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Among the biomass valorization technologies, bioethanol production and its selective conversion to diethyl acetal is
utmost important to meet the augmenting demand of bio-fuel additives. Direct synthesis of diethyl acetal in a single-step

from bioethanol using SBA-15 supported copper nanoparticle (CuNPs/SBA-15) catalysts without using hydrogen acceptors

and high pressure has been achieved as an alternative to the age old-two-step process via (i) partial oxidation of ethanol
to acetaldehyde and (ii) acetaldehyde acetalization with ethanol. The prepared CuNPs/SBA-15 catalysts with SBA-15
support and copper nitrate (Cu (NOs),.H,0) were characterized by N, adsorption, SEM, TEM, XRD, FT-IR, TPD of NHs, H,-
TPR and N,O pulse chemisorption techniques and found that the physico-chemical characterestics of these catalysts are

responsible for the acceptorless partial oxidation of ethanol to acetaldehyde and its acetalization with ethanol in yielding

diethyl acetal with high selectivity.

1. Introduction

Off late, the research focus is towards the production of
biomass-derived fuels/fuel additives due to progressive
collapse of fossil resources and also to minimize the fossil fuel
environmental issues.2 Ethanol, is a major biomass derived
platform chemical, obtains through sugar fermentation,>*
hence the term bioethanol is more appropriate, which
transforms into various high value chemicals such as
acetaldehyde, acetic acid, ethylene oxide, ethylene, diethyl
ether, ethyl acetate, 1-butene, 1,3-butadiene and diethyl
acetal.>” Among these products, diethyl acetal is one of the
important derivatives of bioethanol, which is used as a raw
material in fragrance and pharmaceutical industries®1%nd also
an important intermediate in production of industrial
chemicals (alkyl vinyl ethers).’! It is also used as organic
solvents for cellulose and its derivatives,!! and also used for
the production of polyacetal resins that are employed in
electronic components, televisions, cars and printers
equipment.’? Unambiguously, diethyl acetal is a promising
green oxygenate useful for diesel blending, which improves
the cetane number, reduces the particulate matter and NO,
emissions and also facilitates the combustion without
decreasing the ignition quality.>'* The industrial production of
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diethyl acetal is a two-step process? via production of
acetaldehyde in step-1 from ethanol by oxidative
dehydrogenation or hydrolysis of ethylene oxide. The
acetaldehyde produced in step-1 is used for the acetalization
of ethanol to produce diethyl acetal.

C,HsOH + 1/202 —>CH3CHO + H,0 ------- (|)
CH3CHO + 2C,HsOH-> CH3CH(OC,Hs), + Hy0 - (i)

Production of acetaldehyde (step-1) with high conversions and
selectivities under eco-friendly environment is undoubtedly a
crucial step. In general, acetaldehyde is being produced by
three important methods'® such as (i) partial oxidation of
ethylene, wherein use of an expensive catalyst and high
reaction temperature are notable difficulties, (ii) hydration of
acetylene, wherein, use of mercury as mercuric complex,
which is a toxic material and (iii) dehydrogenation of ethanol
to acetaldehyde. This method is somewhat interesting, but
ceasing of by-products formation is difficult.

In general, synthesis of acetals is carried out in a
homogeneous system in the presence of corrosive liquid
inorganic acids such as sulphuric acid, phosphoric acid, p-
toluenesulfonic acid (PTSA), triflic acid or dry HCI etc.,'” which
produce significant amount of hazardous waste and in addition
involvement of tedious work-up procedure is inevitable.’8 In
order to overcome these drawbacks, replacement of
homogeneous catalysts by heterogeneous catalysts is the only
option. However, there is a limited work is focussed on this
issuel®2 particularly, patent literature.??

Direct synthesis or single-step synthesis of acetals from
alcohols is an attractive alternative to conventional two-step
process and is remain as a challenge to the scientific society,?3
because in this method no need for aldehydes or aldehyde
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derivatives. Direct synthesis of symmetric acetals from primary
alcohols through a tandem aerobic oxidation—acetalization in
presence of a chloride-free Pd(OAc),/Cu(OAc),/p-TsOH bi-
functional catalyst without using any solvents under mild
conditions (50-80°C, 1-10 atm).23 But the study is limited to
methanol to dimethyl acetal.

