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Abstract
Numerical investigation of hydrogenation reaction of acetaldehyde to ethyl alcohol has been done in two phases, i.e. gaseous and
aqueous phase separately using Gaussian 09 software package. For aqueous phase calculations, solvation approach has been
taken and applied SMD model with water as solvent. Geometries were optimized at B3LYP functional of density functional theory
(DFT) with the basis set of 6-31g(d) in both the phases. An imaginary frequency in frequency calculation result affirms the
transition state. For getting an optimized structures of reactant and product, intrinsic reaction coordinate (IRC) calculation is
carried out on the transition state structure at the same level of theory, in both phases. IRC connects the both minima in both
forward and backward directions linking with transition state structure. Single point energy (SPE) has been calculated to get
more accurate values of the optimized structures of reactant, product and transition state in both phases, i.e., gas and water at

CCSD/6-311+g(3df,2p) theory.
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1. INTRODUCTION

In recent years, energy demand has been increased since
increased demand by developing nations and constantly
increasing population. To accommodate the energy demand
among all in proper proportion, relying on fossil fuel might
not be a good idea since fossil fuels are also depleting very
fast and causing environmental concerns. Therefore in this
scenario, one has to go for renewable energy resource, like
wind energy, solar energy, tidal energy, hydro power,
biomass etc. Out of all above renewable energy resources,
biomass is the only renewable energy resource which
provides sustainable carbon for transportation fuel.
Gasification, pyrolysis and liquefaction, and hydrolysis are
the main routes to transform biomass into bio-oil [1]. Raw
bio-oil from fast pyrolysis has been reported to contain more
than 300 hundred of compounds and the bio-oil produced
from biomass happens to have many oxy-functionals which
degrades its quality as transportation fuel [2]. Due to many
oxy-functionals in bio-oil after pyrolysis, it comes with
many disadvantages including low heating value, low pH,
low carbon and high oxygen content, less stability etc. [1,
3]. Therefore it needs to be channelized through upgradation
processes. The current status of upgradation of bio-oil has
been reviewed recently [4, 5, 6].

Acetaldehyde is an important bio-oil compound which
comes under aldehyde catalogue of bio-oil. Guo et al. [7]
performed the pyrolysis bio-oil experimentally and found
that acetaldehyde is an integral part of aldehyde category of
biomass and it is present in 1.72 wt. % in pine sawdust
derived bio-oil. Guo et al. [8] repeated the experiments for
the characterization of rice husk derived bio-oil and in this

experiment acetaldehyde was found to be in 3.58 wt. %.
Therefore acetaldehyde can be considered as a promising
model compound to represent the aldehyde catalogue of bio-
oil.

In the early days acetaldehyde has been produced by the
dehydrogenation and selective oxidation of ethanol to
produce hydrogen. Zaccheria et al. [9] produced
acetaldehyde by dehydrogenation of ethanol over Cu
catalysts and Santacesaria et al. [10] produced acetaldehyde
by selective oxidation of ethanol over V,0s/TiO,-SiO,
catalysts. Recently Elena et al. [11] performed selective
oxidation of acetaldehyde over Au-Cu catalysts. Since the
first generation bio-fuels involve ethanol as the primary
source for transportation fuel, the process has been reversed
now. As we have discussed that pyrolysis derived bio-oil
contains acetaldehyde in good weight percentage therefore
the process of getting ethanol can be done by hydrogenation
of acetaldehyde. Logsdon et al. [12] in one of his patent
discussed about the hydrogenation of acetaldehyde and its
catalytic effects. They reported that most of hydrogenation
catalysts such as nickel, copper chormite, cobalt compounds
etc. exhibit less selectivity than the required one. Burch and
Petch [13] reported the hydrogenation of acetaldehyde over
pure rhodium and iron oxide promoted rhodium. They
concluded that pure rhodium acts as a poor catalyst whereas
iron oxide promoted rhodium catalysts shows an excellent
behavior as more active and selective. Feng et al. [14]
performed the hydrogenation of bio-oil compounds and
related aldehyde compounds using homogeneous catalyst,
RuCl,(PPh3);. They concluded that acetaldehyde is more
reactive and can easily be converted to ethanol by
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hydrogenation than furfural and wvanillin under mild
conditions of 70 °C, 2.3 MPa and 3 hr. Qingsen et al. [15]
performed mechanistic study of hydrogenation reaction of
acetaldehyde over Au(111l) catalyst and reported
hydroxyethyl as the key intermediate product for the
hydrogenation of acetaldehyde. Throughout the literature
review, authors have not found any literature regarding the
solvation study of hydrogenation of acetaldehyde therefore
in this study, acetaldehyde has been considered as the model
compound and numerically carried out the hydrogenation
reaction to transform it into ethyl alcohol in the gas phase
and aqueous phase using Gaussian 09 [16] and Gauss View
5 [17] software packages.

