural properties

The N, adsorption—desorption measurements were performed
to emphasize the porosity of viegin NH,-MIL-101(Cr) and
CaO/NH,-MIL-101(Cr) composites. As depicted in Fig. 5a,
All composites nanoparticles exhibited Type I isotherms which
is a characteristics of materials which exhibited microporous
nature (Sing et al., 1999). The pore size distribution of all fab-
ricated composites are illustrated in Fig. 5b, which displays the
existence of the similar pore size of 1.7 nm, suggesting the gen-
eration of micropores of MOF. Comparable isotherm shape
was also realized in all materials, indicating that the overall
NH,-MIL-101(Cr) pores structure were unaffected after incor-
poration of CaO nanoparticles. The surface area of NH,-MIL-
101(Cr) attained 1032 m’g~'. The surface area of ((0.01)
CaO/NH,-MIL-101(Cr), (0.02) CaO/NH,-MIL-101(Cr),
(0.03) CaO/NH,-MIL-101(Cr), and (0.04) CaO/NH,-MIL-
101(Cr)) composites were 801, 638, 588, and 290 m’g~!
respectively, which were lesser than pure NH,-MIL-101(Cr).
Also, with increasing content of CaO up to 0.04 the total pore

volume significantly decrease from 0.34 to 0.13 cm® g!

(Table 2). This could be attributed to the incorporation of
CaO, which had nearly a small surface area and CaO NPs
occupying pores or blocking the outer surfaces of NH,-MIL-
101(Cr) with (Table 2). Therefore, it is speculated that the
formed pore structure for the composite nanoparticles could
be assigned to the blockage impact by CaO.

The morphology of (0.04) CaO/NH,-MIL-101(Cr) with
various were collected by FESEM as displayed in Fig. 6(a &

keV

Fig. 6 (a & b) FESEM images and (c) EDS of the fashioned
composite (0.04) CaO/NH,-MIL- 101(Cr).
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b). NH,-MIL-101(Cr) exhibit an octahedron morphology with
soft surface. Obviously, the morphology of the NH,-MIL-101
(Cr) is appeared unchanged after incorporation of CaO which
was in excellent agreement with XRD patterns. The element
composition of the (0.04) CaO/NH,-MIL-101(Cr) was
obtained by EDS (Fig. 6¢). The EDS assessment of the synthe-
sized composite confirmed the bands attributed to C, O, N, Ca
and Cr. The incorporation of CaO with NH,-MIL- 101(Cr)
were detected by HRTEM (Fig. 7a & b)). As can be shown,
the crystal morphology of the MOF materials kept unchanged
after immobilization of CaO species. The CaO NPs are clearly
noted and uniformly dispersed throughout NH,-MIL-101(Cr)
with mean particle sizes of 4.4 nm for the sample containing
CaO content of 0.04, which is considerably greater than the
NH,-MIL-101(Cr) pore size (1.7 nm) (Fig. 7b). As a result,
the CaO nanoparticles covered multiple nearly pores in NH,-
MIL-101(Cr) instead of a single pore. The TEM images
obtained significantly confirm the development of extremely
dispersed CaO nanoparticles within the plentiful cavities of
MIL-101(Cr)..

3.4. Basicity assessment

The color of an electrically neutral acid indicator immobilized
from a toluene solution on the surface of a solid base is con-
verted to its conjugate base, assuming the solid has the suffi-
cient basic strength to give the acid electron pairs. The basic
strength can therefore be evaluated by monitoring the indica-
tors color changes over a range of values. In this work the
basicity of the fashioned materials was monitored by various
routes: (i) the pH measurement of the catalysts suspension in
H,O, (ii) the dried catalysts were blended with phenolphthalein
(pKa = 9.3) in toluene solution, followed by a benzoic acid
titration, and (iii) the leachable basicity was assessed by rinsed
the catalysts (0.5 g) in water, followed by a benzoic acid titra-
tion of the leachate in the presence of phenolphthalein as indi-
cator (Xie et al., 2006; Van Laar et al., 2001). Results are
collected in Table 2. As can be shown, the existence of a pH
indicator, like phenolphthalein, acid titration of the basic sites
offers the first confirmation of increasing total basicity by
increasing the CaO content in the hierarchical composite
CaO/NH,-MIL-101(Cr). The amount of the strong base sites

(assessed using phenolphthalein as indicator) is gradually ris-
ing from (0.01) to (0.04) CaO. Furthermore, in accordance
with the high calcium content, the composite containing
(0.04) CaO displays both high leachable and total basicity.
Finally, to assess the basicity characteristics of the hierarchi-
cal composite in completely hydrated environments, the sus-
pensions pH comprising equal quantity of the composites
with various CaO amount were determined. The pH rises from
3.8 for NH,-MIL-101(Cr) to 8.1 for (0.04) CaO/NH,-MIL-101
(Cr) composite. Based on all these findings, the composite with
the greatest CaO content obviously offer the most basic envi-
ronment and this could be mirrored in the catalytic perfor-
mance of the Knoevenagel condensation.