A few reports are focussed towards the direct synthesis of
higher alcohols to corresponding acetals.?*?’” In one of the
reports on direct catalytic conversion of Cs and Cg alcohols to
corresponding acetals with high conversions and selectivities
were claimed in a batch mode reactor using acridine-based
ruthenium pincer complex, i.e., RUHCI(A-iPr-PNP)(CO) catalyst
at atmospheric pressure, but no reaction of ethanol to diethyl
acetal was occurred with the same catalyst.?8

Coming to ethanol to diethyl acetal, Lloyd reported® that
the oxidation of ethanol with O, using PdCl, either with CuCl,
or Cu(NOs3), as a catalyst, the major products are diethyl
acetal, acetaldehyde and ethyl acetate. The formation of both
diethyl acetal and acetaldehyde from ethanol was reported in
the photocatalytic liquid-phase oxidation over silica-supported
Nb or Ti oxides, Re, Ru catalysts and also oxidation by H,0, by
Fe(lll) complexes.?42630 Through photocatalytic acceptorless
dehydrogenation coupling process the conversion of ethanol
(<30%) to diethyl acetal (>99% selectivity) over supported
titania noble metal catalysts was reported.31-33

In the gas-phase selective oxidation of ethanol to diethyl
acetal as a main product only 2 papers and 1 patent was
reported.>*>34 Liu et.al.,'>3* studied the gas-phase selective
oxidative conversion of ethanol on Ru0,/Sn0O,, ZrO,, TiO,,
Al, O3, SiO, catalysts and claimed the high selectivity (>99%) on
RuO,/Si0, and RuO,/TiO, catalysts. Thavornprasert et.al.,”
reported that the single-step gas-phase selective oxidation of
ethanol to diethyl acetal over rhenium(Re) catalysts supported
on TiO, and amorphous Mo-based catalysts and claimed that
these catalysts are highly active, which is the best productivity
ever reported so far in the literature.

According to available literature, most of the catalysts
used for acetalization are homogeneous, which require long
reaction time, harsh reaction conditions, stoichiometric
amount of metallic reagents. Most of the heterogeneous
catalysts for acetalization are noble metal based, which are
unambiguously highly expensive compared to base metals like
Ni and Cu. Copper is abundant, cheap and versatile metal. Its
chemistry is extremely rich due to its ease of accessing
different oxidation states such as Cu® Cul*, Cu?* and Cu3*.
Depending on its oxidation state, the copper metal can
efficiently catalyse the organic reactions through either one-
electron or two-electron mechanisms. Apart from its above
cited advantages, copper is found to be one the prominent
metal for the selective formation of acetaldehyde (crucial
intermediate in acetalization) from ethanol in the non-
oxidative method.3> 36

Santa Barbara Amorphous (SBA-15) is a two-dimensional
(2D) hexagonal silica material having exclusive, imperative and
adaptable properties like large surface area, huge pore
volume, thick pore wall and ordered mesoporocity was
discovered by Zhao et.al.3” Using SBA-15 as a support our
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group published several articles. Particulagly, 5:SBAslS
supported metal/metal nanoparticle D@atals13/CaHehddiie
Cu/SBA-15 and CuNPs/SBA-15 catalysts for various organic
transformations. 3842

From the above mentioned literature, design and
development of suitable solid catalysts for direct synthesis of
diethyl acetal from ethanol that are usable under
environmentally acceptable and economically viable
conditions with improved conversion of ethanol and selectivity
of diethyl acetal is present requirement. Herein, an attempt is
made to prepare a hexagonally ordered mesoporous CuNPs
/SBA-15 bifunctional catalyst that can be operated in a gas
phase continuous mode adoptable to ethanol to diethyl acetal
reaction. The detailed catalyst preparation, characterization
and catalytic application with respect to ethanol to diethyl
acetal including optimization of reaction parameters are
delineated.

2. Experimental

Catalyst preparation

All the chemicals and the P123 structure directing agent (SDA)
were obtained commercially and used without further
purification. The SBA-15 silica support was synthesized under
hydrothermal acidic conditions using triblock co-polymer
(P123) as SDA and tetraethyl orthosilicate (TEOS) for silica
source in accordance with the original report of Zhao et.al.3®
and our previous publications.3842 Prior to prepare
CuNPs/SBA-15 catalysts, the SBA-15 support was dried at 120
°C for 6 h. The requisite amounts of aqueous Cu (NOs),.3H,0
solution likely to be around 10, 15, 20, 25 and 30 wt% as Cu
metal were impregnated. These catalyst samples were dried at
100 °C for 12 h and calcined at 450 °C for 6 h. A portion of each
catalyst was reduced at 280 °C for 3 h in the flow of H, gas
using a fixed bed reactor and denoted as XCuNPs/SBA-15,
where X denotes the percentage loading of Cu metal
nanoparticles by weight.

