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esis of biomass-derived carbon
quantum dots and their catalytic application for the
assessment of a,b-unsaturated compounds†

Surendra Saini,a Krishan Kumar,a Pratibha Saini,ab Dinesh Kumar Mahawar,a

Kuldeep S. Rathore,c Sanjay Kumar,d Anshu Dandiaa and Vijay Parewa *a

Herein, we demonstrate a simple, reproducible, and environment-friendly strategy for the synthesis of carbon

quantum dots (CQDs) utilizing the mango (Mangifera indica) kernel as a renewable green carbon source.

Various analytical tools characterized the as-prepared CQDs. These fluorescent CQDs showed significant

water solubility with a uniform size of about 6 nm. The as-synthesized CQDs show significantly enhanced

catalytic activity for the production of a,b-unsaturated compounds from the derivatives of aromatic

alkynes and aldehydes under microwave irradiation in aqueous media. A potential mechanistic pathway

and role of carboxylic functionalities were also revealed via various control experiments. The protocol

shows outstanding selectivity towards the assessment of a,b-unsaturated compounds over other possible

products. A comparative evaluation suggested the as-synthesized CQDs show higher catalytic activity

under microwave radiation as compared to the conventional ways. These recyclable CQDs represent

a sustainable alternative to metals in synthetic organic chemistry. A cleaner reaction profile, low catalyst

loading, economic viability and recyclability of the catalyst, atom economy, and comprehensive substrate

applicability are additional benefits of the current protocol according to green chemistry.
Introduction

Chalcones (1,3-diphenylprop-2-ene-1-one) are a,b-unsaturated
carbonyl compounds and an imperative forerunner for accessing
avonoids, isoavonoids, and many other heterocyclic motifs.1

Due to this, the a,b-unsaturated carbonyl group, chalcones, and
their substituted compounds display meaningful biological
activities that are signicant and auxiliary in drug design. They
are also very useful intermediates in organic synthesis, especially
for heterocycles.2 Due to their inherent ability to act as a Michael
acceptor to nucleophilic amino acid residues, they have been
used to synthesize compounds of biological relevance such as
terahydromyricoid3 and the antibacterial reutericyclin.4 In addi-
tion, they exist in some natural products, such as honeybee queen
juice secretion5 and caffeic acid6 (Fig. 1).

These compounds (1,3-diphenylprop-2-ene-1-one) can be
simply produced by the “Claisen–Schmidt condensation”
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reaction.7 In the past decades, numerous methodologies have
been developed by the chemists for the construction of chal-
cone by utilizing diverse basic catalysts like KOH,8 K2CO3,9

MgO/ZnO,10 organolithium,11 NaOH–Al2O3,12 modied phos-
phates,13 hydrotalcite,14 zeolites,15 alumina,16 barium hydrox-
ides,17 MgO,18 calcined hydrotalcites,19 NaNO3,20 or KF modied
natural phosphates,21 and aminopropyl-functionalized SBA-
15 22 but many of the testied procedures involve some disad-
vantages such as using costly reagents, waste disposal prob-
lems, low yielded products, and prolonged reaction. Under
strongly basic environments, side products oen emerge due to
self-condensation, polymerization, and rearrangement.
Recently, many efforts have been made to modify the reaction,
remove undesirable side products due to the self-condensation
polymerization, and rearrangement avoiding bases. During the
past few years, several researchers have been used various metal
salts such as CuSO4,23 SnCl2,24 In(OTf)3,25 and AuCl3 as homo-
geneous catalysts26 to catalyzed this reaction under various
conditions. The major task in the existing literature is the
recovery of the catalyst.