2. COMPUTATIONAL DETAILS

Geometries and transition state optimization have been
carried out for both phases by B3LYP (Becke 3-parameter
Lee-Yang-Parr) functional [18] of density functional theory
(DFT) [19-20] using 6-31g(d) basis set [21-22]. To
recognize and affirm the transition state structure, a normal
mode vibrational frequency calculation has been performed
by the same level of theory for both phases. An imaginary
frequency has been found out in normal mode vibrational
frequency calculation and therefore it confirms the structure
as an actual transition state structure. To link the highest
energy state to the minima, an IRC calculation has been
carried out in both phases at the same level of theory as of
the transition state optimization and normal mode
vibrational frequency calculation. Two minima in each
direction of transition state have been obtained as the
reactant and product. Another normal mode vibrational
frequency calculation has been performed to ensure that the
structures of reactant and product are the true minima and
by obtaining zero imaginary frequency, ensures the
structures as the true minima. Since the energy from
optimization theory happens not to be that accurate as it
should be therefore an additional single point energy (SPE)
calculation has been carried out on each stationary points.
SPE has been performed at CCsD/6-
311+g(3df,2p)//B3LYP/6-31g(d) level of theory in both the
media, i.e.,, gaseous and aqueous phases [23-24]. To
accommodate the aqueous phase calculation, solvation
model has been employed. SMD model has been taken as
the solvation model and water as solvent to put the aqueous
nature [25].

3. RESULTS AND DISCUSSION

Acetaldehyde to ethyl alcohol reaction results have been
separated in two sections as gaseous phase section and
aqueous phase section for ease in discussion. Gaseous phase
calculation results are as follows:

3.1 Phase behavior
3.1.1 Gaseous Phase

The reaction between acetaldehyde and hydrogen forms
ethyl alcohol, has been studied in gaseous phase by quantum
chemical simulations. Figure 1 represents the structural
details of the gas phase reaction of acetaldehyde to ethyl

alcohol reaction. In Figure 1, R1 and R2 corresponds to
acetaldehyde and hydrogen respectively, IM shows the
intermediate, TS stands for transition state and P is showing
the product details. All the bonding parameters are in
angstroms.

Fig -1: Structural details of R1 and R2, IM, TS and P. All
bonding distances are in A.

R1 and R2, i.e., acetaldehyde and hydrogen are in ground
state and in intermediate, IM, acetaldehyde and hydrogen
are at the proper bonding distances from which the reaction
is about to start. One can see that in IM, the C=0 and H-H
bonding distances are distorted from R1 and R2 because
C=0 is the site where H-H is going to attack. In transition
state, TS, one can clearly see that one hydrogen atom is
attacking oxygen atom of C=0 and other hydrogen on C of
C=0. C=0 bond length has been stretched out at 1.33 A in
TS from 1.212 A in IM. Although the C=0 bond in TS is
not proper pi bond but in the broken condition because
transition state shows highest energy in minimum energy
path and whenever the bond lengths shortens or lengthens
from its equilibrium length, the energy of that molecule goes
high. The transition state here has been confirmed by
running a normal mode vibrational frequency calculation
and an imaginary frequency in the frequency result certifies
the structure as an actual transition state. Product, P, can be
clearly seen as an optimized geometry of ethyl alcohol. 8H
and 9H of H-H have made the sigma bond with oxygen and
carbon atom of C=0 bond after the reaction. All the minima
are also affirmed by running vibrational frequency
calculation and zero imaginary frequency affirms the
structures as true minima. Reaction progress in the Figure 1
is going in clockwise in order of arrows.
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3.1.2 Aqueous Phase

The hydrogenation reaction of acetaldehyde to ethyl alcohol
in aqueous phase has been discussed in this subsection. The
reactants, intermediate, transition state and product structure
with their bonding details are represented in Figure 2.