3.5. Catalytic activity

Since the composite CaO/NH,-MIL-101(Cr) provided both
Lewis acidic, and basic sites at the same time, they may be
applied as multipurpose catalysts. The Knoevenagel condensa-
tion of benzaldehyde with malononitrile was selected in this
study as a model reaction using a set of CaO/NH,-MIL-101
(Cr) composite comprising a various amount of CaO to assess
the catalytic performance in a batch reaction (Scheme 1). Basic
catalysts can facilely be activated the relatively acidic C-H
bonds of malononitrile. We performed all our catalytic tests
in tetrahydrofuran (THF) to eliminate any impact of the protic
solvents that could be incredible for this kind of reaction as
shown by Gascon et. al., (Gascon et al., 2009). The effect of
different parameters such as CaO content, and substrate was
addressed.

3.5.1. The influence of CaO content

For Knoevenagel condensation between 4-nitrobenzaldehyde
and malonitrile, the catalytic perfoemance of CaO/NH,-
MIL-101(Cr) composite containing various content of CaO
was assessed using 1 mg catalyst in THF at 30 °C for 60 min
(Fig. 8). To further emphasize background rate and recognize
the particular catalytic efficiency of the fabricated catalyst,
multiple control tests were performed without the catalyst
and under similar reaction conditions. Without a catalyst,
the condensation reaction to generate the intended product is
hard to initiate. At 30 °C for 60 min, a trace yield (less

Fig. 7 HRTEM images (a) NH,-MIL-101(Cr) and (b) the fashioned (0.04) CaO/NH,-MIL-101(Cr) composite.
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than2%) was noted. A little increase in the yield was obtained
when pure NH,-MIL-101(Cr) and CaO materials was added to
catalyze the Knoevenagel condensation, suggesting that pure
MOFs and CaO has shown poor performance (11%, and
20% respectively) under the similar reaction conditions. This
behaviour may be due to the poor basic character of aromatic
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Fig. 8 Knoevenagel condensation of 4-nitrobenzaldehyde with
malononitrile catalyzed by the composite. CaO/NH,-MIL-101(Cr)
containing various dosage of CaO.

NN
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Knoevenagel condensation.of benzaldehyde derivatives with malononitrile.

amine, with a Bordwell pK, of 30.6 and a Bordwell pK; of
4.87 (Bordwell, 1988). Due to the neighboring electron-
withdrawing carboxylate moieties, the electrondensity of the
amino group attached to benzene ring, along with its basicity,
was decreased. Our approach is to immobilize a new species
through in situ hydrothermal synthesis to improve the basic
character of the heterogeneous MOF catalyst. The significantly
enhanced basicity could make it possible to perform at a
greater reaction rate with the Knoevenagel condensation reac-
tion. As predicted, after 60 min reaction time, the novel CaO
immobilized on NH,-MIL-101(Cr) gave the desirable conden-
sation product in 99% yield (Fig. 8). With increased CaO con-
tent, the catalytic efficiency vastly enhanced until the
concentration reached (0.04) CaO. Furthermore, this result
claimed that the catalytic performance relied heavily on the
accessible immobilized CaO. Benzylidenemalonitrile was the
reaction product derived from different catalysts, and no fur-
ther by-products were reported. From the obtained findings,
the immobilized CaO and NH,-MIL-101(Cr) can be explained
to have a synergistic action that is primarily assigned to the
cohesion of the different basic sites. In particular, employing
two routes for basic CaO/NH,-MIL-101(Cr) composite, the
catalytic process in Knoevenagel condensation can be
addressed. One involves carboanion generation, oxy-anion for-
mation, and water elimination imine intermediate mechanism
(Han et al., 2014), and the other involves imine intermediate
mechanism (Kubota et al., 2004; Chen et al., 2013). CaO/
NH,-MIL-101(Cr) with a combination acid-base site has a

(iii)

Lewis acid site
mium trimer

.. Lewis base site
7 Ca0

Scheme 2 Knoevenagel condensation reaction mechanism over CaO/NH,-MIL-101(Cr) composite.
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fantastic reaction boosting irrespective of the reaction mecha-
nism. The immobilized CaO together with NH,-MIL-101(Cr)
as powerful fundamental sites help uptake the active methy-
lene’s proton of malononitrile to boost the generation of car-
boanion intermediate. Also, carbonyl moiety of
benzaldehyde is polarized by the unsaturated Cr(VI) sites
within the MOFs and a carbocation is developed. The carban-
ion attacks the carbocation, causing a dehydration process. As
a result of the following, the products are created (Scheme 2).
Consequently, the high CaO/NH,-MIL-101(Cr) performance
in Knoevenagel can be mainly explained to the synergistic phe-
nomenon between CaO and NH,-MIL-101(Cr).

