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supported on 3-aminopropyl-
functionalized MK10: effect of a metalating agent
on the catalytic activity in the transesterification of
b-keto ester†

Adeyinka Sikiru Yusuff, *ab Yanlong Gu,b Elyor Berdimurodovcd and Ilyos Eliboevef

The grafting of metal-bipyridine (Bpy-M, M = Mn or Zn) on aminopropyl-modified montmorillonite K10

(NH2-MK10) synthesized via a functionalization-immobilization-metalation route was investigated.

Formulated NH2-MK10-Bpy-Mn and NH2-MK10-Bpy-Zn were characterized using BET, FTIR, SEM, XRD,

CHNS and NH3-TPD techniques and tested for the synthesis of butyl acetoacetate (BAT) via the

transesterification of b-keto ethyl acetoacetate (EAA) with butanol (BTL). The influence of reaction

parameters on the BAT yield was investigated using the Taguchi optimization approach. According to

characterization data, the samples were mesoporous materials with a considerable number of acidic

sites and diverse inorganic and organic functional groups, making them inorganic–organic hybrid

catalysts. Optimization results showed that catalyst loading had the most significant impact on the BAT

yield, followed by the BTL : EAA molar ratio and temperature, whereas the conversion time had the least

impact on the reaction process. NH2-MK10-Bpy-Mn outperformed NH2-MK10-Bpy-Zn in the

transesterification of b-keto EAA, achieving 96.1 ± 0.79% conversion compared to 87.3 ± 0.94% at 110 °

C for 7 h with a BTL : EAA molar ratio of 1.4 : 1 and catalyst loading of 2.0 wt%. Both catalysts were

reusable and maintained good stability, which indicate their great potential for catalyzing the

transesterification of b-keto ester.
1. Introduction

With the introduction of green technology/chemistry, there has
been growing pressure on chemical industries to develop
processes that are environmentally friendly.1 On this basis, the
exploitation of merits of both homogeneous and heterogeneous
catalysts has gained much interest recently as they help in
upholding the main principles of green chemistry. The subject
of ne chemicals and developing appropriate technology for
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their industrial synthesis have recently dominated the global
scene. In this case, the transesterication of b-keto esters to
produce acetoacetate (ester) compounds is an important
organic ne chemical synthesis route, which requires suitable
catalysts and favourable reaction conditions. b-Keto esters are
compounds with both nucleophilic and electrophilic sites and
are useful in pharmaceutical industry as they are the main
building blocks of complex medicinal compounds such as
prunustatin and (.+-.)-velloziolone.2,3

Generally, the production of esters via the transesterication
process requires acidic or basic conditions and the utilization of
one of the reactants in excess to enhance the target product
yield.4 According to Hennessy and Sullivan,3 the trans-
esterication kinetics of b-keto esters is greatly slow, and
therefore, a catalyst is needed to create more molecular path-
ways for the reaction to improve the rate of the reaction. Some
catalysts that have been used for the conversion of b-keto esters
via the transesterication approach include traditional homo-
geneous catalysts (HCl, H2SO4, and p-TSA),1 soluble basic and
acidic catalysts (metal alkoxides, carbonates, metal chlorides, 4-
dimethylaminopyridine, sodium perborate, zinc iodide, dis-
tannoxane, etc.),5–9 heterogeneous acids and bases (Mo–ZrO2,
Y2O3–ZrO2, Nb2O5, zinc dust, Amberlyst-15, sulfonated-SnO,
NDEAP-SiO2, Ag–Cu/hydrotalcite, etc.)4,10,11 and functionalized
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mesoporous materials (carbon nitride, MK10, nitrogen-ordered
mesoporous carbon, H-b zeolite, mpg-C3N4, etc.).12–16 Recently,
a comprehensive list of different catalysts for the trans-
esterication of b-keto esters has been compiled by Hennessy
and Sullivan.3

The use of heterogenized homogeneous catalysts, particu-
larly reusable inorganic–organic hybrid metal-based catalysts,
in the transesterication of b-keto esters with alcohol and
solvent was rst reported by Sharma and Rawat.1 To the best of
our knowledge and based on literature reports, since then no
similar studies have been reported, and thus it is timely to carry
out a new study on the transesterication of b-keto esters using
an efficient and reusable heterogenized homogeneous catalyst.
In the work reported by Sharma and Rawat,1 a silica-based
inorganic–organic zinc catalyst was used to catalyze the trans-
esterication of b-keto esters with different alcohols in toluene
under the similar conditions, and the catalyst exhibited good
stability aer being reused nine times. However, the use of
functionalized MK10 as a support to heterogenize zinc and
manganese chlorides and as catalysts for the transesterication
of b-keto esters have never been considered. Moreover, the
optimization of the reaction parameters affecting the trans-
esterication of b-keto esters using the experimental design
methodology has never been reported to date. The favourable
attributes of MK10, such as high silica content, large surface
area, thermal and mechanical stability and ion-exchange
capacity have attracted attention for further investigation.17,18

Clay is a naturally innocuous material. Thus, the utilization of
clay as a catalyst for chemical reactions is a promising aspect of
green chemistry. Furthermore, clay is affordable, nontoxic,
chemically diverse, and recyclable, making it appropriate for
the commercial production of naturally occurring physiologi-
cally active chemicals.18,19 The form of clay material used in this
investigation can be found locally. To modify the surface of
commercial MK10 with various activating agents, MK10 was
used as a model catalyst during the conversion of b-keto ester
(ethyl acetoacetate, EAA) to butyl acetoacetate (BAT). However, it
has been reported that unmodied MK10 exhibits low catalytic
activity in the transesterication of b-keto esters.6 Therefore, the
enhancement of MK10 through functionalization, immobiliza-
tion and metallation is important to enhance its acidic attri-
butes and activity. It should be noted that 3-aminopropyl
triethoxysilane (TESPA) and di(2-pyridyl) ketone were chosen as
modifying agents for this study based on their stability with
a wide variety of structured supports, the presence of hydrogen
bond forming functional groups, their commercial availability
and eco-friendliness.

