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2-Ethyl-1-hexanol (2-EH) is a commercially important chemical that requires cost effective catalytic
processes for synthesis. The cascade engineered synthesis of 2-EH was done in a single pot from n-butanal
using solventless conditions with trifunctional mixed metal oxide containing 5% Cu and Mg/Al ratio of
3. This trifunctional catalyst was made by combustion synthesis technique which resulted in a porous
network with narrow pore size distribution. The catalyst was characterized before and after reuse by

FTIR, XRD, SEM, TEM, CO,-TPD, NH3-TPD, TPR, TGA and nitrogen BET analysis. The kinetics of reaction and
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selectivity profile of 2-EH are reported. The work was extended to one pot cascade engineered synthesis
of 2-methyl-1-pentanol (2-MP) from n-propanal using the same catalyst. There was a significant effect
of molecular size on rate of reaction and selectivity of the product. This is the first ever report on the one
pot synthesis of 2-MP from n-propanal.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Oxo alcohols are an important class of chemicals. 2-Ethyl-1-
hexanol (2-EH) is traditionally used in production of plasticisers,
coatings, adhesives and other speciality chemicals [1]. 2-Methyl-1-
pentanol (2-MP) is used as solvent and also as an intermediate for
production of valuable chemicals [2]. Oxo alcohols and 2-EH in par-
ticular find niche applications in the manufacture of acrylate and
methacrylate esters, low volatility solvent for resins, waxes, animal
fats, vegetable oils, disinfectants and as an additive in diesel fuels
[3]. The consumption of 2-EH in India has grown by 55% in last five
years with current net consumption of 0.12 million MT (Fig. ES1)
[4]. The consumption is expected to grow further in next decade in
developing countries of the world [5].

The traditional industrial production of 2-EH is a three step
Dow LP process which involves aldol condensation of n-butanal
using sodium hydroxide at 80-100°C. This step is followed by
dehydration and gas phase hydrogenation using Cu or Ni catalysts
in a fixed bed reactor at 150 °C. Pure products are obtained by three
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stage distillation [6,7]. n-Butanal is made by the oxo-process from
propylene. The production costs are high due to several reasons
such as use of homogeneous catalysts involving multiple stages.
Shell developed a one pot process with use of phosphate ligand
modified cobalt/rhodium catalyst [8]. Apart from it, homoge-
neous co-catalyst like potassium hydroxide was also used [9-11].
Recently, the use of metal solid acid bifunctional catalysts was
reported for direct synthesis of 2-ethyl-1-hexanol from n-butanal
through aldol condensation-hydrogenation reactions integration.
CO/A1203, RU/A1203, CU/A1203, NI/A1203 and Ni/CE—A]203 were
used as catalyst [12]. We report one pot synthesis of 2-EH from
n-butanal using a robust heterogeneous multifunctional catalyst,
5% Cu/MMO (mixed metal oxide containing 5% Cu and Mg/Al ratio
of 3). The catalyst was made by combustion synthesis technique
using glycerol as fuel. Combustion synthesis technique was found
to be more robust than co-precipitation technique for synthesis of
metal oxides by us and other research groups earlier [13-20]. The
use of a heterogeneous catalyst and solvent less condition made
the process cheaper and environmentally friendly than the tradi-
tional synthesis route. The cascade engineered synthesis of 2-EH
using 5% Cu/MMO was studied. A reaction mechanism is proposed
and kinetic model developed. The study was further extended
to the synthesis of 2-MP from n-propanal to understand the effect of
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Nomenclature

A n-Butanal

B 2-Ethylhexenal

C 2-Ethylhexenol

D Hydrogen

E 2-Ethyl-1-hexanol

F Butanoic acid

G Butyl butanoate

H Butanol

I n-Propanal

] 2-Methylpentenal

K 2-Methylpentenol

L 2-Methylpentanol

M Propanoic acid

N Propyl propanoate

0] Propanol

Sp Base site

Sm Metal site

Sa Acid site

Csm Concentration of metal site (molcm—3)

Csp Concentration of base site (mol cm~3)

Csa Concentration of acid site (molcm—3)

Kanm  Adsorption constant of n-butanal and n-propanal on
metal site (cm3 mol~1)