Environmental pollution from the widespread use of
metallic catalysts and hazardous solvents increases, which is
a dangerous matter of concern to live beings.27 It is important to
minimize metallic catalysts in chemical transformations
because these metals are hazardous, and their appropriate
discarding is complex. In addition, the use of small amounts of
transition metals in pharmaceutical drugs can have serious
RSC Adv., 2022, 12, 32619–32629 | 32619
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Fig. 1 Examples of a,b-unsaturated compounds in natural products and pharmaceutical applications.
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toxic effects on living populations.28 In synthetic processes,
hazardous and volatile solvents also contribute to chemical
waste, causing serious adverse effects on the environment.29

thus, the execution of environmentally green and sustainable
chemicals, including catalysts and solvents, has arisen as
a major green chemistry goal and safer energy source.

Therefore, the evolution of metal-free catalysts, like carbo-
catalysts, would substantially replace the synthetic approaches
of many conventional organic synthesis and purication
processes. Over the past decades, carbon-based catalysts have
been increasingly used in general organic reactions such as
oxidation, reduction, and diverse coupling reactions. However,
carbocatalysts have been employed as an alternative to metal
catalysts in organic synthesis due to their great catalytic activity,
Scheme 1 Assessment of a,b-unsaturated compounds.

32620 | RSC Adv., 2022, 12, 32619–32629
selectivity, and non-toxicity.30 Some scanty reports are existing
on the synthesis of a,b-unsaturated compounds utilizing gra-
phene oxide (GO) as a carbocatalysts.31 The utilization of gra-
phene oxide gave moderate yields of the desired product with
the large catalyst loading. The preparation of GO requires harsh
reaction conditions involving the use of detrimental agents.
Furthermore, trace metals' participation on GO surfaces is
possible in the reaction. Therefore, the design and development
of more sustainable carbocatalysts are required.

Carbon quantum dots (CQDs) are the most growing topic in
synthetic chemistry and materials science because of their
marvelous properties. Because of the presence of the highly
reactive surface area with different functionalities, it demon-
strates enormous catalytic activity for several chemical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of CQDs.

Fig. 3 SEM image of CQDs.
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transformations.32 Additionally, these materials show a high
water solubility, huge surface area with rich functionalities,
strong and tunable photoluminescence (PL), high stability,
good biocompatibility, and non-toxicity.33 Newly, several
research papers emphasized the synthesis method of CQDs,
such as simple thermal treatment, arc discharge, laser ablation,
acidic or electrochemical oxidation, pyrolysis using numerous
chemical-based carbon sources.34 Most of these methodologies
bear severe shortcomings such as costly starting material,
tedious separation method, time-consuming procedure, multi-
step manufacturing, complex experimental setup, need for
acidic conditions, and surface passivation. Thus, the develop-
ment of the economic, efficient, and green synthesis of CQDs
without using chemicals is of immense attention.

We reasoned that CQDs were dened as an exceptional catalyst
for acid catalyzed reactions35 and might be used to avoid many of
the limits and drawbacks inherent in the synthetic methods
mentioned above related to the a,b-unsaturated compounds from
a broad range of starting materials. As a part of our continuous
efforts to explore the novel green protocols and nanomaterials
synthesis.36 herein we report the synthesis of CQDs using mango
(Mangifera indica) kernel as a renewable green resource. The as-
prepared uorescent CQDs have been characterized by utilizing
various analytical tools. The catalytic activity of as-synthesized
CQDs has been probed for the synthesis of a,b-unsaturated
compounds from the derivatives of aromatic aldehyde and alkyne
under microwave irradiation in aqueous media (Scheme 1). A
potential mechanistic pathway and role of carboxylic functional-
ities were also revealed via various control experiments. The
protocol shows outstanding selectivity towards the assessment of
a,b-unsaturated compounds over other possible products.

Experimental

Common part and used instruments is presented in ESI.†

Preparation of carboxy functionalized CQDs

Typically, carboxy functionalized CQDs were manufactured by
hydrothermal process. Firstly, we dried the mango (Mangifera
indica) kernel part, then put it into a typical ceramic crucible, and
carbonized it in a muffle furnace. The temperature was slowly
raised to 300 °C with a heating rate of 10 °Cmin−1. The obtained
solid compound cooled naturally and then crushed into a ne
powder using pastel mortar. Aer cooling down naturally, the
resultant dark black product was ground into ne powder. Then
obtained 500 mg sample was poured into 100 ml ultrapure water
and dispersed to get a black solution. The obtained solution was
centrifuged (12 000 × g, 15 min), and nally CQDs were stored
through ltration with a 0.22 mm membrane. We got a brown-
yellow color solution of carbon quantum dots in daylight and
the greenish color shown in the UV region. The obtained CQDs
were kept at 4 °C for further characterization and use.

