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Abstract- The growing need to drastically reduce CO,
emissions has led engineers and scientists to develop a clean,
renewable and sustainable energy system. Hydrogen as a
green fuel is a good choice since it does not emit any
particulate like CO and CO,, but it gives out NOx emissions at
exhaust of the engine. So to make eco-friendly or emission less
engine which runs on hydrogen gas as a fuel, the nitrogen free
air is to be supplied to carburettor inlet of hydrogen engine,
which eliminates the NOy emission at exhaust for reduction of
the air pollution. Nitrogen separation from air would be done
with the help of pressure swing adsorption method. In this
method continuous separation of a nitrogen gas from
atmospheric compressed air would be done by using zeolite
13X having maximum nitrogen adsorption capacity with low
cost. Hence it is used as nitrogen adsorbent in a fixed bed
column to supply nitrogen free air to carburettor inlet. The
abstract idea of this paper is to eliminate NOx emission and
provide emission less hydrogen engine.

Keywords- Zeolite, Pressureswing adsorption, Air separation, NOx
elimination etc.

1. INTRODUCTION

In recent years, many researchers have focused on the
study of alternative fuels which benefit enhancing the engine
economic and emissions characteristics. Among all fuels,
hydrogen has been demonstrated to be the most promising
green alternative fuel that can be used on Sl engines. Besides,
compared with traditional fossil fuels, hydrogen is a carbon
less fuel whose combustion does not generate emissions such
as HC, CO and CO,. Thus, the application of hydrogen
engines would alleviate concerns about toxic and green-house
emissions from IC engines. This paper is related to the
development of a new engine setup using pure hydrogen as
fuel. Thus to develop the eco-friendly engine we need to
separate nitrogen from air at carburetor inlet. Thus we have to
specially design an air separator which separates Nitrogen gas
from air. The main aim of this project is to develop the eco-
friendly engine i.e. an engine which consumes hydrogen and
air and emits minimum NO, as an exhaust™

The hydrogen engine can utilize hydrogen produced
from any source, and since its fuel does not include a carbon
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component, it is consequently one of the next generation
engine systems that can simultaneously solve both the CO, and
fossil fuel energy depletion problems. Among the hydrogen
engines being developed, the hydrogen engine with an external
fuel mixture is more efficient and durable than the direct
injection type, and is considered capable of commercialization
in a short period of time with low cost™

The high adiabatic flame temperature of hydrogen
resulting in the increased NOx emissions can be thought as
another barrier for the wide application of pure hydrogen
engines. At present, the high costs of hydrogen production and
the lack of hydrogen fuelling infrastructure also block the
commercialization of hydrogen engines in the near future.
Many studies of renewable energy have shown hydrogen is
one of the major green energy in the future. This has led to the
development of many automotive application of using
hydrogen as a fuel especially in internal combustion engine.
Global energy demand will continue to increase in the next
decade as the world has been reeling from financial crisis and
economic recession. Almost 80% of world energy is produced
through the combustion of fossil fuels, including coal, natural
gas, and oil, which have also been the primary source of the
air pollutions and carbon emissions; the latter are believed to
be the most important cause for the climate change. Society
has been challenged to balance conflicting energy and
environmental demands by decarburizing our energy chain
and finding a clean and viable source of fuel. In the past
decade, the development of alternative fuels has drawn a
significant attention from both governments and industries

Amongst all the alternative fuels, hydrogen has long
been considered one of the most promising candidates due to
its high energy density (per mass) and lack of carbon
emissions. Researchers have already demonstrated the
feasibility of hydrogen and its applications in internal
combustion engines to power vehicles as diverse as cars,
aircraft, and rockets. However, several challenges including
high fuel production cost, fuel transportation and storage, and
safety issues have prevented hydrogen from widespread use
especially in the transportation sector. Much research has been
devoted to tackle these challenges in order to develop new
technologies that can efficiently exploit the potential of
hydrogen energy and economy."!