Kanp  Adsorption constant of n-butanal and n-propanal on
base site (cm3 mol~1)

Kana  Adsorption constant of n-butanal and n-propanal on
acid site (cm3 mol~1)

Kippm Adsorption constant of 2-ethylhexenal and 2-
methylpentenal on metal site (cm3 mol—1)

Kb  Adsorption constant of 2-ethylhexenal and 2-
methylpentenal on base site (cm3 mol~1)

Kp Adsorption constant of hydrogen on metal site
(cm3 mol-1)

Kcxym Adsorption constant of 2-ethylhexenol and 2-
methylpentenol on metal site (cm? mol~1)

Kym Adsorption constant of 2-ethylhexanol and 2-
methylpentanol on metal site (cm3 mol~1)

Krmya  Adsorption constant of butanoic acid and propanoic
acid on acid site (cm3 mol~1)

Kgnja  Adsorption constant of butyl butanoate and propyl
propanoate on acid site (cm3 mol—!)

Koym Adsorption constant of butanal and propanal on
metal site (cm3 mol—1)

Kx Adsorption constant of water on acid site
(cm3 mol-1)

A Rate of consumption of n-butanal (mol cm—3 min~—1!)

k17 Rate constant of aldol condensation reaction
(cm3 mol~! min—1)

kos Rate constant of hydrogenation reaction of alkenal
to alkenol (cm3 mol~! min—1)

ks o Rate constant of hydrogenation reaction of alkenol
to aklanol (cm3 mol~! min—1)

ka 10 Rate constant of acid hydrolysis reaction
(cm3 mol~! min—1)

ks 11 Rate constant of esterification reaction
(cm3 mol~! min—1)

k612 Rate constant of hydrogenation reaction of aldehyde
(cm3 mol~! min—1)

Kpase Intrinsic constant pertaining to base sites
(cm® mol~! min—1 g, 1)

Kacid Intrinsic constant pertaining to acid sites
(cm® mol~'min~Tgex 1)

Kmetat  Intrinsic constant pertaining to metal sites
(cm® mol~'min~!gee 1)
w Catalyst loading (g cm~3)

carbon chain length on the efficacy of the catalyst and to extend
its utility in another industrially important reaction.

2. Experimental
2.1. Chemicals

Magnesium nitrate hexahydrate, aluminium nitrate nonahy-
drate, glycerol and copper(ll) nitrate trihydrate were procured
from S.D. Fine Chemicals Pvt. Ltd, Mumbai, India. n-Butanal and n-
propanalwere procured from M/s. Thermo Fischer Scientific (India)
Pvt.Ltd, Mumbai. Pure samples of 2-ethyl-1-hexanol and 2-methyl-
1-pentanol were procured from Sigma Aldrich Chemicals Pvt. Ltd,
Mumbai.

2.2. Catalyst synthesis

Saturated aqueous solution of magnesium nitrate hexahydrate
(0.024 mol) and aluminium nitrate nonahydrate (0.008 mol) was
made such that the molar ratio of Mg:Al was 3. Copper (II) nitrate
trihydrate (1.17 mmol) was then added to the mixture such that
the loading of copper on hydrotalcite was 5% (w/w). Glycerol
(0.025 mol) was used as a fuel and mixed with the nitrate solu-
tion [13]. The slurry was heated at 80 °C for 30 min. The thick slurry
was later kept in preheated muffle furnace at 500°C and allowed
to combust. The voluminous material formed post combustion was
used as a catalyst and designated as Cu/MMO.