Method for a,b-unsaturated compound

To understand the reactivity and activity of the as-prepared
catalyst with microwave-irradiation, benzaldehyde (2.0 mmol),
© 2022 The Author(s). Published by the Royal Society of Chemistry
phenylacetylene (2.0 mmol) with 10 ml of CQDs aqueous solu-
tion (5 mg ml−1) were used as a reactant under microwave-
irradiation in aqueous medium using the maximum power of
400 W at 80 °C for 10 minutes. The conversion of the reaction
was examined by TLC. The obtained product was separated
using ethyl acetate. The solid compound was obtained aer
evaporation of the solvent using a rotary evaporator. The
resulting residue was puried via recrystallization with EtOH.
Results and discussion
Preparation and characterization of CQDs

Nonetheless, a great deal of effort has developed towards
synthesis of CQDs using green raw materials.37 However, the
majority of them were synthesized through hydrothermal
treatment in organic solvent using either harsh acids or bases or
expensive equipment with additional requirement of surface
passivation. Synthesis of CQDs with excellent physicochemical
and uorescent properties with minimal environmental impact
is still a challenge. Green uorescent CQDs have been synthe-
sized in this study from the readily accessible starting material
mango (Mangifera indica) kernel through the simple sustainable
method. Mango kernel (Mangifera indica) was used as the
carbon source in this study because it has a high concentration
RSC Adv., 2022, 12, 32619–32629 | 32621
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Fig. 5 FT-IR spectra of CQDs.
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of dietary bre, polyphenols, carotenoids, gallic acid, avo-
noids, and other useful compounds.38

Various analytical tools including SEM, XRD, TEM EDAX, FT-
IR, XPS, Raman, UV-vis, and PL were employed to characterize
the as-prepared catalyst.

XRD analysis is employed to identify the crystallographic
properties of CQDs (Fig. 2). The synthesized catalyst showed the
characteristic broad diffraction peak of CQDs centered at 2q =

24.3° lattice spacing of (002), indicating the presence of amor-
phous nature.39 XRD pattern can also be applied to estimate the
size of CQDs utilizing the “Debye–Scherrer” equation. The size
of the as-synthesized catalyst was found to be approximately
3 nm by this equation. The surface morphology and porous
structure of synthesized carbon quantum dots were analyzed
based on SEM images (Fig. 3). As shown in Fig. 4, the TEM
image was used to conrm the formation of CQDs. The size
distribution of the particles are shown in inset Fig. 4. It could be
observed that the CQDs were well distributed and sphere-
shaped, with an average size of 6 nm. The present sustainable
methodology produces CQDs with a small size distribution that
is equivalent to microwave and hydrothermal approaches,40

which is signicant given how challenging it was to produce
such a narrow size range utilising a natural carbon source.

In FT-IR spectra, the spectral broad band near 3437 cm−1 is
correspond to the stretching and bending vibrations modes of
the O–H and N–H bonds (Fig. 5). The spectral band at 1692
cm−1 corresponds to the C]O bond (carboxylic).41 The results
proved that the as-synthesized catalyst has hydrophilic func-
tionalities on its surface such as –OH, –NH2, and –COOH. In
addition, the XPS spectrum was employed to detect the exact
Fig. 4 TEM image of CQDs.