Www.ijsart.com



1JSART - Volume 2 Issue 3 -MARCH 2016

In this experiment, a zeolite 13X is used to
adsorbed nitrogen from air with the help of pressure swing
adsorption method. This nitrogen free air or oxygen enriched
air is supplied at carburetor inlet of hydrogen engine. This
results in reduction of NOx emission from hydrogen engine.

Il. LITERATURE REVIEW

Anson et al., studied the adsorption of argon, oxygen,
and nitrogen were studied on silver exchanged titano silicate
molecular sieve ETS-10 and the silver exchanged alumina
silicate  molecular sieve mordenite by inverse gas
chromatography and volumetric adsorption isotherm
measurements. Silver exchanged zeolites, especially silver-
mordenite, have been noted to demonstrate some degree of
selectivity for argon/oxygen. AgETS-10 is found to have a
selectivity of 1.49 for argon over oxygen. From
chromatographic, volumetric and gravimetric isotherm
measurements, both  Ag-ETS-10 and Ag-mordenite
demonstrate adsorptive selectivity for argon over oxygen at 30
°C over a wide range of pressures. Both adsorbents
demonstrate somewhat higher capacity for oxygen than for
argon at atmospheric pressure (1.2-1.3 times)."

Lee et al., this study investigated the applications of
intake and exhaust valve timing variation and lean boosting to
a hydrogen engine with Sl and external mixture to identify the
possibility of achieving high power, high efficiency and super
low NOx emission without backfire generation. The following
conclusions were reached. The backfire that inevitably occurs
by increasing the power of a hydrogen engine to the level of a
gasoline engine could be controlled by the retardation of 1O,
and the method above was confirmed to be effective along
with the application of lean boosting. In addition, it was
identified that EVC is not significantly effective in backfire
control. The maximum temperature reduction rate of hydrogen
from lean boosting is greater than those of other fuels due to
the high specific heat of hydrogen at constant volume.
However, hydrogen has a high lean limit which is capable of
stable combustion, up to the super lean region around U = 0.2,
in which the temperature could be reduced to below NOx
generation temperature. Almost pollution-free NOx emission
was achieved, even when operating at gasoline-level high
power, with low temperature combustion supercharging super
lean mixture.®

Benjamin J.et al., studied and concluded the present
work deals with the simulation of nitrogen production from air
using a membrane module set with carbon molecular sieve
membranes (CMSM). The diffusivities of N2, 02, CO2 and
water vapour on a CMSM made out of cellophane (Celo550)
obtained via gravimetric and permeation experiments were
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compared. The values of diffusivity found from the two
methods were equal for nitrogen, but different for oxygen and
carbon dioxide. This could be an indication that the dead-end
pores existing in the membrane are not accessible to nitrogen,
due to its larger Kinetic diameter, butare acceded by oxygen
and carbon dioxide. Assuming pressure-independent
permeability in the simulations led to lower recoveries than
considering pressure-dependent permeability, for the same
purity. The use of a pressure independent permeability
approach would therefore lead to an erroneous dimensioning
of the membrane module. It was also concluded that higher
feed to permeate pressure ratios, generally, favour the
separation of nitrogen, allowing higher recoveries or smaller
contact times for a given purity. In addition, an increase of
feed pressure also improves the recovery of the process, but
compromises the purity, for the same feed to permeate
pressure ratio. It was also observed that increasing the
pressure drop significantly impairs the separation. For this
reason, pressure drop should be taken into account when
designing the module or preparing the fibers. The work is that
carbon molecular sieve membranes, prepared from pyrolysis
of cellophane up to 550 °C, allow high purity nitrogen
production from air with large recoveries (up to 65% for a
purity of 99.9% and negligible pressure drop) and using an air
feed with 100% RH.F!

