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a  b  s  t  r  a  c  t

A  novel  trifunctional  catalyst  with  basic,  acidic  and  metal  sites  was  synthesized  by nanocolloidal  method
and  used  in  industrially  important  reactions.  in  the laboratory.  The  synthesized  catalyst  consisted  of
palladium  and  hydrotalcite  supported  on  transition  metal  modified  hexagonal  mesoporous  silica  (HMS)
and  was  characterized  in  virgin  and  reused  states  using  a number  of  techniques  such  as  elemental  analysis,
FTIR,  NH3−  TPD,  CO2− TPD,  H2− TPR,  XRD  and  BET  surface  area.  The  activity  of  particular  catalytic  site
was  engineered  so  that  a  desired  reaction  pathway  was  followed  in  spite  of  possibility  of multiple  series
and  parallel  or complex  reactions.  One pot cascade  engineered  synthesis  of ethyl  benzyl  acetoacetate
from  benzaldehyde  and ethyl  acetoacetate  was studied  in  solvent  free  condition  in  a batch  reactor.  The
effects  of  various  parameters  on the  rates  of  reaction  were  analysed  to establish  instantaneous  selectivity.
Reaction  mechanism  and  kinetic  modelling  was  studied  to validate  the  experimental  results.  The  reaction
follows  Langmuir-Hinshelwood-Hougen-Watson  mechanism  involving  weak  adsorption  of reactants  and
thyl benzyl acetoacetate
electivity engineering

products. The  apparent  activation  energy  was  found  to  be  13  kcal/mol  and  intrinsic  kinetic  constant
33  cm6 mol−1 gcat

−1 s−1. This  study  was  further  extended  to synthesis  of  methyl  isobutyl  ketone  (MIBK)
from  acetone  in  solvent  free  condition.  Similar  experimental  and  theoretical  analysis  was  done  for  MIBK
synthesis  for which  the activation  energy  and  intrinsic  kinetic  constant  were  found  to  be  12  kcal/mol  and
4  cm6 mol−1 gcat

−1 s−1, respectively.
© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Catalysis is the most pivotal principle of Green Chemistry which
nherently aims at reduction of waste, both of material and energy.
he active sites on the catalyst can be tailored to give desired
roducts from reactants while suppressing, either totally or to
he maximum extent, any generation of by-products [1]. Chemical
nd allied industry is characterized by several processes involv-
ng complex (series and/or parallel) reaction networks in which
he selectivity of the desired product is influenced by a number of
arameters. There are examples of reactions where the same type
f catalyst is used in a series of reactions where the intermediate

s reacted with the reactant already present in the reactor or a dif-
erent reagent is added subsequently wherein there is no need for

eparation of the intermediate. Our laboratory pioneered this con-
ept in the case of industrially relevant phase transfer catalysis [2]
or fenvalerate production and solid superacids [3] for bisphenol-A
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ttp://dx.doi.org/10.1016/j.molcata.2015.08.018
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manufacture, wherein the same catalyst was used in a single reactor
without separation of catalyst or purification stage. We  studied, for
instance, the synthesis of bisphenol-A using supported heteropoly-
acids (HPA) as a sequel to the Hock process used to make phenol
and acetone [3]. Cascade engineered multistep reactions along with
complex multifunctional catalyst yields required process intensi-
fication at molecular level [4,5]. In cascade reactions the single
event triggers the conversion of a starting material to a product that
becomes the intermediate reactant for the next reaction resulting in
cascade transformations [6]. These reactions also obviously reduce
workup and save capital costs significantly. The multifunctional
catalysts required for such reactions possess multi-functionality
such as acid, base and metal sites. Reactions occur on these multi-
ple sites in a concerted or sequential manner [7]. Various studies
on organic synthesis using heterogeneous multifunctional catalysts
have been reported earlier. To illustrate a few, a residue free cat-
alytic process for production of nabumetone (anti-inflammatory

agent) was  achieved through a cascade reaction system using
nanocrystalline magnesium oxide [8]. A multifunctional catalyst
consisting of HPA and noble metal deposited on ceria zirconia

dx.doi.org/10.1016/j.molcata.2015.08.018
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Nomenclature

A ethyl acetoacetate
B benzaldehyde
C ethyl-2-[hydroxyl(phenyl) methyl]-3-

oxobutanoate
D ethyl(2E)-2-benzylidene-3-oxobutanoate
E hydrogen
F ethyl benzyl acetoacetate
Y water
I acetone
J 4-hydroxy-4-methylpentan-2-one
K 4-methylpent-3-en-2-one
L 4-methylpentan-2-one (MIBK)
M 2,6-dimethylhept-2-en-4-one (DIBK)
N 2,6-dimethylheptan-4-one (DIBC)
O propan-2-ol
S instantaneous selectivity
W catalyst loading (gcat cm−3)
Sb base site
Sa acid site
Sm metal site
CA.Sb concentration of ethyl acetoacetate on base sites

(mol cm−3)
CB.Sb concentration of benzaldehyde on base sites

(mol cm−3)
CC.Sb concentration of ethyl-2-

[hyodroxyl(phenyl)methyl]-3-oxobutanoate on
base sites (mol cm−3)

CA concentration of ethyl acetoacetate in bulk
(mol cm−3)