Catalyst Characterization

The amount of copper present in each catalyst sample was
calculated by ICP-OES (M/s. Thermo Scientific iCAP6500 DU) by
dissolving the CuNPs/SBA-15 catalyst samples in aquaregia
with a few drops of HF (hydrofluoric acid). To investigate the
mesoporous structural ordering of CUNPs/SBA-15 catalysts, X-
ray diffraction (XRD) patterns were recorded at room
temperature using a Rigaku, Multiflex, diffractometer with a
nickel filtered CuKa radiation of wave length 0.15418 nm at a
power of 40 kW and a current of 100 mA in the 26 range of
0.5-5°. To verify the structural characteristics of copper in
CuNPs/SBA-15 catalysts, the samples were recorded in the 26
range of 10-80°. The crystallite size estimations were made by
Scherrer equation, considering the most intense metallic
copper reflection (111) that appears at a 20 = 43.48°. N,
adsorption—desorption isotherms were recorded for calcined
catalysts using a Tristar 3000 V 6.08A instrument (M/S

This journal is © The Royal Society of Chemistry 20xx
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Micromeritics Instruments Corporation, USA) at -196 °C. The
CuNPs/SBA-15 samples were outgassed at 300 °C for 4 h prior
to measurement. BET method was used to calculate the
surface areas from N, quantity adsorbed at -196 °C. BJH
method was used to calculate the pore-size distribution
considering the desorption branch of the isotherm. The pore
volume was taken at a relative pressure P/Py = 0.989 (single
point). FT-IR patterns were recorded on a spectrum GX
spectrometer (M/s. Perkin-Elmer, Germany) in the scan range
of 4000—400 cm. Temperature programmed reduction (TPR)
studies of all the calcined CuNPs/SBA-15 catalysts were
performed on a home-made TPR system that consists of a
quartz reactor, temperature programmer, thermocouple and a
GC (GC-17A with TCD (M/s. Shimadzu, Japan) with a thermal
conductivity detector connected to the outlet of the reactor.
About 50 mg of the catalyst sample was placed at the centre of
the quartz and heated linearly at a rate of 5 °C min? from
room temperature to 700 °C and isothermal conditions were
maintained for 30 min at 700 °C, while passing the 11% H, in
argon gas. In between the out let of the reactor and GC, a
molecular sieve trap was placed to remove the moisture. The
TPR profiles were recorded by the connected GC. The acid site
distributions were obtained from temperature programmed
desorption (TPD) of ammonia. Approximately, 50 mg of
catalyst sample loaded in a sample tube was pre-treated in a
flow of helium at 300 °C for 30 min. Subsequently, the catalyst
sample was saturated with 10% NHs/He gas mixture at 80 °C
for 30 min. After completion of saturation with NHs, helium
was allowed to flow for 30 min at 100 °C for the removal of
physisorbed NHs;. Helium gas flow was continued while
increasing the temperature to 800 °C at a ramp of 10 °C min~?!
and the desorbed NH3; was monitored with on-line GC
equipped with TCD using standard GC software. FT-IR spectra
of pyridine adsorbed catalysts were recorded by ex-situ
method on a Spectrum GX spectrometer (M/s. Perkin—Elmer,
Germany) at room temperature. 10 mg of the each catalyst
was oven dried at 100 °C for 1 h. To this oven dried sample,
0.1 ml of pyridine was added, followed by vacuum drying at
120 °Cfor 1 h to remove the physisorbed pyridine. Later, the
samples were finely ground and dispersed in KBr (1:100 ratio)
and made into a pellet. The spectra were collected using
4 cm™ resolution and averaging five scans in the spectral range
of 400—4000 cm~1. The morphological studies of catalysts were
carried out by scanning electron microscope (M/s. JEOL,
Switzerland). TEM images were obtained on a JEM 2000EXII
apparatus (M/s. JEOL, Switzerland) operating between 160 to
180 kV. Prior to TEM analysis, the catalyst sample was
ultrasonicated in ethanol and a drop of it was placed onto a
carbon coated copper grid and evaporated the solvent in an
oven at 80 °C for 6 h. The N,O pulse chemisorption
measurements were done on a home-made pulse
chemisorption setup. An automatic gas sampling valve and a
GC (GC-17A, M/s. Shimadzu Instruments Corporation, Japan)
equipped with TCD and Porapak-T column in separating N,O
and N, connected at the inlet and outlet respectively. Prior to
each experiment the catalyst was reduced in H, flow at 280 °C
for 3 h. After completion of the reduction, H, gas was replaced

This journal is © The Royal Society of Chemistry 20xx
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by helium gas (carrier gas for GC) and the tempgratusieowas
brought down to room temperature andONJO 1833/ (8%N3881R
helium) was introduced onto the catalyst in pulses with the
help of 6-port valve. It was assumed that the surface Cu metal
sites react with N,O according to the following stoichiometric
equation. 43-45

2Cu+ N,0 ->Cu,0 + N,

Copper metal surface area (Cusa) = No. Cu moles gt x
Avogadro number x cross sectional area of copper metal.