Ingenito et. al., studied the goal of this paper was to
identify key parameters for the NO, reduction in order to
define a technology for these pollutants abatement, keeping
the engine performance. The strategy proposed is the Rich-
Quick-Lean engine, whose characteristics, based on the NOy
behaviour at the different equivalence ratios, permit to reduce
the nitrogen oxides formation. This combustor is namely
divided into two stages, a rich and lean stage. The analysis of
the effect of the residence time within each stage of the
combustor has shown that the RQL strategy makes the
combustor NOx production independent on the overall
residence time. The equivalence ratio in the rich stage has
been shown to be a key parameter, affecting the quality of the
mixing between the first stage exhausts and the secondary air
and also producing a dramatic reduction of the NOXx
formation. In fact, for the nominal SCIMITAR E.R. % 0.8 it is
possible to lower the NOx EI from 576 g NOx/kg fuel to 60
NOx/kg fuel by assuming an E.R. higher than 10 in the rich
stage. A fit of NOx El vs. the “rich stage” E.R. has located at
35.65 the equivalence ratio in the rich stage that will ensure an
acceptable E.1. of 20.¥

Kacem et al., studied the purpose of this work was to
evaluate the performance of activated carbons and zeolites
adsorbents in terms of adsorption capacity, performance gas
separation and material aging under PSA processes. The
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adsorbents evaluated in this study showed adsorption
capacities equivalent to those materials after literature. In
particular, activated carbon-SC exhibits adsorption capacities
at high pressure (8 bars) slightly better than those in the
literature. Activated carbons generally have maximum
adsorption capacities at high pressures (10-20 bars). Zeolites
were efficient adsorbents at small pressure when the BET
surface was totally using.™

Chintala et al.,studied the H, energy share
improvement along with the NO, emission reduction from a
H, dual-fuel engine was studied using timed manifold water
injection method. The following conclusions are drawn based
on the experimental results; with base H, dual-fuel operation,
the knock limited H, energy share was 20% without water
injection at rated load and speed. The energy share increased
to 32%, 36%, and 39% with SWC of 130, 200, and 270 g/kWh
respectively for the same engine operating conditions. Degree
of superheat of the water could be the major heat absorption
source i.e., 63% of the total heat absorbed by the water among
three kinds of heat energy. The SWC of 200 g/kWh with 36%
H, energy share was selected as an optimum water quantity
based on rate of pressure rise, COV in IMEP, better
performance and lower emissions. Energy efficiency
decreased slightly with water addition at rated load and speed,
but it is still higher than the conventional Cl engine. With
water addition into the H, dual-fuel engine the in-cylinder
peak pressure, peak temperature, and heat release rate
decreased while ignition delay and combustion duration
increased. A maximum of 37% reduction in NO, emission
could achieve with 270 g/kWh water addition with the penalty
of a slight increase in carbon based emissions including HC,
CO, and smoke. However, these HC and CO emissions could
easily be decreased with the utilization of oxidation catalysts
in the tail pipe. A study on the effect of water added H, dual-
fuel engine with the use of after treatment device on
performance and emission characteristics of the engine needs
to carried out in future for a complete solution.

Normann et al., studied the present study has
demonstrated several methods to reduce NO, emission in the
oxy-fuel process. However, an economical evaluation or a
system study to find out the optimum organization of NOy
capture still remains to be done. The survey has led to the
conclusion that more knowledge is required in three key areas
to optimize NO, control in future oxy-fuel power plants.!”’

Pengcheng et al., studied the cryogenic distillation,
with high investment costs, is a well-developed and
established technique for large-scale production (typically
larger than 10 MMscfd of gas) of pure oxygen. Zeolite
membranes were for the first time evaluated for separation at
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cryogenic temperatures, for air separation. At each feed
pressure, the membranes were quite oxygen selective in a
narrow temperature range. For the first time, ultra-thin MFI
membranes were evaluated at cryogenic temperature for air
separation at low feed pressure down to 100mbar. The
membranes were found to be oxygen selective at all the
conditions studied. The observed O,/N, selectivity and oxygen
permeance were well above the upper bound in the 2008
Robeson selectivity—permeability plot. The permeance was
nearly 100 times higher than that recently reported for
promising polymeric membranes. The selectivity to O, should
primarily emanate from O,/N, adsorption selectivity. In
addition, with decreasing feed pressure and temperature, the
O,/N,membrane selectivity was found to increase, which can
most likely be attributed to greater O,/N, adsorption selectivity
at lower temperatures. The present work has therefore
indicated the optimum conditions for air separation using MFI
membranes, namely low feed pressures and low
temperatures.®