CB concentration of benzaldehyde in bulk (mol cm−3)
CC concentration of ethyl-2-[hydroxyl(phenyl)

methyl]-3-oxobutanoate in bulk (mol cm−3)
CD concentration of ethyl(2E)-2-benzelidene-3-

oxobutanoate in bulk (mol cm−3)
CE concentration of hydrogen in bulk (mol cm−3)
CF concentration of ethyl benzyl acetoacetate in bulk

(mol cm−3)
CI concentration of acetone in bulk (mol cm−3)
k1 reaction rate constant for surface reaction of

ethyl acetoacetate and benzaldehyde on base sites
(cm3 mol-1 s-1)

k4 reaction rate constant for addition reaction of ben-
zaldehyde on metal sites (cm3 mol-1 s-1)

k5 reaction rate constant for aldol condensation of ace-
tone (cm3 mol-1 s-1)

k8 reaction rate constant for hydrogenation of acetone
(cm3 mol- s-1)

KA adsorption constant of A (ethyl acetoacetate) on
base sites (cm3 mol-1)

KB1 adsorption constant of B (benzaldehyde) on base
sites (cm3 mol -1)

KB2 adsorption constant of B (benzaldehyde) on acid
sites (cm3 mol -1)

KC1 adsorption constant of C (ethyl-2-
[hydroxyl(phenyl) methyl]-3-oxobutanoate) on
base sites (cm3 mol-1)

KC2 adsorption constant of C (ethyl-2-
[hydroxyl(phenyl) methyl]-3-oxobutanoate) on
acid sites (cm3 mol-1)

KF adsorption constant of F (ethyl benzyl acetoacetate)
on metal sites (cm3 mol-1)

KI1 adsorption constant of I (acetone) on base sites
(cm3 mol-1)

KI2 adsorption constant of I (acetone) on metal sites
(cm3 mol-1)

k’ apparent reaction rate constant for reaction of ben-
zaldehyde and ethyl acetoacetate (cm3 mol−1 s−1)

k” apparent reaction rate constant for reaction of ace-
tone (cm3 mol−1 s−1)

k intrinsic kinetic constant (cm6 mol−1 gcat
−1 s−1)

CSb concentration of vacant base catalytic sites
(mol cm−3)

CSa concentration of vacant acid catalytic sites
(mol cm−3)

CSm concentration of vacant metal catalytic sites
(mol cm−3)

Ctb total concentration of base sites (mol cm−3)
Cta total concentration of acid sites (mol cm−3)
KD adsorption constant of D (ethyl(2E)-2-benzelidene-
3-oxobutanoate) on acid sites (cm3 mol-1)

KE adsorption constant of E (hydrogen) on metal sites
(cm3 mol-1)
XA fractional conversion of ethyl acetoacetate
XI fractional conversion of acetone

mixed oxide for de-NOx processes has been developed [9]. The �-
alkylation of various nitriles with carbonyl compounds has been
reported using hydrotalcite supported palladium nanoparticles
as multifunctional catalyst [10]. The synthesis of multifunctional
mesoporous catalysts containing multiple site isolated functional
groups has been achieved for selective catalysis of hydrophilic and
hydrophobic reactants in Henry’s reaction [11]. One pot synthesis of
quinolines from 2-amino benzyl alcohol and various carbonyl com-
pounds using ruthenium grafted hydrotalcite have been reported
[12]. Recently we have provided an in-depth analysis of differ-
ent cascade engineered reactions such as selective synthesis of
�-butyrolactone from succinic acid using supported palladium-
copper on alumina xerogel catalyst and isopropyl alcohol as solvent
[13,14], and synthesis of �-valerolactone, 1,4-pentanediol and 2-
methyltetrahydrofuran from levulinic acid using novel Pd-Cu/ZrO2
catalyst in water as solvent [15].

In the current work, selectivity engineering principles have been
applied to a complex reaction network using a tri-functional cata-
lyst with base, acid and metal sites. A new catalyst is developed by
nanocolloidal method and used in industrially important reactions.
Two examples have been meticulously studied. The first involves
the reaction between benzaldehyde and ethyl acetoacetate in sol-
vent less condition, which proceeds through multiple series and
parallel reactions occurring on base, acid and metal catalytic sites.
The desired product is ethyl benzyl acetoacetate which is used as
a flavoring agent. There is no information in open literature on
the selective synthesis of ethyl benzyl acetoacetate starting from
benzaldehyde and ethyl acetoacetate in a single pot. A theoretical
model was conceived and tested against experimental data. The
theory was  further extended to reaction of acetone in solvent less
condition to yield methyl isobutyl ketone (MIBK). All results are
novel and can be extended to different catalytic reactions.

2. Experimental

2.1. Chemicals
Palladium nitrate [Pd (NO3)2·2H2O] was procured from M/s
Otto Kemi Ltd., Mumbai, India. Ethanol, magnesium nitrate
[Mg(NO3)2·6H2O], aluminum nitrate [Al(NO3)2·9H2O], sodium
hydroxide, sodium citrate [Na3(C6O7H3)], 35% w/w  ammonium
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ydroxide [NH4OH], 35% w/w aqueous hydrochloric acid, mesity-
ene and hexadecylamine were procured from M/s S.D. Fine
hemical Ltd., Mumbai. Tetraethyl orthosilicate (TEOS) and tita-
ium isopropoxide [Ti(isoOC3H7)4] were procured from M/s  Merck
hemicals Ltd., and M/s  Spectrochem Ltd., Mumbai, respectively.