Another aspect of the transesterication of b-keto esters that
needs much attention is the quest for favourable reaction
conditions. Most of the previous studies focused on the
synthesis of catalysts and their behaviour in the trans-
esterication process.1,20 Alternatively, studies on the impact of
the parameters inuencing the transesterication process using
an optimization tool have never been reported to date. There-
fore, it is timely to carry out optimization studies on the
transesterication of b-keto esters over solid catalysts. To opti-
mize the effective parameters with the minimum number of
© 2024 The Author(s). Published by the Royal Society of Chemistry
experiments, the application of experimental design method-
ologies (EDMs) can be useful. The Taguchi optimization
approach is one of the EDMs used to control a process and
optimize the process procedures to determine the favourable
optimum conditions.21 However, there is lack of information on
the optimization of EAA conversion to BAT over inorganic–
organic hybrid catalysts using the Taguchi experimental design
approach.

Simple b-keto esters, such as EAA, are used to produce BAT
because of their wide use as chemical intermediates in the
synthesis of a wide variety of compounds. Therefore, the present
study focused on the conversion of EAA to BAT via the trans-
esterication process with MK10-based inorganic–organic
hybrid zinc and manganese catalysts. The catalysts were
prepared via the impregnation of metal chlorides of zinc and
manganese on functionalized MK10 (see Scheme 1) and char-
acterized using various analytical techniques (XRD, FTIR, SEM,
NH3-TPD, CHNS and BET) to gain insight into their properties.
The impact of the transesterication process parameters
(temperature, catalyst dosage, time and alcohol/EAA molar
ratio) was studied using the Taguchi approach. Moreover, the
reusability of the catalysts was investigated to examine their
stability during reuse.
2. Materials and methods
2.1. Materials

All the laboratory-grade reagents, including montmorillonite
K10 (MK10, Alfa Aesar), butanol (BTL, 99.5%, Sigma-Aldrich),
EAA (99%, Energy Chemical), di(2-pyridyl) ketone (98%,
Merck), zinc chloride (ZnCl2), manganese chloride (MnCl2),
anhydrous ethanol (99.5%, Merck), anhydrous toluene (99.8%,
Merck), n-hexane (99%, Sigma-Aldrich), ethyl acetate (99.9%,
Merck) and 3-aminopropyl triethoxysilane (TESPA, 98%, Energy
Chemical), were purchased from Chemical Stores in Wuhan,
China and utilized as received.
2.2. Catalyst synthesis

2.2.1. Preparation of aminopropyl-modied MK10 (NH2-
MK10). The functionalization of MK10 was carried out by
adopting the procedures reported by Sharma and Rawat.1

Typically, 15 mL of TESPA was added to 5 g of MK10 suspended
in 10 mL distilled water under constant stirring at 50 °C for 1 h.
Subsequently, the resultant mixture was ltered, and the ob-
tained residue was washed with distilled water until its pH
attained 6.0, and then dried at 80 °C overnight to obtain
aminopropyl-modied MK10, which is henceforth called NH2-
MK10.

2.2.2. Formulation of surface-bound chelating ligand
(NH2-MK10-Bpy). In this case, 6.0 g of NH2-MK10 was reuxed
with di(2-pyridyl) ketone (3 mmol, 0.552 g) in 50 mL anhydrous
toluene at 80 °C for 12 h. Thereaer, the mixture was ltered
and the obtained residue was thoroughly washed with warm
toluene ve times to get rid of the unbound ligands. Subse-
quently, the solid was dried for 11 h at 100 °C to obtain NH2-
MK10-Bpy.
RSC Adv., 2024, 14, 28308–28319 | 28309
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Scheme 1 Synthesis of the montmorillonite K10 (MK10)-based metal-bipyridyl catalyst.
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2.2.3. Synthesis of functionalized MK10 supported zinc-
and manganese-bipyridyl (NH2-MK10-Bpy-Zn and NH2-MK10-
Bpy-Mn). The NH2-MK10-Bpy-M2+ catalysts were prepared via
a modied procedure, as reported by Sharma and Rawat.1 The
ZnCl2 and MnCl2 suspensions were prepared by dissolving
ZnCl2 (0.5 g, 3.7 mmol) and MnCl2 (0.5 g, 4.0 mmol) in 50 mL of
anhydrous ethanol in different containers, and thereaer 5.0 g
of NH2-MK10-Bpy was added to each suspension and stirred
overnight at ambient temperature. The solvent was decanted
and the wet catalyst was thoroughly washed in 50mL of ethanol.
Subsequently, the washed solid sample was oven-dried at 100 °C
for 2.5 h to obtain the NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-
Mn catalysts.