2.3. Catalyst characterization

The synthesized catalyst was characterized per se and after use
to understand the structure activity relationship. Temperature pro-
grammed desorption (TPD) was used with CO, and NH3 as probe
molecules to understand the nature of basic and acidic sites on
the catalyst (AutoChem II 2910, Micromeretics, USA). Twenty mg
catalyst sample was heated to 500°C in quartz tube under flow
of helium to remove traces of moisture, air and any other organic
compounds in case of used catalyst [21-23]. 10% (w/w) Ammonia in
helium was then adsorbed on the catalyst surface. The physisorbed
gas was desorbed with flow of helium. The chemisorbed gas was
desorbed using a temperature program and measured using a ther-
mal conductivity detector (TCD). The same procedure was repeated
for CO,-TPD experiments with use of 10% (w/w) carbon dioxide
in helium. Temperature programmed reduction (TPR) was studied
to understand the strength of metal sites. Catalyst sample (20 mg)
was heated to 500 °C under 5% O, in helium so that the catalyst was
completely oxidised [24]. The traces of O, were removed by flow of
helium and the catalyst sample cooled to room temperature. 10%
(w/w) hydrogen in argon was then passed over the catalyst by heat-
ing the catalyst to 500 °C. The hydrogen uptake was measured using
a TCD. FTIR spectra was obtained from the catalyst sample pressed
in KBr pellet to understand the bending and stretching vibrations
(Perkin Elmer, 1000-PC). The analysis was done in the fingerprint
region from wavenumber of 400-4000cm~! at a resolution of
2cm~ 1. Powder X-ray Diffraction (XRD) was used to understand
the crystallinity of the catalyst (Bruker D8 Advance, USA). Analysis
was done using Cu ka radiations with beam current of 40 kV and
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Fig. 1. CO,-TPD study on fresh and used 5% Cu/MMO catalyst.
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Fig. 2. NH3-TPD studies on fresh and used 5% Cu/MMO catalyst.

100 mA from 26 value of 2°-80°. The surface properties of the cat-
alyst were studied using nitrogen BET and BJH methods for surface
area and pore size distribution (ASAP 2020, Micromeritics, USA).
Catalyst sample (200 mg) was degassed at 350°C under vacuum
for 4 h. Scanning electron microscopy (SEM) was used to study the
surface morphology of the catalyst (JEOL, JSM-7500F, Japan). The
catalyst sample was mounted on specimen stud and coated with
platinum to prevent charring during imaging. Transmission elec-
tron microscopy (TEM) was used to analyse the location of catalyst
components. The catalyst sample was dispersed in ethanol solu-
tion and a few drops of suspension were put on 400-mesh, 3.5 mm
Cu grid. Theromogravimetric analysis (TGA) was used to study the
stability of catalyst up to 600 °C (TA Instruments, TGA Q500 with
auto sampler).

2.4. Catalytic testing

The experiments for 2-EH and 2-MP synthesis were done in
a 100 ml batch reactor (Amar equipments, Mumbai). The reactor
had a 45° pitched bladed turbine impeller, a temperature con-

Temperature (deg C)

2nd reuse

1st reuse

e Fresh Catalyst

Fig. 3. TPR studies on fresh and used 5% Cu/MMO catalyst.

troller (+£1° C), a pressure gauge and a speed regulator. In a typical
experiment for 2-EH synthesis, 0.4mol n-butanal was charged
into the reactor along with n-decane (100 wl) as internal stan-
dard and required quantity of Cu/MMO catalyst. The reactor was
purged with nitrogen to remove traces of air and then pressur-
ized with hydrogen at a particular pressure which was maintained
throughout the experiment. The reactor was then heated to the
desired temperature [25]. Samples were withdrawn periodically
and analysed by GC (Chemito C1000) equipped with BPX-50 cap-
illary column (0.25 wm x 0.25 mm x 30 m with 50% diphenyl-50%
dimethylpolysiloxane packing) and FID. The synthesis of 2-EH was
confirmed by matching the residence time of pure sample. For the
synthesis of 2-MP, 0.4 mol of n-propanal was used as the reactant
using the same experimental procedure and technique for confir-
mation of product as used for synthesis of 2-EH.