Ribeiro et al., studied the possibility of using a
pressure swing adsorption process for the separation of a
nitrogen and propylene mixture with the metal organic
framework MIL-100(Fe) was assessed. The adsorption
equilibrium measurements revealed that this material has a
propylene/nitrogen selectivity of 40 for a 0.3/0.7 mixture at 2.5
bar and 70 °C and a propylene working capacity of 1.8 mol/kg
between 0.75 and 0.1 bar at 70 °C .For the nitrogen recovery
process nitrogen purity and recovery of respectively 99.9%
and 81.5% were obtained. For the nitrogen and propylene
recovery, a more demanding regeneration must be used. The
products purities obtained were respectively 99.9% for
nitrogen and 97.9% for propylene. The nitrogen recovery was
97.4%.The total power consumption was 36.6 W, a value that
is lower than the ones reported previously in the literature for
other technologies.™

Tirzha et al., studied the reduction of carbondioxide
emissions from flue gases can be achieved using post-
combustion capture technologies such as adsorption. In this
paper, were port the continuous separation of a 15% mol/mol
carbon dioxide—nitrogen mixture through the pressure swing
adsorption (PSA) process. In this study, carbon dioxide—
nitrogen separation applying the PSA process was
investigated. Zeolite13X has high selectivity for CO2 and is
suitable for application in the CO2/N2 separation process. A
model based on the LDF for the mass transfer, considering the
thermal effects, was able to describe the process. An increase
in the inlet temperature of the mixture CO2/N2 increases the
CO2 purity due to the greater difference between the
capacities for the adsorption of N2 and CO2.1

Www.ijsart.com



1JSART - Volume 2 Issue 3 -MARCH 2016

11l. EXPERIMENTATION
A) Pressure Swing Adsorption Method

Pressure swing adsorption (PSA) is a technology
used to separate some gas species from a mixture of gases
under pressure according to the species molecular
characteristics an affinity for an adsorbent material. It operates
near ambient temperatures and differs significantly from
cryogenic distillation techniques of gas separation. Specific
adsorptive materials (e.g., zeolites, activated carbon,
molecular sieves, etc.) are used as trap, preferentially
adsorbing the target gas species at high pressure. The process
then swings to low pressure to desorb the adsorbed material.®

B) Experimental Set Up

As shown in Fig. 1, the experimental system used in
this research includes air compressor, silica gel column, two
adsorption columns contain zeolite 13X, non-return flow
valve, storage tank. Pressure swing adsorption processes rely
on the fact that under high pressure, gases tend to be attracted
to solid surfaces, or adsorbed. The higher the pressure, the
more gas is adsorbed; when the pressure is reduced, the gas is
released, or desorbed. PSA processes can be used to separate
gases in a mixture because different gases tend to be attracted
to different solid surfaces more or less strongly. In this
experiment air is passed under pressure through a vessel
containing an adsorbent bed of zeolite 13X that attracts
nitrogen more strongly than it does oxygen, part or all of the
nitrogen will stay in the bed, and the gas coming out of the
vessel will be enriched in oxygen. When the bed reaches the
end of its capacity to absorb nitrogen, it can be generated by
reducing the pressure, thereby releasing the adsorbed nitrogen.
It is then ready for another cycle of producing oxygen-
enriched air. In this experiment silica gel column is used to
remove impurities and water vapour from compressed air.
Using two adsorption columns allows near-continuous
production of the target gas. It also permits so called pressure
equalisation, where the gas leaving the vessel being
depressurised is used to partially pressurise the second vessel.
This results in significant energy savings.*?