2.3. Analysis of formulated solid materials

The crystallographic framework of MK10 was evaluated by XRD
analysis using a Bruker D8 Advance X-ray diffractometer. Cu-ka
radiation (l = 1.542 Å) was employed to generate the XRD
prole in the 2q range of 5° to 80° at a scanning rate of 2° min−1.
The textural properties (pore volume, pore diameter and
specic surface area) of the formulated samples were deter-
mined on a Micromeritics porosity analyzer (ASAP2460, USA)
with N2 gas (as adsorbate) at −196 °C. Each sample was
degassed at 230 °C for 5 h to get rid of adsorbed gases and
moisture from their surface. The infrared spectra of the
prepared samples were recorded in the range of 4000–400 cm−1

on a ThermoFisher-Scientic FTIR spectrophotometer. The
FTIR analysis provided information regarding the functional
groups present on the surface of the samples. The morpholog-
ical attributes of the solid materials were examined under
a Sigma-300 scanning electron microscope, while the acid
strengths of the solid acid catalysts were measured by
temperature-programmed desorption-NH3 analysis using
a Japan Bayer BELCAT-A TPD/TPR/TRO analyzer. Furthermore,
the compositions of atomic carbon, hydrogen, nitrogen and
sulfur were determined using a CHNS analyzer. Additionally,
28310 | RSC Adv., 2024, 14, 28308–28319
the total acid densities of the as-prepared catalyst were deter-
mined via the titration method reported in our previous study.22

Briey, 0.1 g of solid material was suspended in 25 mL of NaCl
solution (2.0 M) and stirred on a magnetic stirrer for 20 min to
allow ion exchange between the solid acid catalyst and sodium
salt. Thereaer, the stirred suspension was ltered, and the
ltrate was titrated against 0.05 M NaOH using phenolphtha-
lein as the indicator. The total acid density (AT) of the catalyst
was estimated using eqn (1), as follows:

AT ¼ VNaOH � CNaOH

WC

(1)

where VNaOH = volume of NaOH consumed, CNaOH = concen-
tration of NaOH consumed and WC = weight of catalyst sample
used.
2.4. Catalytic activity evaluation during transesterication of
EAA with BTL

The transesterication of EAA with butanol was carried out in
a 50 mL round-bottom ask attached with a reux condenser
and a magnetic stirrer. For each reaction, the ask was
immersed in a silicone oil bath to control the reaction
temperature (Scheme 2). Typically, EAA (10 mmol, 1.30 g), BTL
(15 mmol, 1.11 g), catalyst (0.04 g) and toluene (10 mL) were fed
into the ask and continuous mixing began immediately aer
coupling of the reux apparatus to ensure adequate contact
between the reactants and catalyst. During the preliminary
studies, the transesterication reaction was conducted at 110 °C
for 6 h with a 1.5 : 1 molar ratio of BTL : EAA and 0.04 g catalyst
(corresponding to 3.0 wt% of ethyl acetoacetate used).

The progress of the reaction was monitored by thin layer
chromatography (TLC) using a mixture of n-hexane and ethyl
acetate as the eluting solvent at a ratio of 9 : 1. At the end of the
reaction, the mixture was le to cool and the catalyst was
separated through centrifugation. The catalyst was regenerated
by washing with 30 mL of n-hexane ve times to remove
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Transesterification of EAA with BTL catalyzed by inorganic–organic hybrid catalysts.
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physisorbed molecules and dried at 90 °C for 12 h. The super-
natant was puried using a preparative TLC plate and a mixture
of n-hexane and ethyl acetate (ratio 30 : 1) as the eluting solvent
to isolate the desired product and the yield of the product was
calculated as follows:

YI ¼ Wp

WEAA

� 100%

where YI = isolated yield (%), Wp = weight of isolated product
and WEAA = weight of ethyl acetoacetate used.

2.4.1. Analysis of transesterication product. The product
(butyl acetoacetate, BAT) produced during the trans-
esterication reaction was analyzed to examine its chemical
structure and purity via 1H and 13C-NMR spectroscopy with
Bruker Avance III™ 500 MHz spectrometer using deuterated
chloroform (CDCl3) as the solvent. The obtained NMR data were
calibrated and analyzed by using the MestReNova-14.12-25024
soware.

2.5. Optimization of transesterication of EAA using the
most active catalyst

To model and optimize the transesterication of b-keto ester
with butanol over the most active catalyst, four independent
factors were considered at the four factor-three level L9
orthogonal of the Taguchi design approach. The level selection
was done based on the preliminary experiments conducted and
literature reports. The established limits were incorporated in
the Design-Expert soware (Version 12, Stat Ease), which sug-
gested 9 transesterication reaction runs, as illustrated in Table
1. The isolated yield (%) of the desired product was considered
as the process output, while temperature, T (°C), catalyst
quantity, C (wt%), molar ratio of BTL : EAA, M and reaction
time, t (h) were independent process parameters.

Furthermore, the signal/noise (S/N) ratio, which is a loga-
rithmic parameter used to compare the response to the desired
value, was estimated based on values of product yields ob-
tained.21 The S/N ratio can be group into three categories,
Table 1 Studied reaction process parameters and their associated
levels

Factors Description

Levels

L1 L2 L3

T Temperature (°C) 100 110 120
C Catalyst amount (wt%) 1.0 2.0 3.0
M BTL : EAA molar ratio 1.3 : 1 1.4 : 1 1.5 : 1
T Time (h) 5.0 6.0 7.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
namely nominal is better (NB), smaller is better (SB) and larger
is better (LB). The experimental values obtained from the
transesterication of EAA with BTL were analyzed using the LB
criterion (eqn (2)) to evaluate the optimum process variables
and study the contribution of each parameter that inuences
the b-keto ester conversion process.