.2. Catalyst preparation

Titanium modified hexagonal mesoporous silica (HMS), des-
gnated as HMS  (Ti), and was prepared as reported earlier [16].
exadecylamine was used supramolecular template/surfactant
nd mesitylene was used as pore expander. The process of calci-
ation was necessary to remove the organic template. Molar ratios
f SiO2/swelling agent = 1.66 and swelling agent/surfactant = 2.33
ere applied for the preparation of HMS  (Ti). Required amount

f HMS  (Ti) was then added to aqueous solution of magnesium
itrate [Mg(NO3)2·6H2O] and aluminum nitrate [Al(NO3)3·9H2O].
he quantities of magnesium nitrate and aluminum nitrate were
xed such that the Mg/Al molar ratio was 2:1. The mass ratio
f calcined hydrotalcite (CHT):HMS (Ti) was fixed at 2:10. The
esulting solution was stirred vigorously for 30 min  at 60 ◦C to
orm slurry. The slurry was added drop-wise to 35% (w/w)  aque-
us ammonium hydroxide [NH4OH] under vigorous stirring while
aintaining pH at 9–10. The slurry was aged at 90 ◦C for 3 h. The

recipitate was filtered off and put into a container of distilled
ater for decantation. The decanted precipitate was recovered by
ltration and dried at 100 ◦C for 2 h in oven. This served as the
ost structure for loading palladium by nanocolloidal method. The
olloidal palladium suspension of particles was obtained by hydrol-
sis of aqueous solution of palladium nitrate [Pd(NO3)2·2H2O] and
odium citrate [Na3(C6O7H3)] with 0.5 M NaOH. The molar ratio
f [citrate]/[Pd] was 1. The exchange process of the host structure
as performed in air at room temperature for 12 h. The required

mount of host structure was dispersed in the required amount of
.003 M aqueous suspension of colloid Pd-hydroxy citrate particles.
he Pd-colloid-Mg/Al/HMS(Ti)-layered double hydroxide was then
ecovered and washed by dispersion and centrifugation in deion-
zed water and then dried at 80 ◦C for 4 h. The final catalyst was
btained by calcination at 500 ◦C in air for 3 h. The prepared cata-

yst consisted of palladium loaded on calcined hydrotalcite which
as supported on titanium modified hexagonal mesoporous silica.

he catalyst was also made by sol–gel and impregnation methods.
 series of catalysts designated as xPd-CH-Z were prepared, where
% w/w loading of palladium (Pd), calcined hydrotalcite supported
n titanium modified hexagonal mesoporous silica (CH) and Z is
he method of synthesis (Z = N, S or I; N = nanocolloidal, S = sol–gel,

 = impregnation).

.3. Catalyst characterization

Temperature programmed desorption (TPD) using NH3 and CO2
s probe molecules was used for acidity and basicity measurement,
espectively (Autochem II 2910, Micromeritics, USA) to understand
he nature of active sites generated on the catalyst surface. For
H3−TPD runs, the catalyst sample was degassed under nitrogen
ow upto 300 ◦C in a quartz tube. Ammonia in helium (5% v/v) was
dsorbed on the catalyst at room temperature. The physisorbed
as was then removed by flow of nitrogen. Chemisorbed ammo-
ia was measured using TPD in conjunction with TCD detector.
imilar procedure was followed for CO2–TPD measurements using
0% v/v carbon dioxide in helium gas. The TPR study was performed
sing H2 as probe molecule. Powder XRD (MinislexRegako, Japan)

as used to study the multifunctional nature of catalyst with Cu

 ̨ radiation with beam current of 40 kV and 100 mA.  The data
ere collected by varying 2� from 0–80◦. Infrared spectra of the

amples pressed in KBr pellets were obtained at a resolution of
lysis A: Chemical 409 (2015) 171–182 173

2 cm−1 between 4000 cm−1 and 400 cm−1. The surface properties of
catalyst prepared were measured by the Brunauer–Emmett–Teller
(BET) method by using ASAP 2010 (Micromeritics, USA) instrument.
The catalyst samples were first degassed under vacuum at 350 ◦C
for 4 h. The measurements were made at liquid nitrogen temper-
ature using N2 gas as the adsorbent with a multipoint method.
Micrographs of surface morphology of the catalyst samples were
captured with Camera SU 30 microscope, JEOL, Japan equipment.
The samples were mounted on specimen studs and coated with
platinum by sputtering to prevent charring of samples during anal-
ysis.