Cu cross sectional area = 6.8 x 102 m? Cu atom™
Surface Cu moles = 2x N,O uptake (mol
stoichiometry

8eatl) from

No.of surface Cu metal sites

Dispersion, % D = [ ] x100

Total no. of Cu metal sites in catalyst

Catalytic activity test

The catalytic activity tests were performed in fixed-bed glass
down flow reactor (14 mm id and 300 mm length) at
atmospheric pressure. For each catalytic run, the reactor was
loaded with 0.5 g of the catalyst mixed with same amount of
glass beads sandwiched between two quartz wool plugs at the
centre of the reactor. Prior to conduct the reaction, the
catalyst was reduced for 3 h at 280 °C. The reaction was
carried out in the temperature range of 175-275 °C by feeding
ethanol with the flow rate of 1 ml h! (feed pump, M/s. B.
Braun, Germany) along with N, carrier gas. The product
mixture was collected in an ice cooled trap and analysed the
product mixture for every 1 h by GC-17A (M/s. Shimadzu
Instruments, Japan) equipped with FID and EB-5 capillary
column (30 m x 0.53 mm x 5.0 um). The products were
confirmed by GC-MS, (QP-2010, M/s. Shimadzu Instruments,
Japan) with MS column (30 m x 0.25 mm x 0.25 um).

3. Results and discussion

Textural properties of catalysts

10CuNPs/SBA-15

15CuNPs/SBA-15

20CuNPs/SBA-15

25CuNPs/SBA-15
30CuNPs/SBA-15

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Pg)

Volume of Ny adsorbed (cc/g)

Fig. 1 N, adsorption desorption isotherms of CuNPs/SBA-15 catalysts and pore
size distribution graph is as inset
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The textural properties like BET surface area (Sger), pore
volume and pore diameter are presented in Table 1,
accordingly, the surface area of the SBA-15 support is 807 m?g-
1 which is having the highest surface area compared to all
other catalysts prepared from the SBA-15 support. Gradual
decrease in surface area with increase in CuNPs loading on
SBA-15, revealing the occupancy of some surface area of the
support by CuNPs according to loaded CuNPs amount. Since
the catalysts were prepared by impregnation technique, the
homogeneous Cu(NO3),.3H,0 can reach to either pore
surfaces or external surface of the support. The average pore
volume of SBA-15 support is 1.35, cm3 g which is the highest
pore volume compared to the pore volume of catalysts
prepared from it and further more the pore volumes of
catalysts are deceasing with increase in CuNPs loading and are
the usual trend. The pore diameters of support and catalysts
are more or less constant.

To verify the textural strength of catalysts, N, adsorption—
desorption isotherms for SBA-15 and CuNPs/SBA-15 catalysts
were generated and displayed Fig. 1, which are of type IV and
exhibited H1 hysteresis loops, as per IUPAC classification the
pore channels are hexagonally ordered similar to that of SBA-
15 support, revealing the retention of porous texture of SBA-
15 support in all the Cu/SBA-15 catalysts.3842 The data
presented in Fig. 1 explicitly confirming the robustness of the
CuNPs/SBA-15 catalysts. The pore size distribution graph has
shown as inset in Fig. 1, wherein the pore sizes of all the
catalysts are more or less uniform and are narrowly

distributed, symbolizing the pore texture of SBA-15 support.3¥
42

Table 1 Textural property of CUNPs/SBA-15 catalysts

CuNPs/SBA-15 catalysts (Fig. 2), exhibiting a strong, diffraction
peak at 20 = 43.48° followed by two maételiHténs¥ (fiffractich
peaks at 50.5° and 74.1° characteristic of Cu® (JCPDS 04-0836),
which indicates that the presence of metallic Cu in all the
catalysts.

: 5
30CuNPs/SBA% S

25CuNPs/SBA-15

Intensity (a.u)

20CuNPs/SBA-15

15CuNPs/SBA-15
TOCuNPs/SBA-15 i % i
10 20 30 40 S0 60 70 80
2 Theta(deg)

Fig. 2 XRD patterns of reduced CuNPs/SBA-15 catalysts and low angle XRD graph
is shown as inset

Additionally, a broad hump is observed in all the patterns of
catalysts at around 22°, which corresponds to amorphous silica
of SBA-15 support. The crystallite sizes are marginally
increased with increase in CuNPs loading on SBA-15 support
(Table 2).