ðS=NÞLB ¼ �10 log

"
1

n

Xn

i¼1

1

yi2

#
(2)

where yi and n are the measured response and number of
repetitions under similar experimental conditions, respectively.

3. Results and discussion
3.1. Catalysts characterization

Several characterization approaches, including XRD, FTIR,
SEM, NH3-TPD, CHNS and BET, were used to evaluate the
physicochemical properties of the synthesized solid materials
and the analysis results are discussed as follows.

The X-ray diffractogram of the MK10 sample is displayed in
Fig. 1 with numerous high intense peaks, corresponding to the
SiO2 (20.13°, 25.86°, 26.9°, 39.68° and 68.1°), Al2O3 (18.06°,
35.24° and 54.69°), and Ca2AlSiO2 (42.36°) phases. The presence
of peaks associated with both SiO2 and Al2O3 suggests that the
MK10 sample is an aluminosilicate material and can serve as
a good structured support for the synthesis of heterogenized
homogeneous catalysts. This was corroborated by the results of
the textural properties analysis, in which the surface area, pore
volume and pore diameter of the prepared solid materials were
evaluated. The textural properties of MK10, NH2-MK10, NH2-
Fig. 1 XRD pattern of the MK10 sample.

RSC Adv., 2024, 14, 28308–28319 | 28311
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Fig. 2 NH3-TPD profiles of MK10, NH2-MK10-Bpy-Zn and NH2-
MK10-Bpy-Mn.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 8
:1

1:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
MK10-Bpy, NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn are pre-
sented in Table 2. As depicted by the results, the surface area and
average pore volume of MK10 were 228.1 m2 g−1 and 0.381 cm3

g−1, respectively, which decreased upon its modication with
aminopropylating reagent, suggesting the dispersion of TESPA
on the structured support. It is worth noting that the surface area
and pore volume were less pronounced aer the impregnation of
di(2-pyridy) ketone and metallation with Zn and Mn chlorides.
The pore diameter of MK10 was found to be smaller than that of
the other materials, suggesting the possible inclusion of meso-
pores in the catalyst support, which in turn reduced the surface
area and pore volume.18 The mesoporous nature of the catalytic
materials enhanced their performance in the transesterication
reaction because a large pore diameter can promote the rapid
adsorption of the reactant onto the surface of the catalyst, which
facilitates the reaction process. Similarly, a slight decrease in the
surface area was reported during the preparation of the silica gel-
based zinc bipyridyl (SG-NH2-Bpy-Zn) catalyst, as reported by
Sharma and Rawat.1 The possibility of the formation of a metal
multilayer on the ligand-graed MK10 surface during metal-
lation could not be ignored. This observation agreed with the
view by Amani et al.23who reported that the multilayer dispersion
of metals reduces the surface area and causes the partial
blockage of pores. Nevertheless, the blockage of the catalyst pores
does not represent low activity given that there were active acidic
sites on the formulated catalysts. This was corroborated by the
NH3-TPD proles of MK10, NH2-MK10-Bpy-Zn and NH2-MK10-
Bpy-Mn, as display in Fig. 2. As seen from the results, MK10
exhibited a single desorption peak at 129 °C, which can be
ascribed to the interaction of NH3 with the weak acidic sites.24

According to Nda Umar et al.,25 the desorption peaks between
<100 °C and 200 °C are associated with sites of the weak acidic
strength, and also suggest the presence of oxygen-containing
functional groups on the material surface. The total acid site
(acidity) of the MK10 sample was 37 mmol NH3/g, which sug-
gested a low acidic strength. However, both NH2-MK10-Bpy-Zn
and NH2-MK10-Bpy-Mn displayed more than one NH3 desorp-
tion peak. The NH3-TPD prole of NH2-MK10-Bpy-Zn exhibited
three peaks at 112 °C (weak acidic site), 335 °C (medium to strong
acidic site) and 388 °C (medium to strong acidic site), while that
of NH2-MK10-Bpy-Mn displayed four desorption peaks at 114 °C
(weak acidic site), 279 °C (medium to strong acidic site), 405 °C
(strong acidic site) and 478 °C (strong acidic site). These results
suggested the improvement in acidity due to functionalization,
Table 2 Physicochemical properties of MK10 and modified MK10 samp

Sample

Ultimate analysisa (%)

C H N

MK10 — — —
NH2-MK10 3.84 1.72 4.0
NH2-MK10-Bpy 12.38 2.03 6.05
NH2-MK10-Bpy-Zn 11.51 2.28 5.71
NH2-MK10-Bpy-Mn 10.90 2.11 5.70

a Evaluated by CHNS analyzer.

28312 | RSC Adv., 2024, 14, 28308–28319
immobilization and metallation effects. The total acid sites in
NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn were estimated to be
439 and 563 mmol NH3/g, respectively. The strong acidic strength
of NH2-MK10-Bpy-Mn was attributed to the fact that the NH3

desorption peak appeared at a higher temperature and the high
intensity peak suggested that this catalyst has a larger acidic
concentration compared to NH2-MK10-Bpy-Zn, making the
former more denser in terms of total acid sites and accessible by
the substrate, consequently enhancing the reaction product
yield.26 The total acid density for the MK10, NH2-MK10-Bpy-Zn
and NH2-MK10-Bpy-Mn samples was determined via the titra-
tionmethod to be 0.05± 0.010, 1.94± 0.34 and 2.79± 0.08mmol
g−1, respectively, which is consistent with the results of the NH3-
TPD analysis. These observations indicated that the interaction
between the metal (Zn, Mn) chlorides and ligand-graed MK10
(NH2-MK10-Bpy) resulted in the formation of catalysts (NH2-
MK10-Bpy-Zn and NH2-MK10-Bpy-Mn) with a signicant number
of acidic sites, which were responsible for the high catalytic
activities during the transesterication of EAA.