3.5.2. Knoevenagel condensation using different substrates

As displayed in Table 3, the Knoevenagel condensation of dif-
ferent active methylene derivatives and different aldehydes
were performed employing the acid-base bifunctional catalyst
comprising (0.04) CaO/NH,-MIL-101(Cr). It can be seen that,
superior yields above 95% have been noted for most benzalde-
hyde derivatives comprising either electron withdrawing or
donating moieties (Entry 1-7). In the Knoevenagel condensa-
tion reaction, nucleophilic addition is an obvious factor decid-
ing the yield, so benzaldehyde dimethyl acetal derivatives
comprising electron-withdrawing moities can render the pro-
cess more convertible.

Table 3 Knoevenagel condensation results between benzaldehyde and malononitrile using (0.04) CaO/NH,-MIL-101(Cr) composite

Q

I \ T~ . K"N CaO/NH;-MIL-101(Cr) | — P . HLO
THiF <
// R so0°c, sll‘rr, 60 min A == N
R =Y
Entry R! R? Product Yield (%)*
CN
X
1 H CN 96
CN
CN
\
2 4-NO, CN 99
NO, CN
NO,
CN
X
3 2-NO, CN 98
CN
NO,
CN
X
4 4-Cl CN 98
b CN
NO,
CN
X
5 4-Br CN 96
Br CN
CN
X
6 4-CN CN 99
CN CN
NO,
CN
X
7 4-OCH; CN 96
HsCO CN
8 4-NO, COOCH;

NO,
CN
X
90
ON COOMe

Reaction conditions: Aldehyde (1.0 mmol): Maloninitrile (1.5 mmol), (1 mg) catalyst, 60 min, 30 °C and THF.
2 The yield was determined from the product’s 'H NMR analysis, calculating the integral product values and the unreacted aldehyde.
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Fig. 9  Recycling performance of the fashioned composite (0.04)
CaO/NH,-MIL-101(Cr) in Knoevenagel condensation of 4-
nitrobenzaldehyde with malononitrile.

In Knoevenagel condensation of 4-nitrobenzaldehyde with
methylcyanoacetate under the given conditions in THF, the
catalytic performance of the fabricated composite has also
examined. It has been noted that the yields are not reduced sig-
nificantly (90%) as shown in Table 3 (Entry 8). Thus, the sub-
strate target of the prepared composite catalyzed Knoevenagel
process is applicable for benzaldehyde components comprising
withdrawing or donating moieties. Two key factors can be
contributed to the excellent benchmark activity of our new
composite catalyst; (i) NH,-MIL-101(Cr) offer tailor-made
pores and channels to boosting CaO dispersion and could also
increase the mass transfer. (i) The presence of acid-base syner-
gistic steaming from multiple basic sites (CaO and NH,—-) and
acidic site (chromium trimer) that promote the malononitrile
deprotonating and nucleophilic attack, accordingly (see
Scheme 2).

3.5.3. Proposed mechanism

In Scheme 2, a proposed Knoevenagel condensation mecha-
nism of a carbonyl compound containing active methylene is
presented. Basic sites (NH,-groups and CaO) extract a proton
from malononitrile’s methylene carbon, resulting in a carban-
ion. Acidic Lewis sites (chromium trimer) activate the carbonyl
of the aldehyde and a carbocation is formed. The carbanion
that strikes the carbocation (ion dipole interaction) causes a
dehydration reaction. The resulting removal of water helps
in the producing of the final products (Benzylidene-
malononitrile).

3.5.4. Catalyst reusability

Heterogeneous catalysts have the advantage of being easily
recyclable and long-lasting. To show the catalyst durability,
we selected the (0.04) CaO/NH,-MIL-101(Cr) composite due
to greater performance than the remaining MOFs composites
that renders it more facile to handle. During the reaction, the
fabricated composite is incredibly reliable and it could be
reused at least four runs without losing its efficiency (Fig. 9).

4. Conclusion

In conclusion, a group of CaO immobilized NH,-MIL-101(Cr), com-
bining outstanding reusability were prepared by in-situ growth and
scalable approach. The CaO NPs steadily boosted the surface basicity
and the strength of the CaO/NH,-MIL-101(Cr) catalysts up to (0.04)
CaO loading. Due to the synergistic influence between the acidic and
basic sites, the CaO/NH,-MIL-101(Cr) composite demonstrate ade-
quate catalytic efficiency in the Knoevenagel condensation. The cata-
lyst containing (0.04) CaO displays the highest catalytic activity
(conversion up to 99%). The performance were all greater than 90%
under similar reaction conditions for benzaldehyde derivatives both
withdrawing and donating electron moieties. The development of the
non-precious metal oxide immobilized on MOFs nanoparticles intensi-
fied the employing of MOFs composite in the area of catalysis, and
offered a viable strategy for the synthesis of multifunctional heteroge-
neous catalysts.
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