Table 2 Catalyst composition and crystallite size from XRD

Catalyst Sger Pore Pore
m2g?! volume diameter
cm3g? nm
SBA-15 807 1.35 6.33
| 10cuNPs/sBA-15 | 460 | 0.81 | 7.18 |
15CuNPs/SBA-15 329 0.63 6.27
| 20cunps/sBA-15 [ 305 | 0.55 [ 7.21 |
25CuNPs/SBA-15 296 0.53 6.34

30CuNPs/SBA-15 | 242 | 0.43 | 7.17 |

Structural characteristics by low and wide angle XRD

To assess the structural features of the catalysts including SBA-
15 support, low and wide angle XRD patterns were obtained.
The wide angle XRD patterns are shown in Fig. 2, wherein low
angle XRD patterns are presented as inset. The SBA-15 support
exhibited well-resolved diffraction peaks with a sharp peak at
about 0.89 and two more weak peaks are observed at about
1.56 and 1.80° on the 20 scale. Similar kind of XRD patterns
were obtained for all the CuNPs/SBA-15 catalysts, but with
gradual diminishing in peak intensity with increasing CuNPs
loading on the SBA-15 support. On the whole, appearance of
diffraction peaks of (100), (110) and (200) planes even in the
XRD pattern of 30CuNPs/SBA-15 catalyst, elucidating the
presence hexagonally ordered mesoporous structure in all the
catalysts. 3842  The wide angle XRD patterns of all the

4| J. Name., 2012, 00, 1-3

Catalyst CuNPs loading, wt% bCrystallite
Taken 2obtained size nm
10CuNPs/SBA-15 ‘ 10 ‘ 8.7 ‘ 13.1
15CuNPs/SBA-15 15 14.6 14.1
20CuNPs/SBA-15 ‘ 20 ‘ 19.4 ‘ 15.3
25CuNPs/SBA-15 25 24.6 16.0
30CuNPs/SBA-15 ‘ 30 ‘ 29.3 ‘ 17.7

9 obtained from ICP-OES, P obtained from Scherrer equation

FT-IR analysis

Transmittance (%)

(3400)

H64)  (1087)

T L} L} L} L] T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 3 FT-IR spectra of CuNPs/SBA-15 catalysts (a) SBA-15 support, (b)
10CuNPs/SBA-15, (c) 15CuNPs/SBA-15, (d) 20CuNPs/SBA-15, (e) 25CuNPs/SBA-
15 and (f) 30CuNPs/SBA-15

This journal is © The Royal Society of Chemistry 20xx
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FT-IR spectral analysis was made for all the CuNPs/SBA-15
catalysts including SBA-15 support and the obtained spectra
are presented in Fig. 3, accordingly the absorption bands at
around 1087, 807 and 464 cm™ are due to the Si- O- Si
stretching vibration. The absorption band at around 960 cm™
can be assigned to either Si- OH or Si- O -Si stretching
vibrations. The broad absorption band at around 3400 cm is
due to the presence of surface OH groups with strong
hydrogen bonding interactions. The absorption bands at
around 660 and 570 cm™? ascribed to Cu- O vibrations in
copper oxide lattice.*®

The nature of acidic sites present in the CuNPs/SBA-15
catalysts were evaluated by performing pyridine adsorbed FT-
IR and the corresponding patterns were presented in Fig. 4.
Pristine SBA-15 and all CuNPs/SBA-15 catalyst samples show
two bands at 1445 and 1597 cm™ which is ascribed to the

$-Leiws acidic site, #-Leiws and Bronsted acidic sites
$
$

¢ (0
—_ (e)
=
&
= @
2
B (c)
2 (b)
-«

w

L L] | L L]
1400 1450 1500 1550 1600 1650 1700
-1
Wavenumber (¢cm )

Fig.4 Pyridine adsorbed FT-IR spectra of CuNPs/SBA-15 catalysts (a) SBA-15
support, (b) 10CuNPs/SBA-15, (c) 15CuNPs/SBA-15, (d) 20CuNPs/SBA-15, (e)
25CuNPs/SBA-15 and (f) 30CuNPs/SBA-15

ARTICLE

Fig. 5 SEM images of (A) SBA-15, (B) 25CuNPs/SBA-15 catalyst and TEM images of
(C% SBA-15, (D) 25CuNPs/SBA-15 catalyst

presence of surface Lewis acidic sites coordinated to pyridine.
The additional band at 1488 cm is a result of combination of
Lewis and Bronsted acidic sites.*’#° It can be observed that the
intensities of these bands are increasing with the copper
loadings. In the present case all the CuNPs/SBA-15 catalyst
samples contain majority of surface Lewis acidic sites
compared to Bronsted acidic sites.