The obtained results from the FTIR analysis are displayed in
Fig. 3, where the spectra of all the analyzed samples exhibited
broad bands at around 3600–3500 cm−1, revealing the presence
of adsorbed moisture and O–H stretching, and these bands were
ascribed to the stretching modes of internal and external
les

Textural properties

C/N
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (Å)

— 228.1 0.381 6.39
0.96 164.3 0.295 14.32
2.05 143.6 0.271 38.53
2.02 101.8 0.257 21.82
1.91 106.2 0.318 27.09

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of MK10, NH2-MK10, NH2-MK10-Bpy, NH2-MK10-
Bpy-Zn and NH2-MK10-Bpy-Mn.
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hydroxyl functional groups, similar to that reported elsewhere.18

A band at around 2950 cm−1, which is attributed to the C–H
stretching of the methyl group, was observed in the spectra of
NH2-MK10, NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn as
a consequence of MK10 functionalization with TESPA, and also
indicated that the amine groups were anchored on the MK10
surface,27 as corroborated by the CHN results (see Table 2), in
which the N element was found in the samples. The trans-
mittance pattern in the FTIR analysis revealed the presence of Si–
O–M+ deformation, NH stretching in the secondary amides, in-
plane-OH bending due to carboxylic acid, O–Si–O stretching
and M+–OH bending at around 1650–1620 cm−1, 1560–
1590 cm−1, 1472 cm−1, 1100–1000 cm−1 and 951 cm−1, respec-
tively, which are consistent with studies reported elsewhere.18

According to similar ndings reported by Sharma and Rawat,1

the peak at around 1640 cm−1 indicated the formation of imine,
suggesting the anchoring of bipyridyl ketone on the surface of the
functionalized MK10. It is worth noting that all the samples
exhibited a sharp and strong peak at around 1100 cm−1, which
conrmed the presence of silanol functional groups and sug-
gested a material with a high silica content.28,29 However, the
absorption bands observed in the spectra of all the analyzed
samples below 1000 cm−1 correspond to metal–oxygen bonds,
similar to the studies reported elsewhere.30,31 These bands can
also be attributed to the asymmetric and symmetric stretching of
the silaxane group v(Si–O–Si).1 Therefore, according to the FTIR
data, it was possible to elucidate the bonding interaction and
typical spectra of MK10 and the modifying agents.

The external morphological structures of the formulated solid
materials are displayed in Fig. 4. MK10 exhibited a relatively
rough surface with some ower-like shapes, and its particles were
agglomerated into a larger mass, in excellent agreement with the
results reported by Olutoye et al.18 Some pores appeared on the
surface of NH2-MK10 and the particles were smaller compared to
that of the untreated support sample, which is attributed to the
functionalization effect. The size of the amine-functionalized
© 2024 The Author(s). Published by the Royal Society of Chemistry
MK10 particles was further reduced, the particles merged and
their shapes become more irregular aer the immobilization of
bipyridyl ketone. These observations were due to the changes in
the composition of MK10 as a consequence of its graing with
organic reagents. Fig. 4d and e show that the interaction between
the metal chlorides and ligand-graed MK10 (NH2-MK10-Bpy)
resulted in the formation of catalysts (NH2-MK10-Bpy-Zn and
NH2-MK10-Bpy-Mn) with porous frameworks, which made them
sufficiently active in the transesterication of EAA, respectively.
The ultimate analysis results are displayed in Table 2 with the N
contents in NH2-MK10, NH2-MK10-Bpy, NH2-MK10-Bpy-Zn and
NH2-MK10-Bpy-Mn found to be 4.0%, 6.05%, 5.71% and 5.70%,
respectively. In terms of C/N ratio, NH2-MK10-Bpy, NH2-MK10-
Bpy-Zn and NH2-MK10-Bpy-Mn exhibited higher ratios
compared to NH2-MK10, which conrmed the incorporation of
TESPA and di(2-pyridyl) ketone in the MK10 matrix.

3.2. Isolated product yields of the catalytic samples

The catalytic activity of each of the formulated samples was
investigated during the transesterication of EAA with BTL, and
the corresponding isolated yields are listed in Table 3. The
results revealed that no reaction occurred when the reaction
was conducted without the catalyst (entry 1) and when it was
catalyzed by the unmodied MK10 (entry 2). This observation
indicated that the transesterication of EAA with BTL using
toluene as the solvent was a catalyst-driven reaction. In addi-
tion, ineffectiveness of MK10 during the reaction signied that
the acidic site of the support was not adequately active to drive
the transesterication reaction to equilibrium. A reaction was
noticed when NH2-MK10 (entry 3) and NH2-MK10-Bpy (entry 4)
were used as catalysts, though the isolated yields were <30%,
suggesting that the aminopropylation of MK10 and immobili-
zation of bipyridyl ketone on NH2-MK10 slightly improved the
acidity of the resulting solid materials, respectively, as corrob-
orated by the results from NH3-TPD analysis (see Fig. 2).
However, the isolated yield signicantly increased upon met-
allation of NH2-MK10-Bpy with ZnCl2 and MnCl2, which is
attributed to the increase in the number of acidic sites on the
surface of the catalysts, acting as active centers during the
transesterication reaction. It is worth noting that NH2-MK10-
Bpy-Mn performed better than NH2-MK10-Bpy-Zn because the
manganese-based catalyst has a unique ability to catalyze the
transesterication reaction without altering the chemical
stability of the keto carbonyl group of the b-keto ester, as re-
ported by Li et al.6 Moreover, using toluene as the solvent in the
transesterication reaction catalyzed by the Mn-based catalyst
inhibits occurrence of side reactions, which may be caused as
a result of the reactivity of the keto carbonyl group in the b-keto
ester under acidic conditions toward some nucleophiles.32