3. Results and discussion
3.1. Catalyst characterization

Combustion synthesis technique gave the Cu/MMO catalyst
a distinct morphology. The transition metal nitrates and alkali
metal nitrates decomposed at different temperatures to form the
Cu/MMO catalyst. When the aqueous solution containing nitrate
precursors and fuel was placed in the preheated muffle furnace,
the decomposition of different components occurred sequentially.
The decomposition temperatures of transition metal nitrates are
less than alkali metal nitrates due to back donation of electron
cloud from nitrate to unfilled d-orbital of transition metals [26,27].
The decomposition occurred in the following sequence: copper (II)
nitrate trihydrate (170° C), aluminium nitrate nonahydrate (250° C)
and magnesium nitrate hexahydrate (330° C). Due to this sequence,
copper was loaded inside the porous mixed metal oxide. There are
previous studies which report XPS analysis of hydrotalcite derived
metal oxides containing copper. An in situ XPS/XAES study done
on Cu/Mg/Al mixed oxide derived from hydrotalcite reported that
copper in its reduced form exists as small clusters inside hydro-
talcite matrix [28]. This observation is also supported by an EXAFS
(extended X-ray absorption fine structure) study [29]. It has also
been reported that surface concentration of copper decreases after
calcination and reduction in copper substituted hydrotalcite. It is
attributed to complex process of surface reconstruction during cal-
cination and reduction [30,31]. The TEM image of calcined and
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Fig. 5. XRD pattern of fresh and used 5% Cu/MMO catalyst.
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Table 1 0.2

Temperature programmed desorption and temperature programmed reduction
analysis of 5% Cu/MMO catalyst.

a) CO,-TPD analysis of fresh and used 5% Cu/MMO catalyst

Usage of 5% Cu/MMO catalyst Strength of basic sites (mmol/gcac)
Fresh 1.07 0.15 -
1st reuse 0.47
2nd reuse 0.47
2 I
b) NH5-TPD analysis of fresh and reused 5% Cu/MMO catalyst E
)
Usage of 5% Cu/MMO catalyst Strength of acidic sites (mmol/gcat) E 04
Fresh 055 2
1st reuse 0.50 z
2nd reuse 0.48 S
o
c) TPR analysis of fresh and used 5% Cu/MMO catalyst
Usage of 5% Cu/MMOcatalyst Strength of metal sites (mmol/gcac) 0.05 -|
Fresh 8.68
Ist reuse 7.83
2nd reuse 7.34 /_%
0 1
reduced 5% Cu/MMO catalyst reveals Cu nanoparticles reside inside 10 100 1000
mixed metal oxide matrix (Fig. ES2). Pore Diameter (A°)
The 5% Cu/MMO catalyst had base, acid and metal functionalities
as observed from CO,-TPD, NH3-TPD and TPR results. In the case ——Fresh ——1st reuse

of fresh catalyst, CO, was desorbed in the temperature range of
150°C and 450 °C indicating presence of strong base sites. The elu-
tion occurred up to 300 °Cin case of used catalyst indicating change
in the concentration of base site. However, the basicity remained
the same on further reuse (Fig. 1). The values of CO,-TPD for fresh
and used catalysts are listed in Table 1a. For NH3- TPD, desorption
of NH3 occurred in temperature range of 200-400 °C both in fresh
and used catalyst (Fig. 2). The values of NH3-TPD for fresh and used
catalysts are listed in Table 1b. There was no change in acid site con-
centration as acid sites were not involved in the selective synthesis
route to yield 2-EH from n-butanal. The TPR results indicated that
H, uptake occurred at 200°C in fresh catalyst while it occurred
from 150°C in used catalyst with small uptake at 350°C (Fig. 3).
The amount of hydrogen uptake in fresh and used catalyst is listed
in Table 1c. The FTIR spectra of fresh and used catalyst showed
Cu-0 bending at 650cm~! (Fig. 4). The N—O stretch was seen at
1352 cm!in fresh catalyst and at 1352cm~! and 1526 cm~! in the
case of used catalyst. The two bands for N—O stretch were seen in
used catalyst due to deformation of interlayer space. The hydrogen ‘
bonded hydroxyl groups are seen in both cases beyond 3300 cm™! e & '
[32]. XRD patterns of fresh catalyst showed that the catalyst was
reduced in-situ during reaction. The Cu, O phase did not participate
in the reaction and was retained. It is seen in fresh and used catalyst
at25°. The peak at 20 value of 12¢ is attributed to MgO-Al, O3 phase.
CuO isrepresented by peak at 35° in fresh catalyst sample only. The
Cu peaks are seen in the diffraction pattern of used catalyst at 39°
and 71° (Fig. 5). In the case of fresh catalyst, a sharp pore size dis-
tribution was observed at 35 A° (Fig. 6). The fresh catalyst showed
uniform pores spread over the entire surface of the catalyst. The
uniform pore size distribution in 5% Cu/MMO catalyst is attributed
to the solution combustion synthesis technique used for the syn-
thesis of catalyst [33,34]. Uniform pore size distribution has been
reported for materials like Mg-Al hydrotalcite, Cu/Cr hydrotalcite
like compounds, calcined hydrotalcite supported on hexagonal sil-
ica, and Co-Mn-Mg-Al mixed oxide spinel catalysts [35-39]. The
small pores were blocked after the reaction. Hence the average _

pore size increased after reaction. The observation of change in pore 11 48 SEI
size distribution was supported from SEM images (Figs. Fig. 7and
ES3). However, the surface area and pore volume did not change
significantly (Table 2). As the small pores were blocked after the