Morphological aspects of SBA-15 and 25CuNPs/SBA-15 catalyst

The morphological of SBA-15 support and
25CuNPs/SBA-15 catalyst were analysed by scanning electron
microscope and the acquired SEM images are presented in Fig.
5 (A & B), which are matching with the reported images.>° TEM
images are shown in Fig. 5 (C & D), wherein, existences of
array of uniform pore channels are clearly appearing in Figure
5 (D), but not the presence of CuNPs.

features

This journal is © The Royal Society of Chemistry 20xx

Reduction behaviour of CUNPs/SBA-15 catalysts

Assessing the reduction behaviour of Cu?* species that
supported on SBA-15 has been investigated by a well known
and a valid TPR technique. The H,-TPR profiles of calcined
CuNPs/SBA-15 catalysts are displayed in Fig. 6. From the
reduction profile of 10Cu/SBA-15 catalyst, only a single peak is
observed at 250 °C, which corresponds to the reduction of Cu?*
species into metallic Cu. In the case of remaining catalyst
15CuNPs/SBA-15 catalyst two reduction peaks can be
observed, where a main reduction peak appeared at 295 °C
due to reduction of CuO to Cu® or metallic Cu species (CuO +
H, = Cu + H,0) in a single stage and a shoulder peak that
appears at 250 °C may be due to reduction of Cu* species into
metallic Cu (Cu,0O + H, - 2Cu + H,0). Similar reduction
behaviour is observed the higher CuNPs loading catalysts. It is
clearly seen in the case of 30CuNPs/SBA-15 catalyst, wherein
the main reduction peak appearing at 335 °C and a minor peak
at 295 °C.

30CuNPs/SBA-15

25CuNPs/SBA-15

20CuNPs/SBA-15

Intensity (a.u)

15CuNPs/SBA-15

10CuNPs/SBA-15

100 200 300 400
Temperature(°C)

Fig. 6 TPR profiles of calcined CuNPs/SBA-15 catalysts

The results reveal that the interaction between CuO and SBA-
15 support increases with CuNPs loading and the CuO species
seems to be getting aggregated both in pores and on the

J. Name., 2013, 00, 1-3 | 5
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external surface of SBA-15 support and tends towards bulk
nature CuO species. The H, consumption values of the
CuNPs/SBA-15 catalysts are 111.60, 129.28, 209.91, 265.03,
and 282.33 umol g? for 10, 15, 20, 25 and 30 CuNPs/SBA-15
catalysts, respectively.

Strength of acidic sites by TPD of NH; for CUNPs/SBA-15 catalysts

Weak | Medium

e AT e
N\

Strong acidic sites

/a>3

(d)

(c) i

Intensity (a.u)

b L = T L) X L .} T | T
200 300 400 500 600 700
Temperature (°C)

Fig. 7 TPD of NH; profiles of CuNPs/SBA-15 catalysts (a) SBA-15 support, (b)
10CuNPs{SBA—15, (c) 15CuNPs/SBA-15, (d) 20CuNPs/SBA-15, (e) 25CuNPs/SBA-
15 and (f) 30CuNPs/SBA-15

The NH; desorption profiles of SBA-15, Cu/SBA-15 catalysts
are depicted in Fig. 7. The acidic sites population can be
classified depending upon desorption temperature of
ammonia as weak acidic sites (<250 °C), medium (250-400 °C)
and strong acidic sites (>400 °C). The desorption signals
observed in the TPD profile of pure SBA-15 can be ascribed to
the surface hydroxyl groups. All the catalysts except SBA-15,
showed a desorption peak in the temperature range of 130-
250 °C indicating the weakly chemisorbed NH; molecules
corresponding to the presence of high amount of weak acidic
sites arising from the dispersed copper. Another small peak at
around 380 °C could be observed due to the presence of
medium acidic sites. From the total acidity values the acidity of
the catalysts increases linearly with the copper loadings.

N,O pulse Chemisorption studies

Table 3 Characteristics of CUNPs/SBA-15 catalysts (N,O chemisorption)

Catalyst N,O aCuspa  °Cup  “Cups
uptake p m?gl! % nm
mol g1
10CuNPs/SBA-15 98 8.1 125 83
| 15CuNPs/SBA-15 | 110 loa |94 [1121 |
20CuNPs/SBA-15 130 107 83 125
| 25CuNPs/SBA-15 | 156 |129 |80 [130 |
30CuNPs/SBA-15 139 115 58  17.6

Copper metal (2 surface area, ? dispersion and ¢ particle size)

To estimate the copper metal surface area, dispersion and
particle size N,O pulse chemisorptions were conducted and
acquired data is presented in Table 3. According to Table 3,
both N,O uptake and copper metal surface area of the

6 | J. Name., 2012, 00, 1-3

catalysts from 10CuNPs/SBA-15 to 25CuNPs/SBA:15, catalyst
increased and dropped down on 30CuNP3ySBA-PS%atalystara
also sudden drop in dispersion and significant increase in
particle size is observed for 30CuNPs/SBA-15 catalyst,
considering above changes occurred in 30CuNPs/SBA-15
catalyst, it seems that the 25CuNPs/SBA-15 catalyst will be the
best catalyst. Deposition of 25 weight% CuNPs on the support
with the average particle size of 13nm without adding any
surfactant/stabilizers by adopting a facile wet impregnation is
unambiguously a significant research improvement in catalyst
synthesis

Direct conversion of ethanol to diethyl acetal

The direct conversion of ethanol to diethyl acetal over
CuNPs/SBA-15 catalyst in gas phase at atmospheric pressure,
wherein one ethanol molecule reduced to acetaldehyde which
condensed with other two ethanol molecules forms as diethyl
acetal by losing one water molecule as shown in scheme 1.