Fig -2: Bonding details of acetaldehyde (R1), hydrogen
(R2), intermediate (IM), transition state (TS), and product

(P).

To introduce aqueous phase environment, we have applied
solvation model in Gaussian 09 using SMD solvation model
and water as solvent. The dielectric constant value for water
is kept as 78.3553 as in the default given by Gaussian
package.

The structural details are given in Figure 2 where one can
see that R1 and R2 are forming an intermediate (IM) which
goes to the first order saddle point followed by the minima
which is nothing but the product, ethyl alcohol. The
transition state here has been affirmed by running a normal
mode vibrational frequency calculation and an imaginary
frequency in the frequency result certifies the structure as an
actual transition state. All the minima are also affirmed by
running vibrational frequency calculation and zero
imaginary frequency affirms the structures as true minima.
The C-C sigma bond distance is 1.51 A in gas phase
whereas in the aqueous phase it happens to be 1.495 A.
Similarly in the product also the C-C bond length is 1.53 A
and 1.52 A in gas phase and aqueous phase respectively.
The similar trend of the reaction progress has been followed
in the aqueous phase compared to the gas phase but the
structures differ in the energies.

Single point energies of the structure at the CCSD/6-
311+g(3df, 2p)//B3LYP/6-31g(d) level of theory are given
in the Table 1 for both phases, i.e., gaseous phase and
aqueous phase. Two types of energies are given in the Table
1, first Ex is the total energy corresponding to the respective
structure and Eq(Rel) which are the energies of the
structures relative to the reactants’ energy.

Table -1: Single point energies of structure are given in
kcal/mol at the CCSD/6-311+g(3df, 2p)//B3LYP/6-31g(d)
level of theory. Er shows the total energy whereas E1 (Rel)

shows the relative energy to the reactants’ energy.

Gas Phase Agueous Phase

Species Er Er(Rel) Er Er(Rel)

R1+R2 | -97094.33 0 -97096.19 0

M -97094.99 -0.66 -97096.2 -0.01

TS -97022.48 71.85 -97038.14 | 58.05

P -97116 -21.67 | -97122.13 | -25.94

As we can see in the Table 1 that gas phase intermediate’s
SPE is -0.66 kcal/mol with respect to the sum of energies of
R1 and R2 whereas in aqueous phase this energy
requirement is only -0.01 kcal/mol with respect to the
reactants’ energy. Similarly the deviation can be seen in the
case of transition states and products also. But the main
focus point is the transition state which plays a vital role in
prediction of the activation energy. The gas phase transition
state structure shows the energy of 71.85 kcal/mol whereas
the aqueous phase shows 58.05 kcal/mol.

3.2 Reaction Pathways

The reaction pathways of acetaldehyde to ethyl alcohol
reaction are in Figure 3 for both the phases, i.e., gas phase
and aqueous phase. All the energies except R1 + R2, are
relative energy to the reactants’ energy. R1 and R2 are the
first and second reactant, IM is the intermediate, TS is
transition state and P’s are product. The green colour
pathway (dashed line) corresponds to the energies from
aqueous phase whereas black colour pathway (dotted line)
corresponds to the energies at the gas phase. All the single
point energies are calculated at CCsD/6-
311+g(3df,2p)//B3LYP/6-31g(d) level of theory.

Hydrogenation reaction of acetaldehyde which leads to form
the ethyl alcohol is an exothermic reaction and to reach the
intermediate structure it loses energy by -0.01 and -0.66
kcal/mol for aqueous phase and gas phase respectively. The
reaction profile or minimum energy path says that reactants
first form the intermediate then goes to the transition state
followed by the formation of product.
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Fig -3: Reaction pathways of acetaldehyde to ethyl alcohol
reaction for gas phase and aqueous phase. All energies are
single point energies in kcal/mol at CCSD/6-311+g(3df,
2p)//B3LYP/6-31g(d) level of theory.