2.4. Reaction procedure and analysis

All experiments for synthesis of ethyl benzyl acetoacetate and
MIBK were carried out in a batch autoclave (Amar Equipments,
Mumbai) of 100 mL  capacity. The reactor was  equipped with four
blade 45◦ inclined pitched turbine impeller, temperature controller
(±1 ◦C), pressure indicator and speed regulator (±5 rpm). Reac-
tants and the catalyst were charged into the reactor. The reaction
mixture was  flushed with nitrogen to remove traces of air, pres-
surized with hydrogen to 5 atm and then heated to the desired
temperature. In a standard reaction for synthesis of ethyl benzyl
acetoacetate, equimolar quantities of benzaldehyde and ethylace-
toacetate were used in such a way  that the reaction mixture was
35 cm3 with n-decane as internal standard. For MIBK synthesis,
30 mL  acetone was used with n-decane as internal standard. Sam-
ples were withdrawn periodically after the desired temperature
had reached and were analyzed using GC equipped with a capillary
column BP-50 (0.25 �m film thickness × 0.25 mm column ID × 25 m
column length) and FID detector. The products were confirmed by
GC–MS (QP2010, Shimadzu) and by matching the residence time
of pure samples.

3. Results and discussion

3.1. Efficacy of various catalysts

A variety of catalysts synthesized in the laboratory, accord-
ing to a well thought strategy, were evaluated for their efficacy
and robustness in the synthesis of twoindustrially relevant and
academically interesting compounds, namely, ethyl benzyl ace-
toacetate and MIBK synthesis. The strategy behind studying these
two reactions was to understand the relative rates of condensa-
tion, dehydration and hydrogenation and thereby to design and
synthesize a suitable trifunctional catalyst which will give maxi-
mum  selectivity of the desired products. In the case of formation of
ethyl benzyl acetoacetate, the aldehyde and ester react whereas in
the case of MIBK synthesis, there is a self-condensation of acetone.
Thus, the relative strength of basic, acidic and metal sites could
be tuned properly. Table 1 lists the various catalysts prepared by
different methods having different site densities, distribution and
strengths of Pd, MgO  and Al2O3. The catalyst made by impregna-
tion method was  not found to give high selectivity towards ethyl
benzyl acetoacetate and MIBK. The catalyst made by nanocolloidal
method had a comparable activity and selectivity towards ethyl
benzyl acetoacetate and MIBK with the catalyst made by sol–gel
method. However, the catalyst made by nanocolloidal method was
found to be reusable as the active phase in the catalyst made by
sol–gel method leached in reaction mixture on reuse (Tables ES1
and ES2). Hence further studies were done with the catalyst made

by nanocolloidal method. The loading of palladium determines
the catalytic strength of metal sites and the Mg/Al ratio decides
the distribution of the catalytic strength of base and acid catalytic
sites. In the case of ethyl benzyl acetoacetate synthesis, increasing
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Table 1
Comparison of different catalysts for ethyl benzyl acetoacetate and MIBK synthesis.

Reaction 1a Reaction 2b

Catalyst Method of synthesis Mg/Al ratio Conversion (%) of
ethyl acetoacetate

Selectivity towards
ethyl benzyl
acetoacetate

Conversion (%) of
acetone

Selectivity towards
MIBK

0.2Pd-CH(2:1)-N Nanocolloids 2:1 38 75 16 100
0.2Pd-CH(2:1)-S Sol–gel 2:1 33 78 13 95
0.2Pd-CH(2:1)-I Impregnation 2:1 32 61 9 82
1Pd-CH(2:1)-N Nano colloids 2:1 42 60 8 85
0.05Pd-CH(2:1)-N Nano colloids 2:1 39 86 10 100
0.2Pd-CH(3:1)-N Nano colloids 3:1 34 78 16 100
0.2Pd-CH(1:2)-N Nano colloids 1:2 20 65 9 78

Reaction conditions:
a m, ca
c
b
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Ethyl acetoacetate:, benzaldehyde: 0.15 mol, speed of agitation: 10000.133 mol  rp
atalyst  loading: 1.978 × 10-3 g cm-3.
Acetone: 0.4 mol, volume = 30 cm3, speed of agitation: 1000 rpm, catalyst loading:

he palladium loading to 1% (w/w) accelerated hydrogenation of
enzaldehyde and hence resulted in lower selectivity of 60%. The

owering of the palladium loading to 0.05% (w/w) from 0.2% (w/w)
topped the side reaction of hydrogenation of benzaldehyde and
esulted in enhancement in selectivity to 86% from 75%. However,
onversion of ethyl acetoacetate remained the same as the desired
eaction pathway involves base and acid catalyzed reactions as first
wo steps. In 0.2Pd-CH(2:1)-N, the change in Mg/Al ratio to 3:1
esulted in reduction of the acid site strength and thus a lower con-
ersion (34%) was obtained since the rate of dehydration reaction
ad correspondingly decreased. Selectivity towards ethyl benzyl
cetoacetate remained the same as the side reaction is metal cat-
lyzed and metal strength was unaffected by the change in Mg/Al
atio. The decrease in Mg/Al ratio to 1:2 resulted in slower rate
f Knoevenagel condensation reaction due to decrease in base site
trength leading to lower conversion of ethyl acetoacetate (20%) as
enzaldehyde gets utilized in the parallel reaction of hydrogenation
n metal sites. It thus decreased selectivity towards ethyl benzyl
cetoacetate to 65%. In the case of MIBK synthesis, lowering the
alladium loading did not affect the selectivity as 100% selectivity
as achieved even with 0.2% (w/w) palladium loading. However,

ncrease in palladium loading to 1% (w/w) resulted in increased rate
f side reaction of hydrogenation of acetone and hence resulted

n decreased selectivity of 85% towards MIBK. The decrease in
g/Al ratio to 1:2 resulted in slower aldol condensation rate and

ence increased the rate of hydrogenation of acetone which caused
ower selectivity of 78% towards MIBK. 0.2Pd-CH(2:1)-N catalyst

as observed to give the best results in the complex network of
eries and parallel reactions with similar controlling mechanisms
n both ethyl benzyl acetoacetate and MIBK syntheses and hence

as studied in detail. Its full characterization is presented here. In
his catalyst HMS  is ∼85% by wt. A detailed theoretical analysis of
oth the chemistries is described later.