OH
CuNPs/SBA-15
3 [ k)

- H,0 Y /\O O/\

Diethylacetal

Ethanol

Scheme 1 The reaction scheme for Diethyl acetal formation from ethanol

Influence of CuNPs on direct ethanol conversion to diethyl acetal

100
—— Conversion of ethanol

—@— Selectivity of diethyl acetal
—b— Selectivity of others

-]
=
1

=)
>
1

P
(=]
1

[
(=]
1

Conversion/Selectivity (%)

T T T

10 15 20 25 30
Catalyst loadings (wt%)

Fig. 8 Effect of CuNPs loading on catalytic activity. Reaction conditions: Temperature:
225 °C, Catalyst weight: 0.5 g, N, flow: 30 ml min-, Feed flow: 1 ml h'.

To investigate the optimum loading of CuNPs on the SBA-15
support, the direct conversion of ethanol to diethyl acetal was
conducted on all the six catalysts (10CuNPs/SBA-15 to
30CuNPs/SBA-15) in the gas-phase at 225 °C in the inert
atmosphere using nitrogen gas and the data are displayed
in Fig 8, which demonstrate that the increase in conversion of
ethanol with increase in CuNPs loading from 10 to 25% is due
to increase in the number of active sites available for
participating in the reaction. However, the increase in
conversion with increase in CuNPs loading from 25 to 30% is
marginal, implying that high metal content may lead to
agglomeration of CuNPs metal particles and furthermore,

This journal is © The Royal Society of Chemistry 20xx
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selectivity to diethyl acetal decreased significantly due to
simultaneous increase in the selectivity to other product
(acetaldehyde, butanol and ethyl acetate).

It can be ascertained that the active sites responsible for
the dehydrogenation followed by dehydration of ethanol and
formation of other product are different. Among the
CuNPs/SBA-15 catalyst series, the 25CuNPs/SBA-15 catalyst
exhibited highest activity with 48% conversion of ethanol and
93% selectivity of diethyl acetal. The remaining 7% are
acetaldehyde, ethylacetate and butanol, where as Lu et al,
reported that the major product is acetaldehyde with
selectivity of 68.1% on 10Cu/SBA-15 catalyst. The discrepancy
in the catalytic activity may be due to variation in the catalyst
preparation, activation and operating conditions.®> The
present results demonstrate that there is a significant
influence of the CuNPs loading on the SBA-15 support. It
seems that there is a striking balance between the conversion
of ethanol and selectivity to diethyl acetal over the
25CuNPs/SBA-15 catalyst. Hence, the best catalyst is
25CuNPs/SBA-15 catalyst with in this catalyst series.

Effect of reaction temperature on activity over 25CuNPs/SBA-15

100

80 /\\‘
] —&— Conversion of ethanol

—&— Selectivity of diethyl acetal
604 —A— Selectivity of others

404

Conversion/Selectivity (%)

175 200 225 250 275
Temperature ( °C)

Fig. 9 Effect of reaction temperature on activity over, 25CuNPs/SBA-15 React|0n
conditions: Catalyst weight: 0.5 g, N, flow: 30 ml min‘, Feed flow: 1 ml h*

In order to know the effect of reaction temperature on the
activity of 25CuNPs/SBA-15, the direct conversion of ethanol
was conducted at five different temperatures from 175 to 275
°C (Fig.9). With the increase in reaction temperature from 175
to 225 °C, conversion of ethanol increased from 26% to 48%
and selectivity of diethyl acetal increased from 79% to 93%. In
other words the yield of diethyl acetal increased from 21% to
45%. i.e., the yield of diethyl acetal at 225 °C is 45%. Beyond
the reaction temperature of 225 °C, decrease in ethanol
conversion as well as selectivity of diethyl acetal are observed
and at the same time selectivity of by-products increased
significantly. Since ethanol conversion to acetaldehyde is a
primary step, its further conversion to diethyl acetal is an
equilibrium reaction, favouring of backward reaction with
increased temperatures is a common phenomenon and
increment in the selectivity of by-products at higher
temperatures is expected.

Time-on-stream (TOS) study on 25CuNPs/SBA-15 catalyst

This journal is © The Royal Society of Chemistry 20xx
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The TOS study was conducted on 25CuNPs/SBA-15 catalyst,at
225 °C for a period 10 h, the convefibn0dP3athandl2ang
selectivity of diethyl acetal are constant at 48% and 93%
respectively, revealing the activity of catalyst is stable under
the employed reaction conditions (Fig. 10).