3.3. Optimization of transesterication of EAA using the
most active catalyst

Table 4 shows the results obtained from the transesterication
experiments, including the L9 orthogonal design matrix, BAT
yields and values of S/N ratio. As indicated by the results,
different values of BAT yield were achieved at different
RSC Adv., 2024, 14, 28308–28319 | 28313
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Fig. 4 SEM images of (a) MK10, (b) NH2-MK10, (c) NH2-MK10-Bpy, (d) NH2-MK10-Bpy-Zn and (e) NH2-MK10-Bpy-Mn.
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operating conditions with run 5 offering the highest BAT yield
(95.4%) at 100 °C for 6.0 h with a BTL : EAA molar ratio of 1.4 : 1
and 2.0 wt% NH2-MK10-Bpy-Mn amount.

Additionally, the combined plot of S/N ratio against the
transesterication process conditions, which was used to
determine the optimum values of the parameters involved, is
shown in Fig. 5. As evidenced by the obtained results, the
28314 | RSC Adv., 2024, 14, 28308–28319
maximum BAT yield was achieved at the middle level of
temperature (110 °C). A higher temperature promotes the
diffusion of reactants and dispersion of the solid catalyst
particles. Although high temperature promotes the catalyst–
reactant–solvent interaction and ion transfer, which will result
in a high EAA conversion, a reaction temperature above the
boiling point (117.7 °C) of butanol may lead to its vaporization,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Transesterification of EAA with BTL using different catalystsa

Entry Catalyst Reaction time (h) Yield (%)

1 Blank 6.0 NR
2 MK10 6.0 NR
3 NH2-MK10 6.0 6.3 � 0.02
4 NH2-MK10-Bpy 6.0 21.7 � 0.31
5 ZnCl2 6.0 56.5 � 0.03
6 MnCl2 6.0 61.3 � 0.46
7 NH2-MK10-Bpy-Zn 6.0 81.3 � 0.20
8 NH2-MK10-Bpy-Mn 6.0 93.4 � 0.77

a Reaction conditions: EAA (10.0 mmol), BTL (15.0 mmol) and catalyst
(0.04 g) in toluene (10 mL) was reuxed at 110 °C for 6.0 h. NR: no
reaction.
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and consequently reduce the product yield.33 As displayed in
Fig. 5b, the BAT yield increased with an increase in the content
of NH2-MK10-Bpy-Mn, and then decreased as the catalyst
amount increased above 2.0 wt%. This nding suggests that
2.0 wt% catalyst concentration was adequate to shi the
transesterication reaction forward. Furthermore, the highest
BAT yield was obtained at the middle level of BTL : EAA molar
ratio (1.4 : 1 mol mol−1), as evidenced in Fig. 5c. This observa-
tion suggests that the molar ratio of BTL to EAA at 1.4 : 1 is
capable of shiing the reversible equilibrium to the forward
direction and achieving the maximum product yield. It was
noticed that the BAT yield decreased as the molar ratio
increased above 1.4 : 1 because excess butanol inhibits the
separation of the desired product from reaction mixture, which
results in the nal yield of the product.34 According to the
illustrated result in Fig. 5d, the BAT yield increased by
increasing the transesterication duration, indicating that
a longer reaction time facilitates stronger interaction between
the reactant and catalyst, which leads to more frequent colli-
sions, consequently promoting the conversion of ethyl acetoa-
cetate. Some researchers reported that a sufficient reaction time
is critical in achieving a high yield during the transesterication
reaction.31,35 Therefore, as displayed in Fig. 5, the optimal
conditions for EAA conversion via transesterication were 110 °
C, 2.0 wt%, 1.4 : 1 and 7 h for temperature, catalyst amount,
BTL : EAA molar ratio and time, respectively. Under these
conditions, the predicted BAT yield was 96.6% (S/N ratio =

39.7). Further transesterication experiments were conducted
Table 4 L9 orthogonal array design, BAT yields and S/N ratios

Run no.

Transesterication process factors

Temperature,
T (°C)

Catalyst amount,
C (wt%)

BTL
mol

1 120 1.0 1.5 :
2 100 1.0 1.3 :
3 110 2.0 1.5 :
4 100 3.0 1.5 :
5 100 2.0 1.4 :
6 110 3.0 1.3 :
7 120 3.0 1.4 :
8 110 1.0 1.4 :
9 120 2.0 1.3 :

© 2024 The Author(s). Published by the Royal Society of Chemistry
to validate the predicted dependent parameter, and the average
observed BAT yield was found to be 96.1 ± 0.79% with the
corresponding S/N ratio estimated to be 39.6.