Fig. 6. Pore size distribution in fresh and used 5% Cu/MMO catalyst.

Fig. 7. SEM images of fresh and used 5% Cu/MMO catalyst.
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Scheme 1. Consecutive and parallel reactions during one pot synthesis of 2-EH.

Table 2
Porosimetry analysis of 5% Cu/MMO catalyst.

5% Cu/MMO catalyst  Surface area Pore size (nm) Pore volume

(m?/g) (cm?®[g)
Fresh 190 53 0.32
1st reuse 188 10.7 0.37
2nd reuse 188 11.2 0.37

reaction, the catalytic sites in the small pores were inaccessible.
This is evident from change in the values of CO,- TPD, NH3-TPD
and TPR analysis of fresh and used catalyst. The TGA profile (Fig.
ES4) indicates that catalyst is stable up to 600 °C. The initial weight

loss was due to moisture adsorbed in pores and on the surface of
catalyst.

3.2. Theoretical aspects of 2-EH synthesis

The possible reactions during the one pot synthesis of 2-EH
from n-butanal are listed in the Scheme 1 and are follows: Aldol
condensation of n-butanal on base sites to form 2-ethylhexenal
(reaction a), hydrogenation of 2-ethylhexenal to form 2-EH (reac-
tion b), acid hydrolysis of n-butanal with the water released during
aldol condensation to form butanoic acid (reaction c), esterification
of n-butanal and butanoic acid on acid site to form butyl butanoate

(2017), http://dx.doi.org/10.1016/j.cattod.2017.01.008
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(reaction d), hydrogenation of n-butanal to form 1-butanol (reac-
tion e). The reactions (a) and (b) are desired while (c)-(e) are
undesired. Reactions (a) and (b) are consecutive reactions while
(c)-(e)are parallel steps. To ascertain the active sites on 5% Cu/MMO
catalyst and their role, aldol condensation of n-butanal was per-
formed on mixed oxide catalyst with only MgO and Al, 03 in molar
ratio of Mg:Al=3 in presence of hydrogen. The product at the end
of reaction was 2-ethylhexenal only, which is aldol condensation
product from n-butanal. The same reaction was performed using
5% Cu/MMO catalyst in presence of nitrogen. The end product was
observed to be 2-ethylhexenal. This observation ascertained that
MgO-Al,03 phase was responsible for base catalysed aldol conden-
sation reaction and Cussites did not contribute in aldol condensation
reaction. n-Butanal in otherwise same conditions was allowed to
react in presence of hydrogen on 5% Cu/C catalyst. The end product
was observed to be 1-butanol only. Thus it was evident that Cu was
responsible for metal sites leading to hydrogenation reaction. To
ascertain the role of acidic sites, n-butanal in otherwise same con-
ditions was allowed to react in presence of hydrogen on 5% Cu/MgO
catalyst. In this case, the undesired reactions of acid hydrolysis
and esterification did not occur as MgO has only basic sites thus
yielding better selectivity of 80% towards 2-ethyl-1-hexanol after
1h of reaction. Several studies earlier have reported use of Cu as
hydrogenation catalyst. Aqueous phase catalytic hydrogenation of
furfural to cyclopentanol have been reported over Cu-Mg-Al hydro-
talcite derived catalysts [40]. Cusupported on hydrotalcite has been
used as catalyst for hydrogenation of levulinic acid and furfural
[41].Cu-Mg-Al mixed oxide has been used for hydrogenation of cin-
namaldehyde [42]. Liquid phase transfer hydrogenation of furfural
to furfuryl alcohol has been reported on Cu-Mg-Al catalyst [43].
5% Cu/MMO catalyst was so tailored that the base site activity was
the highest followed by activity of metal sites and acid sites. There-
fore, the aldol condensation of n-butanal on base sites occurred first
rather than hydrogenation of n-butanal. 2-EH was formed selec-
tively after the start of the reaction up to 30 min. As the aldehyde
was consumed, there was no competitive adsorption of aldehyde
on base sites of the catalyst. As the rate of aldol condensation
decreased, the rate of acid hydrolysis on acid sites and hydrogena-
tion of aldehyde on metal sites became significant and selectivity
towards 2-EH decreased with time. Hence it was essential to cal-
culate instantaneous selectivity of 2-EH and develop mathematical
expression for change in selectivity. For developing the equation
for instantaneous selectivity, following steps were assumed.
1. Adsorption of n-butanal on base site