.2. Catalyst characterization

.2.1. Temperature programmed desorption (TPD) and
emperature programmed reduction (TPR)

The total acidity and basicity of catalyst was found to be
.30 mmol/gcat NH3 and 0.321 mmol/gcat CO2, respectively. Fig. 1a
hows the reduction peak centred at ∼400 ◦C confirming the pres-

nce of active metal sites on the catalyst surface. In Fig. 1b the two
eaks at 140 and 450 ◦C shown in red correspond to intermedi-
te and strong basic sites. The single peak in temperature range
0–170 ◦C shown in blue corresponds to weak acid sites.
talyst: 0.065 g, temperature: 413 K, time: 30 min, organic phase volume: 32.7 cm3,

, temperature: 463 K, time: 30 min.

3.2.2. X-ray diffraction
A single significant peak at 2� value 25◦ with a d-value 2.35 is

given for the catalyst. No sharp peaks were observed because of
amorphous nature of support as well as of the prepared multifunc-
tional catalyst. Since the quantities of hydrotalcite and palladium
metal were quite less as compared to the support HMS (∼85%),
XRD pattern does not show any peaks due to Pd, Mg,  and Al in the
catalyst.

3.2.3. FTIR
Fig. 2 shows the spectra for HMS(Ti) [A] and 0.2Pd-CH(2:1)-

N [B]. The absorption at 1088 cm−1 with shoulders is attributed
to asymmetric stretching of Si O Si for HMS(Ti). The band at
466.08 cm−1 is given by SiO4 tetrahedral orientation. The band at
3450 cm−1 is attributed to hydrogen bonded hydroxyl groups with
corresponding deformation mode (ı HOH) at 1635 cm−1. There are
no characteristic peaks observed for aliphatic C H stretching vibra-
tions and C H bonding which confirm removal of template after
calcination of catalyst.

3.2.4. BET surface area measurement
Hysteresis loops shown in the isotherms confirm the meso-

porous nature of different catalysts. From isotherms of HMS  and
HMS(Ti) in Fig. 3a and b, respectively, it can be concluded that
incorporation of hetero-element enhances the mesoporosity of
the support. Also from Table 2, it is observed that the surface
areas of catalysts were reduced after incorporation of titanium and
palladium metal on support, but the average pore diameter had
increased. Analysis of used catalyst showed that the average pore
diameter has further increased due to possible clogging of small
pores during reaction.

3.2.5. Scanning electron microscopy
Micrographs of HMS  and HMS(Ti) at resolution of 1000 showed

that the modification of support by heteroatom did not affect the
overall morphology. The image of 0.2Pd-CH(2:1)-N catalyst at reso-
lution of 5000 shows the nature of nanoparticles (Fig. ES1). Further,
the energy dispersive X-ray spectroscopy (EDAX) analysis of used
catalyst showed retention of all metal species on the catalyst.

3.3. Theoretical aspects of selectivity engineered cascade
chemistry

The possible reactions of benzaldehyde and ethyl acetoacetate

on PCH(Ti)N catalyst are listed in Scheme 1. With reference to
Scheme 1, three reactions occur sequentially to yield ethyl benzyl
acetoacetate, namely: (i) base catalyzed Knoevenagel condensa-
tion of ethylacetoacetate (A) and benzaldehyde (B) to form ethyl
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Table  2
Textural properties of virgin and reused catalysts and supports.

Textural characteristic HMS  HMS (Ti) 0.2Pd-CH(2:1)-N (virgin) 0.2Pd-CH(2:1)-N (reused)

Surface area (m2/g) 585 559 475 312
Pore volume (cm3/g) 0.36 0.46 0.87 1.29
Pore diameter (nm) 3 3.2 8.6 17
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ig. 1. (a) TPR profile of 0.2Pd-CH(2:1)-N, (b) TPD-NH3 and TPD-CO2 profiles of
.2Pd-CH (2:1)-N.

-[hydroxyl(phenyl)methyl]-3-oxobutanoate (C) (Reaction a), (ii)
cid catalyzed dehydration of the condensation product to form
thyl (2E)-2-benzylidene-3-oxobutanoate (Reaction b), and (iii) its
urther hydrogenation on metal site to form ethyl benzyl ace-
oacetate (ethyl-2-benzyl-3-oxobutanoate) (Reaction c). In this
ynthetic route, hydrogen does not participate in Reactions (a) and

b). The desired sequence of steps was obtained by tuning the cata-
yst activity in such a manner that the base sites were of the highest
ctivity followed by the acid sites and then the metal sites. The tun-
ng of the catalyst could be done by adjusting the loading of active
Fig. 2. FTIR spectra of HMS(Ti) [A] and 0.2Pd-CH(2:1)-N [B].

species on the catalyst support. In these three consecutive steps,
the first step of Knoevenagel condensation is the rate determining
step which was ascertained by performing the reaction both in the
presence and the absence of hydrogen.