The activation energy for the gas phase reaction is obtained
as 71.86 kcal/mol whereas the aqueous phase offers this
activation energy as only 58.71 kcal/mol. Thus one can
objectify that hydrogenation reaction of acetaldehyde is
favorable in aqueous phase comparing to gas phase reaction.
Since we have not done the thermochemistry study of this
reaction so that we cannot tell exactly how much exothermic
is this reaction but from a glance to the above reaction
profile (Figure 3), one can easily predict that both phase
reactions are exothermic reaction.

4. CONCLUSIONS

DFT study on the hydrogenation reaction of acetaldehyde in
two phases has been carried out in this paper with B3LYP/6-
31g(d) level of theory and SPE with CCSD/6-311+¢g (3df,
2p) level of theory. The conclusions to this study are: 1)
hydrogenation reaction of acetaldehyde yielding ethanol is
an exothermic reaction in both gas and aqueous phase. 2) In
both phases the reaction progress of hydrogenation reaction
of acetaldehyde is same. 3) Aqueous phase offers less
activation energy (58.71 kcal/mol) than the gas phase (71.86
kcal/mol). 4) Both reactions lose energy to form the
intermediate.

REFERENCES

[1] Huber, G. W., lborra, S., & Corma, A. (2006).
Synthesis of transportation fuels from biomass:
Chemistry, catalysts, and engineering. Chemical
Reviews, 106(9), 4044-4098.

[2] Wang, H.,, Male, J, & Wang, Y. (2013). Recent
Advances in Hydrotreating of Pyrolysis Bio-Oil and Its
Oxygen-Containing Model Compounds.

[3] Stocker, M. (2008). Biofuels and Biomass-To-Liquid
Fuels in the Biorefinery: Catalytic Conversion of
Lignocellulosic Biomass using Porous Materials.
Angewandte Chemie International Edition, 47(48),
9200-9211.

[4] Gollakota A. R. K., Subramanyam M. D., Kishore N.,
& Gu S. (2015). CFD simulations on the effect of
catalysts on the hydrodeoxygenation of bio-oil. Royal
Society of Chemistry Advances, 5, 41855-41866.

[5] Subramanyam M. D., Gollakota A. R. K., & Kishore
N. (2015). CFD simulations of catalytic
hydrodeoxygenation of bio-oil using PtY/Al,O; in a
fixed bed reactor. Royal Society of Chemistry
Advances, 5, 90354-90366.

[6] Gollakota A. R. K., Reddy M., Subramanyam M. D., &
Kishore N. (2015). A Review on the Upgradation
Techniques of Pyrolysis Oil. Renewable and
Sustainable Energy Reviews, DOl:
10.1016/j.rser.2015.12.180.

[71 Guo, X., Wang, S., Guo, Z., Liu, Q., Luo, Z., & Cen,
K. (2010). Pyrolysis characteristics of bio-oil fractions
separated by molecular distillation. Applied Energy,
87(9), 2892-2898.

[8] Guo, X., Wang, S., Wang, Q., Guo, Z., & Luo, Z.
(2011). Properties of Bio-oil from Fast Pyrolysis of
Rice Husk. Chinese Journal of Chemical Engineering,
19(1), 116-121.

[9] Zaccheria, F., Ravasio, N., Psaro, R., & Fusi, A.
(2006). Synthetic scope of alcohol transfer
dehydrogenation catalyzed by Cu/Al203: a new
metallic catalyst with unusual selectivity. Chemistry
(Weinheim an Der Bergstrasse, Germany), 12(24),
6426-31.

[10] Santacesaria, E., Sorrentino, a., Tesser, R., Di Serio,
M., & Ruggiero, a. (2003). Oxidative dehydrogenation
of ethanol to acetaldehyde on V20 5/TiO2-Si02
catalysts obtained by grafting vanadium and titanium
alkoxides on silica. Journal of Molecular Catalysis A:
Chemical, 204-205, 617-627.