32622 | RSC Adv., 2022, 12, 32619–32629
quantity of the element's composition on the surface of CQDs.
Fig. 6a is the XPS spectrum of CQDs. The three peaks in the XPS
spectrum at 399.74, 284.34, and 531.43 eV were allotted to N 1s,
C 1s, and O 1s, individually.42

The C 1s XPS spectrum reveals four peaks centered at 283.8,
284.6, 284.8, and 285.1 eV corresponding to C species in the
forms of C]C, C–N, C–O and C]O (carboxylic) correspond-
ingly,43 (Fig. 6b). In the deconvoluted N 1s spectrum, the two
peaks at 399.79 and 399.86 eV related to C–N and N–H bonds
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectrum of CQDs (a) complete survey, (b) C 1s spectra (c) N 1s spectra, (d) O 1s spectra.
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were present (Fig. 6c). The deconvoluted O 1s spectrum reveals
two peaks at 532.41 eV (C–OH bond) and 530.63 eV (C–O bond)
(Fig. 6d). These results also conrm the formation of hydro-
philic functionalities (–OH, –NH2, and –COOH) on the surface
of the catalyst. This observation was also supported by the FT-IR
spectrum.
Fig. 7 UV spectrum of CQDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 presents the optical properties of synthesized CQDs. It
is shown strong green luminescence under UV light, indicating
excellent optical properties. A band at 280 nm appeared in the
UV-visible absorption spectrum of the CQDs. This was due to
the transition of the C]C bond (p–p*) and the C]O bond
(n–p*).44
Fig. 8 PL spectrum of CQDs.

RSC Adv., 2022, 12, 32619–32629 | 32623
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Fig. 9 EDAX spectrum of CQDs.

Table 1 Examination of reaction conditionsa

S. no. Catalyst Solvent Time Yieldb (%)

1 — H2O 30 min NR
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Fig. 8 presents the uorescent excitation and emission
spectrum of CQDs. The uorescent excitation spectra exhibited
a peak at around 420 nm and the emission spectrum was
exhibited under UV irradiation at 534 nm.45

Fig. 9 represents the chemical composition of carbon
quantum dots, which was examined by EDAX analysis. The
results represents that CQDs are composed of C (67.51%), N
(1.03%) and O (31.46%).

Raman investigation revealed two unique Raman peaks at
1455 cm−1 and 1571 cm−1, referred to as the D (disorder) band
and the G (graphite) band, respectively (Fig. 10). The intensity
ratio of the D and G bands (ID/IG = 0.70) indicates that the
carbon atoms in CQDs were sp2 graphitic carbon atoms in
amorphous carbon.46
Fig. 10 Raman spectrum of CQDs.

32624 | RSC Adv., 2022, 12, 32619–32629
Carboxylic functionalities are clearly present on the surface
of CQDs according to FTIR and XPS studies. Moreover, a few
tests were performed to further conrmation of the –COOH
sites on the surface of the CQDs. CQDs aqueous solutions have
a pH of 4.2; this conrms their acidic nature. The addition of
HCl completely protonated water soluble CQDs, which were
then titrated with NaOH (see ESI, Fig. S1†). The pH range
between 6.5 and 7 revealed the minimum slope of the curve,
2 GO H2O 30 min 32
3 rGO H2O 30 min 26
5 g-C3N4 H2O 30 min 21
6 MWCNTs H2O 30 min 29
7 Graphite H2O 30 min 15
8 CQDs (5 mg ml−1) H2O 10 min 88
9 CQDs (3 mg ml−1) H2O 10 min 70
10 CQDs (8 mg ml−1) H2O 10 min 88
11 CQDs (1 mg ml−1) H2O 10 min 54
12 CQDs (5 mg ml−1) Tween-18 10 min 24
13 CQDs (5 mg ml−1) EtOH 10 min 59
14 CQDs (5 mg ml−1) Ethylene glycol 10 min 42
15 CQDs (5 mg ml−1) Glycerol 10 min 37
16 CQDs (5 mg ml−1) DMSO 10 min 31
17 CQDs (5 mg ml−1) CH2Cl2 10 min 22
18 CQDs (5 mg ml−1)c H2O 24 h 56
19 CQDs 5 (mg ml−1) EtOH/H2O (2 : 1) 10 min 63
20 CQDs 5 (mg ml−1) EtOH/H2O (1 : 1) 10 min 69
21 CQDs 5 (mg ml−1) EtOH/H2O (1 : 2) 10 min 74