In the presence of hydrogen, the final product of ethyl benzyl
acetoacetate is the sole product. Without hydrogen, ethyl(2E)-
2-benzylidene-3-oxobutanoate was  the sole product which was
obtained by Knoevenagel condensation and subsequent dehydra-
tion. The consecutive reactions of dehydration and hydrogenation
occur as soon as the Knoevenagel condensation product is formed.
The reactant concentration with respect to catalyst active site
strength for acid catalyzed dehydration and metal catalyzed hydro-
genation remains lower than the base catalyzed reaction. The rate
determining step was  the base catalyzed Knoevenagel condensa-
tion reaction. Apart from the desired sequence of the Reactions
(a–c); parallel reaction of dimerization of benzaldehyde to form
benzyl benzoate (Reaction d) on acid site and hydrogenation of
benzaldehyde on metal site to form benzyl alcohol (Reaction e)
were observed on 0.2PCH(Ti)N. The formation of benzyl alcohol
by hydrogenation of benzaldehyde was  completely suppressed by
adjusting the loading of palladium to 0.05% (w/w) and thus altering
the metal site activity. However, the dimerization of benzaldehyde
occurred on acid site. The formation of benzyl benzoate increased
in reaction mixture with time as the concentration of ethyl acetoac-
etate decreased. There was hence a need to find out the dependent
parameters and constants for instantaneous selectivity of ethyl
benzyl acetoacetate. To derive the rate equation, following steps
were assumed: Benzaldehyde (B) adsorbs on base site (S )
b

B + Sb
KB1↔B × Sb (1)
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Scheme 1. Reaction of benzaldehyde and ethyl acetoa

thyl acetoacetate (A) adsorbs on base site (Sb)

 + Sb
KA↔A × Sb (2)

noevenagel condensation of adsorbed benzahdehyde and ethyl
cetoacetate

 × Sb + B × Sb
k1→C × Sb + Sb (3)

esorption of condensation product ethyl-2-[hydroxyl
phenyl)methyl]-3-oxobutanoate from base site

1/K

 × Sb

C1↔ C + Sb (4)

dsorption of the condensation product on acid site (Sa)

 + Sa
KC2↔C  × Sa (5)
enzy l alcohol

 on 0.2Pd-CH(2:1)-N catalyst in presence of hydrogen.

Dehydration reaction on acid site

C × Sa
k2→D × Sa + Y (6)

Desorption of dehydration reaction product ethyl(2E)-2-
benzylidene-3-oxobutanoate from acid site

D × Sa
1/KD1↔ D + Sa (7)

Adsorption of dehydration product on metal site (Sm)

D + S
KD2↔D × S (8)
m m

Dissociative adsorption of hydrogen on metal site

E + 2Sm
KE↔2

√
E × Sm (9)
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ig. 3. (a) BET adsorption–desorption isotherm of HMS, (b) BET
dsorption–desorption isotherm of HMS(Ti).

ydrogenation reaction on metal site

 × Sm +
√
E × Sm

k3→F × Sm + Sm (10)

esorption of product ethyl benzyl acetoacetate from metal site

· Sm
1/KF↔ F + Sm (11)

dsorption of benzaldehyde on acid site (Sa)

 + Sa
KB2↔ B × Sa (12)

ddition reaction of benzaldehyde on acid site

k4

 × Sa + B × Sa→G × Sa + Sa (13)

esorption of addition product benzyl benzoate from acid site

 × Sa
1/KG↔ G + Sa (14)
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As step (3) is the rate determining step, following correlations are
obtained.

CB×Sb = KB1CBCSb (15)

CA×Sb = KACACSb (16)

CC×Sb = KC1CCCSb (17)

CC×Sa = KC2CCCSa (18)

CD×Sa = KD2CDCSa (19)

CB×Sa = KB2CBCSa (20)

The instantaneous selectivity can be represented as:

SF/G =
dCF
dt

dCG
dt

(21)

SF/G = k1CA×SbCB×Sa

k4C2
B×Sa

(22)

Substituting the Eq. (16), Eqs. (15) and (20) in Eq. (22),

SF/G = k1KAKB1CAC
2
Sb

k4KB2CBC2
Sa

(23)

Site balance of base sites yield following:

Ctb = CA×Sb + CB×Sb + CC×Sb + CSb (24)

CSb = Ctb

[1 + KACA + KB1CB + KC1CC]
(25)

Site balance of acid sites yield following:

Cta = CC×Sa + CD×Sa + CSa (26)

CSa = Cta

[1 + KC2CC + KD1CD]
(27)

Substituting Eqs. (27), (25) and in Eq. (23),

SF/G = k1KAKB1CA

k4KB2CB(1 + KACA + KB1CB)2
(28)

The constants were found from experimental data by interpo-
lation (Table 3).

A plot of change in selectivity with time and comparison of the-
oretical values of selectivity and conversion of benzaldehyde and
ethyl acetoacetate with experimental values is shown in Fig. 4.