A+ S, BAS, (1)

2.Aldol condensation of adsorbed n-butanal (A) on adjacent base
sites to form 2-ethylhexenal (B) and water (X)

AS, +A.S, S B.S, +X.5, )
3. Dissociative adsorption of hydrogen (D) on metal site

D + 25, <22vD.Sm 3)
4, Migration of 2-ethylhexenal (B) from base site to metal site

B.S,<EB.Sm (4)

5. Hydrogenation of adsorbed 2-ethylhexenal (B) on metal site
to form 2-ethylhexenol (C)

B.Sm + vD.Sm-2C.Sm + Sm (5)

6. Hydrogenation of 2-ethylhexenol (C) on metal site to form
2-ethylhexanol (E)

C.Sm + VD.Sm2E.Sm + S (6)

7
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Fig. 8. Reusability of 5% Cu/MMO catalyst for 2-EH synthesis n-butanal 0.4 mol,
Speed of agitation: 1000 rpm, Temperature: 150 °C, Catalyst loading: 0.05 g/cm?,
reaction time 30 min.
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Fig. 9. Difference in selectivity of 2-EH and 2-MP using 5% Cu/MMO catalyst for
synthesis from n-butanal and n-propanal respectively.

7. Desorption of 2-EH (E) from metal site
1/Kg

ESm <°E+Sm (7)
8. Adsorption of n-butanal (A) on acid site
A+S.%9A.5, (8)
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9. Adsorption of water (X) on acid site

X+ SaX.S, (9)

10. Acid hydrolysis of adsorbedn-butanal (A) and water (X) on
acid site to form butanoic acid (F)

ASa+ XS 3F.Sy +Sa (10)

11. Esterification of adsorbed n-butanal (A) and butanoic acid
(F) to form butyl butanoate (G)

ASy+F.Sa4G.Sa+Sa (11)
12. Desorption of butyl butanoate (G) from acid site

G.S.' &G + s, (12)
13. Adsorption of n-butanal (A) on metal site

A+ Sn' A S (13)

14. Hydrogenation of adsorbed n-butanal and hydrogen to form
butanol (H)

ASm + VDS S H.Sm + Sm (14)
15. Desorption of butanol (H) from metal site
H.Sm &iH 4 S (15)

The instantaneous selectivity was dependent on the relative rate
of aldol condensation reaction (reaction a) and rates of acid hydrol-
ysis reaction (reaction c), esterification reaction (reaction d) and
direct hydrogenation of n-butanal (reaction e).

kl c?
S( = A.5b (16)
(c+d+e) (’<4CA.5aCx.5a + k5Ca.5aCr.sa + keCa.sm Cﬁ.Sm)
s _ kll(}bcicszb (17)
(Hd“) <k4KAaKXCACXC52[I + ’(5I(AHI(FCACFCSZG + ksKamCa A/ KDCDCSZm)

Site balance for base site, acid site and metal site is as follows:

Cip = (1 4+ KapCa + KppCp) Csp (18)
Ctq = (1 +KAaCA +Kxcx + KFCF +KGCG)CSa (19)
Com = (1 + KpmCa + KemCs + KcCe + v/ KpCp + KiCe +1<HCH) Com (20)

Substituting Eq. (17)-(19) in Eq. (16),

2 202
kiK2,C2C2

(1+Kpp Ca+Kpp Cp )