3.3.1. Analysis of variance (ANOVA) for transesterication
of EAA over NH2-MK10-Bpy-Mn catalyst. ANOVA was employed
to evaluate the signicance of each of the heterogeneously
catalyzed transesterication process parameters, and the ob-
tained results are illustrated in Table 5. The results displayed
some parameters, including probability of occurrence (p-value),
Fisher's test (F-value) and contribution factor (CF, estimated by
eqn (3)), which were used to examine the signicance and
contribution of each of the parameters. Additionally, the coef-
cient of determination (R2), adjusted R2 and predicted R2 were
used to further justify the signicance of the model. The model
parameter with a p-value of less than 0.05 and larger F-value and
CF has signicant inuence on the process output.36 However,
in this study the results, as shown in Table 5, indicated that the
catalyst amount had the most signicant inuence on the
transesterication process, followed by the BTL : EAA molar
ratio and reaction temperature. However, the reaction time had
the least impact on the synthesis of butyl acetoacetate from
EAA. Moreover, the R2 value of 0.9888 indicated that 98.88% of
the total variation was described by the operating variables
studied, and it also implied that only 1.12% of the variation was
not explained by the model. In addition, the predicted R2

(0.9324) agreed reasonably well with the adjusted R2 (0.9552),
which signied the predictability of the model. Adeq precision
evaluates the signal to noise ratio, where a value greater than 4
is desirable. However, in this study, the value of 13.51 suggests
an adequate signal. Furthermore, the rank of the parameters,
which is the range of S/N ratios for a particular parameter, was
evaluated to corroborate the earlier ndings, and the obtained
results (see Table 6) conrmed that the catalyst amount (with
1st rank) had themost signicant impact on BAT yield, followed
by BTL : EAA molar ratio and temperature, while the trans-
esterication time had the least impact on the heterogeneously
catalyzed transesterication reaction.

CF ¼
�

SSiP
SSi

�
� 100%ðis0Þ (3)

where SSi and
P

SSi are the sum of the square of a certain
parameter and total sum of the square of all the parameters.
Butyl acetoacetate, BAT yield

: EAA
ar ratio, M Time (h)

Experimental
value (%) S/N ratio

1 6.0 51.3 � 1.04 34.2
1 5.0 45.9 � 0.34 33.2
1 5.0 87.4 � 0.01 38.8
1 7.0 68.1 � 0.84 36.7
1 6.0 95.4 � 0.31 39.6
1 6.0 89.3 � 0.56 39.1
1 5.0 92.7 � 2.51 39.3
1 7.0 79.5 � 0.96 38.0
1 7.0 91.4 � 0.47 39.2

RSC Adv., 2024, 14, 28308–28319 | 28315
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Fig. 5 Plots of mean of the S/N ratio as a function of (a) temperature, (b) catalyst amount, (c) the BTL : EAA molar ratio and (d) reaction time.
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3.4. Comparison between NH2-MK10-Bpy-Zn and NH2-
MK10-Bpy-Mn and other solid catalysts for the
transesterication of EAA

To compare the catalytic performance of NH2-MK10-Bpy-Zn and
NH2-MK10-Bpy-Mn under the optimum operational conditions
(temperature = 110 °C, catalyst amount = 2.0 wt%, conversion
time = 7 h and BTL : EAA molar ratio of 1.4 : 1) previously
Table 5 ANOVA results for the BAT yield

Source Sum of squares df Mean squa

Model 2727.02 6 454.50
T 366.54 2 183.27
C 1719.40 2 859.70
M 641.08 2 320.54
Residual 30.89 2 15.44
Cor. total 2757.91 8
R2 0.9888
Adjusted R2 0.9552
Predicted R2 0.9324
Adeq. precision 13.51

28316 | RSC Adv., 2024, 14, 28308–28319
obtained (see Section 3.3), NH2-MK10-Bpy-Zn was used to
catalyze the transesterication reaction under these conditions.
The BAT yields of 96.1± 0.79% and 87.3± 0.94% were obtained
for NH2-MK10-Bpy-Mn and NH2-MK10-Bpy-Zn, respectively.
Thus, NH2-MK10-Bpy-Mn exhibited the best catalytic perfor-
mance as a consequence of its large surface area and signicant
number of active sites, which enhanced the EAA conversion to
re F-value p-value % Contribution

29.43 0.0332 signicant
11.87 0.0777 13.4%
55.66 0.0176 63.1%
20.75 0.0460 23.5%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Response data of average S/N ratios for BAT production
conditions

Level
Temperature
(°C)

Catalyst amount
(wt%)

BTL : EAA
molar ratio Time (h)

1 36.5 35.1 37.2 37.1
2 38.6 39.2 39.0 37.6
3 37.6 38.4 36.6 38.0
Range 2.1 4.1 2.4 0.9
Rank 3rd 1st 2nd 4th

Fig. 6 Reusability of NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn
catalysts in the transesterification of EAA under optimum conditions.
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BAT. It is worth noting that the BAT yield obtained in this study
was higher than the yield reported by Sharma and Rawat.1 In
their work, the BAT yield of 92% was obtained at 120 °C for 4 h
with a BTL : EAA molar ratio of 1.2 : 1 and catalyst (SG-NH2-Bpy-
Zn) concentration of 2.0 wt%. Although different alcohols were
used for the same reaction, our product yield was also higher
than that reported by Sathicq et al.,37 who carried out the
transesterication of EAA with different alcohols in reuxing
toluene over a heterogeneous catalyst (SAF) synthesized using
modied silica and 3-aminopropyltriethoxysilane. The product
yields of 92%, 92%, 95%, 52% and 77% were obtained when 3-
phenyl-propanol, 4-methoxybenzyl alcohol, geraniol, linalool
andmenthol were used as alcohols, respectively.37 In their work,
the reaction times were between 4 and 14 h, whereas the
transesterication of EAA with BTL conducted in the current
study lasted for 7 h. This observation indicates that both the
alcohol type and reaction time play crucial roles in the trans-
esterication of b-keto esters.
3.5. Studies on NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn
stability