The selective synthesis of ethyl benzyl acetoacetate involves
steps 1–11 mentioned above. These can be pictorially described
as given in Scheme 2.

It was assumed that surface reaction controls the rate of reac-
tion. In this case considering the initial rate of reaction, a standard
derivation was done and an equation for rate of reaction of A was
derived:

−rA = − dCA

dt
= k1CA×Sb

CB×Sb
− k′

1CC×Sb
CSb

(29)

− dCA

dt
=

{
[k1KAKB1CACB − k′

1KC1CC]C2
tb

}
{

1 + KACA + KB1CB + KC1CC
}2

(30)

When the reaction is far away from equilibrium, i.e., for initial rate
of reaction;

− dCA

dt
= kWCACB{

1 + KACA + KB1CB
}2

(31)
where kW = k1KAKB1C
2
tb (32).W is the catalyst loading in g/cm3.

Substituting the values of adsorption constants shows that the term{
1 + KACA + KB1CB

}2
reduces to one as,
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Scheme 2. Mechanism of selective synthesis of e

KACA = 8.54 × 10−4 × 1.53 × 10−2 = 1.31 × 10−5

B1CB = 7.08 × 10−4 × 1.53 × 10−2 = 1.08 × 10−5

 + KACA + KB1CB = 1 + 1.31 × 10−5 + 1.08 × 10−5 = 1

hus Eq. (31) reduces to,

dCA

dt
= kWCACB (33)

Let
CB0
CA0

= M be the molar ratio of benzaldehyde to ethyl ace-

oacetate at time t = 0. Then the Eq. (33) can be written in terms of

ractional conversion as,

dXA

dt
= kWCA0 (1 − XA) (M − XA) = k’CA0 (1 − XA) (M − XA) (34)
enzyl acetoacetate on 0.05Pd-CH(2:1)-N catalyst.

when M = 1, Eq. (34) upon integration gives,

XA

(1 − XA)
= k’CA0t (35)

3.4. Experimental aspects of cascade chemistry

3.4.1. Proof of absence of external mass transfer and pore
diffusion resistance

The reactions were carried out at different agitation speed from
800 to 1000 rpm. No increase in the rate of reaction was observed
beyond 1000 rpm thus indicating absence of external mass trans-
fer resistance. If the Wiesz-Prater modulus (Cwp) for given catalyst
is far less than unity then pore diffusion resistance is absent and

reaction said to be kinetically controlled. Approximate particle size
was measured by SEM images of catalyst as well as support. Aver-
age particle radius of catalyst was found to be 0.5 �m.  An average
pore radius was  found to be 4 nm.  Assuming tortuosity as 4 for
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Table  3
Rate and adsorption constants for ethyl benzyl acetoacetate synthesis.

Parameter Step Value

k1 × 102 (cm3 mol-1 s-1) Knoevenagel condensation reaction constant 6.54
k  × 102 (cm3 mol-1 s-1) Addition reaction rate constant 1.99
KA × 104(cm3 mol-1) Adsorption constant of ethyl acetoacetate for base site 8.54
KB1 × 104(cm3 mol-1) Adsorption constant of benzaldehyde for base site 7.08

ldehyd

t
c
r

KB2 × 107(cm3 mol-1) Adsorption constant of benza
he catalyst, an effective diffusivity of 7.5684 × 10−9 m2/s was cal-
ulated [20]. Using all the calculated parameters and observed
eaction rates, Wiesz-Prater moduli were calculated. Since all val-
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.4.2. Effect of temperature
The effect of temperature over the rate of reaction was stud-

ed from 120 to 150 ◦C (Fig. ES2). The conversion was found to
ncrease substantially with increase in temperature indicating the
ntrinsically kinetically controlled reaction.

.4.3. Effect of catalyst loading
The effect of catalyst loading was studied by changing the quan-

ity of catalyst from 0.001 to 0.003 g/cm3 (Fig. ES3). Increase in
atalyst loading increased the rate of reaction indicating the depen-
ence of reaction on number of active sites present.

.4.4. Activation energy and intrinsic kinetic constant calculation
A plot of XA/ (1  − XA)versus t was made according to equation

35) derived earlier, at different temperatures and catalyst loadings
o get an excellent fit thereby supporting the model. This reaction
as found to be of second order [21]. The rate constants at differ-

nt temperatures were calculated and an Arrhenius plot was  used

o estimate the activation energy of reaction Fig. 5. The apparent
ctivation energy was calculated to be 13.06 kcal/mol. This value
roved that reaction is intrinsically kinetically controlled. The rate
onstants at different catalyst loadings were calculated and plotted
thesis using 0.2Pd-CH(2:1)-N catalyst.

against catalyst loading Fig. 6 to give intrinsic kinetic constant as
32.7 cm6 mol−1 gcat

−1 s−1.