Substituting Eq. (17)-(19) in Eq. (22),

kik2 C2C2 (kaKaaKx CaCx + ksKaaKrCaCr) C2,
(1 +KapCa + KppCs)* (1 + KpaCa + KxCx + KeCr + KoCo )

keKamCa~/ KpCpC?
N 6KamCa pCpCy, (23)

2
(1 + KamCa + KgmCg + KcCc + 1/ KpCp + KeCr + KHCH)

—Tai =

ki3 CiaseW  (KaKnaKxCaCx + KsKnaKr CaCr) Kacia W
(1+KuCa + KspCs)> (1 + KnaCa + KxCx + KrCr + KgCo )2

ke KamCa /Kb CpKmecat W (24)

2
(] ~+ KamCa + KgmCg + KcCc + 1/ KpCp + KeCe + KHCH)

i =

+

Ctzb = Kpgse W, Ctza =KgeigW  and Ctzm = KipetaW

Where W was catalyst loading in g/cm?3.
The rate constants of hydrogenation reaction were calculated as
follows:

dCc

T k2Cp.smC /5.5m + k3Ce.smCsm (25)

At equilibrium after 3 h of reaction,

k2Cp.smC /5 sm + k3Ce.smCsm = 0
kZKBm\/ KDCDCBcgm + I<3KECEC§m =0

koKpm~/KpCpCpg + k3KgCg =0 (28)

The values of intrinsic constants were also determined by inter-
polation using the experimental data at different temperatures and
catalyst loading (Table ES3). The mechanism to selectively synthe-
size 2-EH is shown pictorially in Scheme 2.

3.3. Experimental aspects of 2-EH synthesis

Experiments were done by varying hydrogen pressure from 5
to 50 kg/cm? to understand its effect on rate of reaction and selec-
tivity of 2-EH. There was no significant effect on either the rate of
reaction or the selectivity of 2-EH. The hydrogenation reaction is
faster than the aldol condensation reaction as seen from the rate

keKamCan/KpCpC2,

(20)

() ~
ctd+e kaKpqKx CaCx+ksKpqKr CaCr)C2
(1+KpqCa-+Kx Cx +Kr Cr+K Ce )2

The values of rate constants and adsorption constants for all
reactions were determined from experimental data by interpo-
lation (Tables ES1 and ES3). The parity plot of theoretical and
experimental values of selectivity of 2-EH showed agreement (Fig.
ES5). The random nature of the residual plot indicated validation
of the derived expression (Fig. ES6).

For calculating the rate of consumption of n-butanal, all four par-
allel reactions wherein n-butanal was consumed were considered.
The rate expression for the initial rate of reaction was,

—14i = k1C3 o + kaCasaCx.sa + k5CasaCrsa + k6CasmCyp g (21)
—r4i = k1K2 C2CE + kaKpKx CaCx C2, + ksKaqKpCaCrCZ,

+k6KAmCA KDCDCng (22)

2
(l+KAmCA +Kpm Cg+KcCota /KDCD+KECE+KHCH) )

constant values as well (Table ES1). Experiments were then car-
ried out by changing the speed of agitation from 800 to 1200 rpm.
There was no change in the initial rate of reaction beyond 1000 rpm.
Thus, there was no mass transfer limitation beyond 1000 rpm. The
Wiesz-Prater modulus were calculated over the entire time of reac-
tion considering the average particle size of catalyst as 100 um and
pore size 10 nm. The tortuosity was assumed to be 3 and diffusiv-
ity was calculated to be 10 x 10~8 cm?/min. Over the entire time of
reaction, the Wiesz-Prater moduli were below unity and hence the
reaction was intrinsically kinetically controlled. The effect of cata-
lyst loading was studied on the initial rate of reaction by varying
the catalyst loading from 0.025 to 0.075 g/cm?3. The rate of reaction
increased with the increase in catalyst loading (Fig. ES7). This indi-
cated the dependence of the reaction on the number of active sites.
The temperature was varied from 110° to 170° C. The initial rate of
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Scheme 2. Mechanism for selective synthesis of 2-EH from n-butanal using 5 % Cu/MMO catalyst.