a Reaction conditions: 4-chlorobenzaldehyde (2.0 mmol) and
phenylacetylene (2.0 mmol) as the model substrates; water as the
solvent, 5 mg ml−1 CQDs as catalyst illuminated under microwave
environment. b Isolated yield. c In conventional condition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Possible products.
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which corresponds to the highest buffering ability of CQDs,
indicating the presence of several acidic functional groups
(0.0015 N).47 Additionally, conductometric titration was used to
examine the relative proportion of carboxylic groups. The
Table 2 Substrate scopea

a Reaction conditions: aromatic aldehydes (2.0 mmol), and various phenyl
microwave irradiation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
volume of the NaOH solution was plotted against each
conductivity value (see ESI, Fig. S2†). Two breaking points on
the titration curves of CQDs were discovered by the convergence
of three straight lines. The concentration of carboxylic in the
acetylene (2.0 mmol) in 10 ml aqueous solution CQDs (5 mg ml−1) under

RSC Adv., 2022, 12, 32619–32629 | 32625
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CQDs sample was determined to be 0.0016 N using the
consumed NaOH between two breaking points.48

Catalytic activity for the assessment of a,b-unsaturated
compound

We rst investigated the catalytic efficiency of the synthesized
CQDs to produce a,b-unsaturated compounds. In a typical
experiment, 2.0 mmol of the substrates with 5.0 mg ml−1 of
catalyst was taken in a round bottle ask. We used 400 W power
of microwave irradiation at 80 °C temperature under an
aqueous solution of the reaction mixture. The conversion was
not progressed without CQDs. Consequently, various metal-free
materials were employed as a catalyst for a sustainable point of
view and to enhance the efficiency of the protocol. The desired
product was attained in a lower yield when the GO (10 wt%) or
rGO (10 wt%) were used as a catalyst. The most appealing
outcome was obtained with CQDs as the catalyst. The yield of
the obtained compound depended on the concentration of the
catalytic amount. It was concluded that a 5 mg ml−1 concen-
tration was suitable for this conversion; the excess amount of
CQDs did not alter the yield of the product. 1 mg ml−1 CQDs
have a poor impact on the reaction (Table 1).

To validate which functionality is responsible for this
approach, CQDs were treated with 0.01 M NaOH. Due to the
deprotonation, the carboxylic intensity of CQDs of the
Scheme 2 Plausible mechanism for the access of a,b-unsaturated com

32626 | RSC Adv., 2022, 12, 32619–32629
carboxylic group in the FT-IR spectra was decreasing (bCQDs)
(see ESI, Fig. S3†). The carboxylic intensity of CQDs was restored
aer the treatment of bCQDs with 0.01 M HCl (baCQDs) (see
ESI, Fig. S3†). Base treated CQDs were employed as a catalyst in
the reaction system. bCQDs in the reaction system resulted in
a low yield of the isolated compound even aer a long reaction
time. Catalytic activity was restored using baCQDs as a catalyst.
These results conrm the key role of the carboxylic functional-
ities in this approach. To satisfy the appropriate conditions,
a control experiment was conducted using some general acid
catalysts such as HCl, conc. H2SO4, and glacial acetic acid.
While excellent yield was obtained in the presence of HCl and
conc. H2SO4. Although some drawbacks are associated with this
catalyst which is already discussed. Therefore CQDs are viable
alternatives for acid-catalyzed reactions.