The reusability of NH2-MK10-Bpy-Zn and NH2-MK10-Bpy-Mn
were evaluated for ve transesterication reaction cycles at
110 °C with a 1.4 : 1 BTL : EAA molar ratio and catalyst amount
of 2.0 wt% for 7 h, and the results are illustrated in Fig. 6. The
BAT yields were 83.1% and 52.7% in the rst and h runs,
when NH2-MK10-Bpy-Mn was reused to catalyze the trans-
esterication of EAA with BTL, while the yields in the rst and
h runs were 72.8% and 38.1% for NH2-MK10-Bpy-Zn,
respectively. The observed decrease in yield can be attributed
to the obstruction of the catalyst pores/active sites by the reac-
tant molecules. Furthermore, the loss of catalytic activity
possibly occurred during the catalyst regeneration process,
causing a reduction in the transesterication product yield. To
verify this claim, a leaching test was carried out by mixing the
fresh catalyst with BTL at 50 °C for 2 h. BTL was recovered via
centrifugation and utilized for the transesterication of EAA at
110 °C for 7 h with the EAA to BTL molar ratio of 1.4 : 1 mol
mol−1 and catalyst amount of 2.0 wt%. Moreover, a catalyst-free
transesterication experiment was carried out with EAA and
pure BTL in toluene under the same conditions. The alcoholysis
of EAA with the used BTL in the absence of the catalyst resulted
in <5% BAT yield, indicating the leaching of the catalyst active
sites during the reaction. However, no reaction occurred when
pure BTL was used without catalyst, which conrmed the
© 2024 The Author(s). Published by the Royal Society of Chemistry
leaching of the catalyst. Therefore, the observed decline in
transesterication product yield during successive reaction
cycles was attributed to the loss of the active centers during the
reaction or catalyst recovery operation. This observation was
also corroborated by the obtained values of total acid density for
the two catalysts aer 1st and 5th runs, which were determined
to be 1.81 ± 2.04 and 0.54 ± 0.96 mmol g−1 for NH2-MK10-Bpy-
Mn and 1.34 ± 0.08 and 0.21 ± 0.08 for NH2-MK10-Bpy-Zn,
respectively. Nevertheless, both catalysts exhibit great poten-
tial to be employed to catalyze the conversion of b-keto esters
given that they showed good stability and recyclability during
the transesterication reaction.
3.6. Analysis of transesterication product obtained under
the optimum conditions

To ascertain the quality of the isolated product obtained aer
the transesterication of EAA with BTL under the optimal
conditions, its composition was examined by 1H NMR and 13C
NMR analyses. The results are illustrated in Fig. SM1.† Based on
the 1H NMR spectrum (Fig. SM1a†), the signal related to
a proton associating with a carbon atom bearing the b-ketone
ester (C]O) group appeared at the chemical shi of d =

2.27 ppm, while the signal for the proton in the carboxylic acid
(O–C]O) group was located at d = 3.46 ppm. Furthermore, the
signals for the protons associated with the hydrocarbon chain
(butyl) appeared at d= 0.93, 1.39, 1.63 and 4.15 ppm. In the case
of the 13C NMR spectrum shown in Fig. SM1b,† the carbons
associated with the b-ketone ester (C]O) group appeared at d=
50.03 ppm, while the signal related to a carbon for the carbox-
ylic acid group was noticed at d = 65.15 ppm. In addition, the
signal for carbon directly attached to the ester group was
noticed at d = 30.03 ppm. These ndings revealed that the
signal responses for the obtained product corresponded to the
butyl (C4H9) structure and ester (C4H5O3) group and are in
excellent agreement with the results reported elsewhere,38
RSC Adv., 2024, 14, 28308–28319 | 28317
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suggesting that the synthesized product is the target butyl
acetoacetate.
4. Conclusions

Herein, the formulation and analysis of novel NH2-MK10-Bpy-
M+ hybrid catalysts were successfully carried out. The metal-
lation of NH2-MK10-Bpy with ZnCl2 and MnCl2 resulted in NH2-
MK10-Bpy-Zn and NH2-MK10-Bpy-Mn, respectively. The char-
acterization results indicated that the two prepared catalyst
samples were mesoporous, had a signicant number of acidic
sites on their surfaces and possessed both inorganic and
organic functional groups, making them hybrid solid catalysts.
The investigation of the catalytic potential of the two materials
revealed that NH2-MK10-Bpy-Mn was more efficient thanMK10-
Bpy-Zn for the transesterication of b-keto EAA. The optimiza-
tion by the Taguchi approach showed that the catalyst loading,
butanol: ethyl acetoacetate molar ratio, temperature and time
had a signicant inuence on the transesterication process. A
decline in the activities of the catalysts aer ve trans-
esterication cycles was noticed, indicating that the phys-
isorbed organic molecules were not fully removed during the
catalyst recovery stage, which resulted in the loss of active sites.
Nevertheless, both catalysts were efficient and should be tested
for the conversion of a-keto esters and g-keto esters as well as
other b-keto esters.
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