3.5. Synthesis of MIBK from acetone using xPd-CH-N catalyst

The developed theory was extended to study a known cascade
engineered synthesis involving only one starting reactant. The pre-
vious studies on one step synthesis of MIBK from acetone using
palladium based heterogeneous catalysts have been summarized
in Table ES3 [17–19]. Scheme 3 shows the possible reactions of ace-
tone on 0.2Pd-CH(2:1)-N catalyst in presence of hydrogen. Acetone
first adsorbs on base site to undergo aldol condensation (Reac-
tion f). The diacetone alcohol (4-hydroxy-4-methylpentan-2-one)
formed from condensation reaction then adsorbs on acid site and
undergoes dehydration to form mesityl oxide (4-methylpent-3-en-
2-one) (Reaction g). Later hydrogenation of mesityl oxide gives
MIBK (4-methylpentan-2-one) on metal site (Reaction h). In this
reaction as well, the first step of aldol condensation was found to

be the rate controlling step. The parallel reaction of hydrogena-
tion of acetone to form isopropyl alcohol (propan-2-ol) (Reaction
i) becomes predominant after two  hours of reaction when the con-
centration of acetone decreases. The other consecutive reactions
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Fig. 4. Parity plot of experimental and theoretical values of conversion of ethyl
acetoacetate and selectivity of ethyl benzyl acetoacetate.

Fig. 5. Arrhenius plot of ethyl benzyl acetoacetate synthesis.

o
d
o
k
a
e
a

Fig. 6. Plot for intrinsic kinetic constant in ethyl benzyl acetoacetate synthesis.

Table 4
Rate and adsorption constants for MIBK synthesis.

Parameter Step Value

k5 (cm3 mol-1 s-1 ) Aldol condensation reaction constant 0.23
k8 × 104 (cm3 mol-1 s-1) Hydrogenation reaction rate constant 1.06
KI1 × 105(cm3 mol-1) Adsorption constant of acetone for base site 4.88
KI2 × 104(cm3 mol-1) Adsorption constant of acetone for metal site 1.60
k K × 106(cm3 mol-1) Adsorption constant of hydrogen 2.62

6 −1 −1 −1
f self condensation of MIBK on acid sites to form DIBK (2,6-
imethylhept-2-en-4-one) (Reaction j) and hydrogenation of DIBK
n metal sites to form DIBC (2,6-dimethylheptan-4-one) (Reaction
) were completely suppressed due to the tailored activity of cat-
lyst with 0.2% (w/w) palladium loading. A similar derivation as
thyl benzyl acetoacetate synthesis was done for this chemistry

nd instantaneous selectivity equation was derived as Eq. (36).
E E

The instantaneous selectivity is dependent on concentration of
acetone and hydrogen in reaction mixture.

SL/O = k5K2
I1CI(1 + KI2CI)

2

k8KI2

√
KECE

(
1 + KI1CI +

√
KECE

)2
(36)

The constants were found by interpolation (Table 4).
A plot of change in selectivity with time and comparison of the-

oretical values with experimental values for conversion of acetone
and MIBK selectivity is shown in Fig. 7.

The reaction mechanism for synthesis of MIBK is shown picto-
rially in Scheme 4.

In this cascade engineered reaction to synthesize MIBK as well,
hydrogen does not participate in first two  reactions (Reactions f
and g) and then gets utilized in third reaction (Reaction h) [22].
In the case of MIBK synthesis as well a derivation was done sim-
ilar to ethyl benzyl acetoacetate synthesis. A plot of XI/ (1 − XI)
versus t was  made at different temperatures and catalyst loadings.
After ensuring absence of mass transfer and pore diffusion resis-
tance, experiments were done to study the effect of temperature
and catalyst loading. The effect of temperature was studied over
the range of 170–200 ◦C (Fig. ES4) and catalyst loading was studied
over the range of 0.02–0.05 g/cm3 (Fig. ES5). Activation energy was
found to be 12.35 kcal/mol (Fig. ES6) and intrinsic kinetic constant

as 4.50 cm mol gcat s (Fig. ES7).
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. Conclusion

Various catalysts were developed by impregnation, sol–gel and
anocolloidal method for studying the cascade engineered syn-
hesis which involves condensation followed by dehydration and
ydrogenation. However, xPd-CH-N was found to be the best cat-
lyst in terms of activity and catalyst reusability. The modification
f HMS with transition metal resulted in enhanced hydrogenation
bility of the catalyst. The synthesized novel heterogeneous cata-
yst with palladium loaded on hydrtotalcite supported on titanium

odified hexagonal mesoporous silica had a tunable activity. The
eaction of benzaldehyde and ethyl acetoacetate involved variety
f reactions happening on multifunctional catalyst. However, the
eaction pathway was controlled by varying the rate of series and
arallel reactions with the tunable catalyst to selectively synthe-
ize ethyl benzyl acetoacetate. Activation energy, intrinsic kinetic
onstant and instantaneous selectivity were found for ethyl benzyl
cetoacetate synthesis. The activity of catalyst was  manipulated
ith basicsites > acidic sites > metal sites. However, this can be

ltered by changing the mole ratio of Mg:Al in hydrotalcite syn-

hesis and by varying the loading of palladium. The catalyst was
ound to be reusable and robust and its fidelity was tested through
haracterization of the used catalyst. The extended study involving
cetone as reactant showed that the catalyst was robust. Maximum

[

[

lysis A: Chemical 409 (2015) 171–182

selectivity of 100% was  achieved for MIBK synthesis. Activation
energy, intrinsic kinetic constant and instantaneous selectivity
were also found for this chemistry. The catalyst can be used in a
variety of chemistries with modification of active phases according
to the desired reaction pathway.
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