[11] Redina, E. a., Greish, A. a., Mishin, I. V., Kapustin, G.
I., Tkachenko, O. P., Kirichenko, O. a., & Kustov, L.
M. (2014). Selective oxidation of ethanol to
acetaldehyde over Au-Cu catalysts prepared by a redox
method. Catalysis Today, 241, 246-254.

[12] Logsdon J. E., Loke R. A., Merriam J. S., Voight R.
W., (1988). Unlted States Patent Patent Number :
4762817 Date of Patent: Aug 9, 1988, 7-9.

[13] Burch, R., & Petch, M. I. (1992). Investigation of the
reactions of acetaldehyde on promoted rhodium
catalysts. Applied Catalysis A: General, 88(1), 61-76.

[14] V,E.S.P.B., Xie, J. F, Yu, J. G, Feng, W. L., & Liu,
R. Z. (1989). Quantum chemical study on transition

Volume: 05 Special Issue: 01 | ICRTET-2016 | Jan-2016, Available @ http://www.esatjournals.org 56



IJRET: International Journal of Research in Engineering and Technology

elSSN: 2319-1163 | pISSN: 2321-7308

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

states: intermediates  of  the  unimolecular
decomposition of acetic acid, 201, 249-256.

Meng, Q., Shen, Y., Xu, J., Ma, X., & Gong, J. (2012).
Mechanistic understanding of hydrogenation of
acetaldehyde on Au(111): A DFT investigation.
Surface Science, 606(21-22), 1608-1617.

Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G.
W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A
Cheeseman, J. R.; Scalmani, G.; Barone, V.
Mennucci, B.; Petersson, G. A.; Nakatsuji, H.;
Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.;
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M,;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R,
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J.
C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A,
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels,
A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.;
Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford
CT, 20009.

GaussView, Version 5, Dennington, Roy; Keith, Todd;
Millam, John. Semichem Inc., Shawnee Mission, KS,
2009.

Becke, A. D. (1993). Density-functional
thermochemistry.lll. The role of exact exchange. The
Journal of Chemical Physics, 98(7), 5648.

Hohenberg P. and Kohn W. (1964). Inhomogeneous
Electron Gas, Phys. Rev., 136, B864-B71.

Kohn, W., & Sham, L. (1965). Self-Consistent
Equations Including Exchange and Correlation Effects.
Physical Review.

Ditchfield R., Hehre W. J., and Pople J. A. (1971).
Self-Consistent Molecular Orbital Methods. 9.
Extended Gaussian-type basis for molecular-orbital
studies of organic molecules. J. Chem. Phys., 54, 724.

Hehre W. J., Ditchfield R., and Pople J. A. (1972).Self-
Consistent Molecular Orbital Methods. 12. Further
extensions of Gaussian-type basis sets for use in
molecular-orbital studies of organic-molecules. J.
Chem. Phys., 56, 2257.

Cizek I. (1969). In Advances in Chemical Physics, Ed.
Hariharan P. C., Wiley Interscience, New York, 14, 35.

Purvis G. D. Il and Bartlett R. J. (1982). A full
coupled-cluster singles and doubles model - the
inclusion  of  disconnected triples.J.  Chem.
Phys., 76, 1910-18.

Marenich A. V., Cramer C. J., and Truhlar D. G.
(2009). Universal solvation model based on solute
electron density and a continuum model of the solvent
defined by the bulk dielectric constant and atomic
surface tensions. J. Phys. Chem. B, 113, 6378-96.

BIOGRAPHIES

modelling.

Mr. Anand Mohan Verma is a research
scholar in Indian Institute of Technology,
Guwahati, Assam, India. Currently he is
working on biofuel upgradation under the
supervision of Dr. Nanda Kishore.

Dr. Nanda Kishore is an associate
professor in department of chemical
engineering at Indian Institute  of
Technology, Guwahati, Assam, India. His
major research areas include
bubbles/droplets, non-Newtonian fluids,
biofuel upgradation, and microkinetic

Volume: 05 Special Issue: 01 | ICRTET-2016 | Jan-2016, Available @ http://www.esatjournals.org 57