Various solvents like Tween-18, CH2Cl2, and DMSO were
tested in the model reaction. Less amount of desired product
was obtained in these solvents but a moderate yield was
attained in alcoholic solvents. The best results were observed
when the transformation was done in H2O (Table 1). Interest-
ingly, the catalytic activity and reactivity of the synthesized
catalyst are higher in the presence of microwave irradiations
and it shows lower catalytic activity in traditional thermal
conditions (Table 1). The control experiments were also carried
out by changing microwave irradiations (300, 400, and 500 W)
pound.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and temperature during the optimization of reaction condi-
tions. The results indicate that the conversion with 400W power
output at 80 °C showsmaximum yield under optimized reaction
conditions. In addition, this approach was scaled up to
10 mmol to take advantage of the highly effective sustainable
protocol.

Literature reveals that in the condensation of phenyl-
acetylene with aromatic aldehyde, the required a,b-unsaturated
compounds are accompanied by propargyl alcohol as the side
product, and sometimes this derivative has been separated as
the main product.49 There are no side products formed in the
current protocol that gives a,b-unsaturated carbonyl
compounds selectively (Fig. 11).

These admirable primary results fortied us to explore
further the applicability of the protocol for the assessment of
a,b-unsaturated compounds (Table 2). We have employed
a variety of aromatic aldehyde to study the scope and connes of
this process. As reviewed in Table 2, the aldehydes derivatives
bearing both electron-withdrawing and electron-donating
groups were evaluated with phenylacetylene derivatives and
offered the required compounds with good to outstanding
yields. Next, various functionalized alkenes were also tested for
the generality and scope of the current methodology. Good
functional group tolerance was noted with several alkynes.

On the grounds of optimization outcomes and earlier reports
on acid catalyzed routes,31,50 the following plausible mecha-
nistic pathway is suggested (Scheme 2). The carboxylic group (–
COOH) of CQDs facilitates the acid catalyzed hydration of
phenylacetylene and produces ketone51 (ESI, Scheme SI†). The –
COOH group of CQDs activated the aromatic aldehyde nucleo-
philic attack of the enol form of acetophenone and produced
the b-hydroxy ketone intermediate (X) via Claisen–Schmidt
condensation.52 Dehydration of intermediate X forced by the
acidic sites of CQDs formed the desired result product. In
general, the synthesis of a,b-unsaturated compounds accom-
plished by one pot hydration/condensation sequence of alkynes
with aldehydes.
Fig. 12 Recyclability of CQDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Recyclability test

From a sustainable development and industrial point of view,
the recovery and recycling of carbocatalysts are the primary
characteristics. 4-Chlorobenzaldehyde (2.0 mmol) and phe-
nylacetylene (2.0 mmol) under optimized conditions were
chosen as a modal reaction to investigate the recyclability of
the CQDs.

Aer the conversion was complete, the target product was
removed with ethyl acetate. The aqueous layer containing CQDs
was employed for the next reaction cycle. The results estimated
that the activity of the catalyst remains approximately
unchanged for 5 runs (Fig. 12). The FT-IR spectrum of the
recycled catalyst indicated an unchanged structure of the CQDs.
Similarly, TEM images of the recovered catalysts show the
constant morphology of the catalyst even aer ve cycles.
Conclusion

In this work, a simple environmentally friendly method for the
synthesis of uorescent CQDs using the mango kernel as
a renewable green resource is described. The CQDs were
prepared without using any acidic or alkaline materials. These
uorescent CQDs were characterized via several techniques,
including XRD, TEM, EDAX, XPS, Raman, UV-vis, FT-IR, and PL
analysis. The as-prepared CQDs have good water-solubility and
strong greenish luminescence. The occurrence of free carboxylic
groups on the surface of CQDs is recognized. Owing to the
occurrence of free acidic groups, the as synthesized CQDs
shows admirable catalytic activity for the synthesis a,b-unsatu-
rated compounds via one pot hydration/condensation reaction
of alkynes with aldehydes. Under microwave radiation the
catalytic activity of CQDs was superior as compared to the
conventional method. The selectivity of the protocol was very
high; no other side product was obtained in this method. Mild
reaction environment, easy workup procedure, good yield,
reusable catalyst, shorter reaction time, and use of green solvent
are the same advantage of the protocol.
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