reaction increased with the increase in temperature (Fig. ES8). The
values of rate constants obtained at different temperatures were
used to calculate the activation energy for the aldol condensation
reaction. The activation energy was found to be 9.2 kcal/mol (Table
ES1). The reusability of the catalyst was studied by reusing the cat-
alyst for 3 cycles. After each experiment, the catalyst was filtered
out from the reactor and washed with methanol under reflux con-
ditions at 90°C. It was dried and then used in next reaction as it is.
The rate of reaction for selective synthesis of 2-EH from n-butanal
was low. Conversion of n-butanal after 3 h was 30%. The selectivity
of 2-EH decreased with time and was 23% at end of 3 h. Hence recy-
cle studies were carried out after performing reaction for 30 min in
batch reactor when selectivity of 2-EH was significant at 75%. The
best way to operate the process for higher yield of 2-EH is to use a
packed bed reactor and recycle the reaction mixture. The catalyst
pore structure undergoes a transformation as elaborated in charac-

terization results after the first use. However, the performance of
catalyst remained stable in further uses. (Fig. 8).

3.4. Synthesis of 2-MP from n-propanal

The synthesis of 2-MP was studied by performing separate
experiments with n-propanal as the starting material and Cu/MMO
catalyst. All the experiments were repeated with unless other-
wise the same conditions used for 2-EH synthesis. The objective
was to study the effect of carbon chain length on the efficacy
of the catalyst. The series and parallel reactions occurring dur-
ing one pot 2-MP synthesis were similar to the reactions which
occurred for 2-EH synthesis (Scheme 3) viz, aldol condensation of
n-propanal to form 2-methylpentenal (reaction f), hydrogenation
of 2-methylpentenal to form 2-MP (reaction g), acid hydrolysis of
n-propanal to form propanoic acid (reaction h), esterification of n-
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Scheme 3. Consecutive and parallel reactions occurring during one pot synthesis of 2-MP from n-propanol.

propanal and propanoic acid to form propyl propanoate (reaction i) The parity plot (Fig. ES9) and residual plot for theoretical instan-
and hydrogenation of n-propanal to form propanal (reaction j). The taneous selectivity of 2-MP also validated the derived equation (Fig.
instantaneous selectivity equation was derived for the 2-MP syn- ES10). Low selectivity was obtained for 2-MP as compared to 2-EH
thesis with similar mathematical derivation as derived for 2-EH (Fig.9). This might be due to easy passage of reactants and products
synthesis. The equation was derived as: in 2-MP synthesis to the active sites in narrow pores as compared

to 2-EH synthesis. The smaller size of molecules accelerated the

2202
k7K G Cob

2
(1+K,bCA+K]bC])

(26)

k10KiaKx CaCx+k11 KiaKn G Cu)C2, k12KimCi/KpCpC2,
2 2
(1+K1q Cr+Kx Cx +Ky Oy +Kn ) (Hsz C+Kjm Cj+Ki C +/KpCp+KL G +Ko CO)
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rate of reaction in 2-MP synthesis (Table ES2). However, due to the
higher rate of reaction, the side products were also formed result-
ing in lower selectivity. Comparison of the values of adsorption
constants for 2-EH and 2-MP synthesis at same temperature shows
that the adsorption of n-propanal was stronger on active sites than
adsorption of n-butanal on the active sites (Table ES3).

Similar experiments were done for 2-MP as 2-EH synthesis after
ensuring that there was no external mass transfer resistance and
intra-particle diffusion resistance. Experiments were done by vary-
ing the catalyst loading from 0.025 to 0.075 g/cm? (Fig. ES8) and
by varying the temperature from 110° to 170°C (Fig. ES9). The
activation energy was found to be 10.5 kcal/mol (Table ES2).

4. Conclusion

One pot synthesis of 2-EH was achieved starting from n-butanal
with 90% selectivity at the beginning of the reaction in solvent-
less conditions. Similar study was conducted on the synthesis of
2-MP starting from n-propanal which resulted in 53% selectivity.
The pore size of the 5% Cu/MMO catalyst and molecule size played
an important role in synthesis. The values of reaction rate constants
were calculated for different reactions occurring during one pot 2-
EH and 2-MP synthesis. Aldol condensation was found to be the rate
controlling step in both the cases with 9.11 and 10.57 kcal/mol, for
synthesis of 2-EH and 2-MP, respectively.
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