100 I

80 -
—&— Conversion of ethanol
—8— Selectivity of diethyl acetal

60

40

20 4

Conversion/Selectivity (%)

1 2 3 4 5 6 7 8 9 10
Time on stream (h)

Fig. 10 Time-on-stream activity of 25CuNPs/SBA-15 catalyst. Reaction conditions:
Telmhperature 225 °C, Catalyst weight: 0.5 g, N, flow: 30 ml min?, Feed flow: 1
m

The maximum vyield of diethyl acetal is about 45% over
25CuNPs/SBA-15 catalyst at 225 °C in the fixed bed gas phase
reactor at atmospheric pressure, which is the highest yield of
diethyl acetal so far in the open literature.

In general, acetalization occurs between an aldehyde and
alcohol, if any of these two reactants absent, it is hard to
expect acetalization product. But, it is possible with alcohols
alone by direct coupling over a suitable catalyst and
conditions. In-situ formation of an aldehyde via acceptor less
dehydrogenation of an alcohol molecule is an essential initial
step. According to earlier reports>? copper metal is capable of
dehydrogenating the alcohol to aldehyde even in the absence
of acceptors, which is the basis for choosing the copper metal
as active component, particularly in the form of nanoparticles,
because nanoparticles perform the reaction well compared to
bulk copper metal particles. The high activity of 25CuNPs/SBA-
15 catalyst is mainly two reasons, (i) unique porous network of
SBA-15 (ii) 13 nm sized copper nanoparticles with high copper
amount (25wt%). The texture of SBA-15 support is hexagonally
ordered pores with uniformly sized mesopores. Each bundle of
hexagonally ordered pores of SBA-15 support is expected to
act like small copper nanoparticles loaded multi-tubular
reactor in the case of smaller CuNPs particles (< 6.34 nm) that
are located inner pore walls of SBA-15 support. As reported in
the literature the appropriate catalyst for this reaction likely to
be bifunctional, which should posses both acidic and redox
sites, wherein redox sites enable the partially oxidised redox
products like acetaldehyde from ethanol and the acidic sites
facilitate condensation.> To sum up, 25CuNPs/SBA-15 catalyst
with large amount of copper nanoparticles with small particle
size (13 nm), uniform dispersion, acidic and redox bi-functional
characteristics, ordered mesoporosity, ease of active sites
accessibility, confined environment etc., cooperatively
facilitated in getting the higher conversion of ethanol (48%)
and higher selectivity of diethyl acetal (93%) via single-step
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synthesis or direct synthesis of diethyl acetal from ethanol in
the environmentally acceptable vapour phase conditions using
a fixed bed reactor.

[ |
| gy a0 ‘
il N |
I |

Scheme 2 Single-step synthesis of Diethyl acetal from ethanol over mesoporous
SBA-15 supported copper nanoparticle catalysts

The mechanistic aspects of ethanol to Diethyl acetal (Scheme
2) are shown in steps as follows

1. Ethanol adsorbed by the catalyst that leads to oxidative
addition of ethanol with Cu® to Cu?*.

2. Absorption of a-hydrogen from ethanol and eliminate the H,
in reductive elimination to form the acetaldehyde.

3. The acetaldehyde which is formed in the second step has
highly electronic deficient, the nucleophilic O in the ethanol
attacks the electrophilic C in the C=0, breaking the 1t bond and
giving the electrons to the positive O and forms the hemi-
acetal.

4. Absorption of hydrogen from a-position of hemi acetal
forms the ethyl acetate.

5. The carbonyl carbon in ethyl acetate is somewhat electron
deficient, the nucleophilic O in the alcohol attacks the
electrophilic C in the C=0, breaking the t bond and giving the
electrons to the positive O and forms the oxonium ion
intermediate.

6. Finally the oxonium ion rearranged to loss the water
molecule and forms the diethyl acetal.

Conclusions

1. SBA-15 supported copper nanoparticle catalysts
(CuNPs/SBA-15) up to 30wt% copper nanoparticle
loading, <20 nm particle size and hexagonally ordered
porous network are prepared.

2. Novel synthesis of diethyl acetal from ethanol over
CuNPs/SBA-15 catalysts in a single-step without using
aldehyde or aldehyde derivatives, solvents and
harmful acids or expensive reagents was achieved.

3. Facile gas-phase operation (25%CuNPs/SBA-15
catalyst) with high conversion of ethanol (48%) and
high selectivity of diethyl acetal (93%) was achieved,

8| J. Name., 2012, 00, 1-3

which are the best results so far, based.opothe
employed reaction conditions. DOIl: 10.1039/C9NJ022878

4. Superior and robust activity of this 25%CuNPs/SBA-15
catalyst can be ascertained from its compatible
porous network, confined environment, smaller
copper particle size and their ample amount.
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