C) Zeolites

Zeolite molecular sieves are crystalline, highly
porous materials, which belong to the class of alumina
silicates. These crystals are characterised by a three-
dimensional pore system, with pores of precisely defined
diameter. The corresponding crystallographic structure is
formed by tetrahedrons of (AIO4) and (SiO4). These
tetrahedrons are the basic building blocks for various zeolite
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structures, such as zeolites A and X, the most common
commercial adsorbents. Due to the presence of alumina,
zeolites exhibit a negatively charged framework, which is
counter-balanced by positive cations resulting in a strong
electrostatic field on the internal surface. These cations can be
exchanged to fine-tune the pore size or the adsorption
characteristics. For instance, the sodium form of zeolite A has
a pore opening of approximately 4 Angstrom (4 x 10-10 m),
called 4A molecular sieve. If the sodium ion is exchanged
with the larger potassium ion, the pore opening is reduced to
approximately 3 Angstrom (3A molecular sieve). Onion
exchange with calcium, one calcium ion replaces two sodium
ions. Thus, the pore opening increases to approximately 5
Angstrom (5A molecular sieve). lon exchange with other
cations is sometimes used for particular separation purposes.
The pore opening of the sodium form of zeolite X (13X) is
approximately 8 Angstrom. Zeolite 13X, has the chemical
formula Nage[(A|02)86 (Si02)106]‘ H20.

Zeolite is very efficient for two reasons.

Physical adsorption

When nitrogen is in close proximity to the exposed
cations of the zeolite crystal, a charge induced dipole forms
and the nitrogen is attracted into the zeolite crystal. Nitrogen is
more polarisable than oxygen and the zeolite selectively
adsorbs nitrogen allowing the oxygen gasto pass unrestricted.
The internal surface area of zeolite is extremely large and so
provides ahigh degree of adsorption per volume of zeolite.

Steric hindrance

The cage like structures of zeolite have been
carefully designed to allow only nitrogen to passto their inside
and to exclude the larger oxygen molecules. That is, the holes
in the side of the zeolite dice are large enough to allow
nitrogen entry but small enough to exclude oxygen. The
uniformity of the micro pores has been the major advantage of
synthetically produced zeolites.®
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Fig. No.3 Second stage of PSA process

Stage3- In the third stage of pressure swing adsorption
process, the adsorbent adsorbs nitrogen in the second bed. The
first bed is depressurized allowing nitrogen to be purged out of
the system and released to the atmosphere.®

Fig. No.1Pressure swing adsorption process (PSA)
d) Stages of pressure swing adsorption process (PSA)

Stagel- In the first stage of pressure swing adsorption process,
air is compressed with the help of air compressor then this
compressed air passed through silica gel column where
moisture content present in air and impurities are adsorbed.
Then compressed air is fed into the first adsorption column
that is zeolite 13X bed.In this adsorption column, nitrogen
molecules are trapped, while oxygen enriched air is allowed to
flow throughthe adsorption column.®

Fig. No.4 Third stage of PSA process

Stage4- In the fourth stage of pressure swing adsorption
process, the process starts over. Compressed air is once again
fed into the first bed. The second bed is depressurized
releasing nitrogen molecules to the atmosphere.!

Fig. No.2 First stage of PSA process

Stage2- In the second stage of pressure swing adsorption
process, the adsorbent in the first bed saturated with nitrogen
molecules, and then airflow feed is directed into the second
bed ! Fig. No.5 Fourth stage of PSA process
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IV.CONCLUSION

The purpose of this work was to separate the nitrogen
from air to reduced NOx emission from hydrogen engine. The
pressure swing adsorption method is used to remove nitrogen.
By using zeolite 13X nitrogen is adsorbed from air and
oxygen enriched air is passed to the carburetor inlet of
hydrogen engine and NOx emission are reduced.

ACKNOWLEDGEMENT

It is our privilege to acknowledge with deep sense of
gratitude to our Project Stage-1 guide, Prof. S.G. Patil for his
valuable suggestions and guidance throughout our course of
study and timely help given to us in the completion of Project
Stage-1.We are highly obliged to Dr. V.V. Shinde, Head of
Department, Dr. M. S. Gaikwad, Principal, Sinhgad Institute
of Technology and entire staff of Mechanical Engineering
department for their kind cooperation and help. We also take
this opportunity to thank our colleagues who backed our
interest by giving suggestions and all possible help.

REFERNCES

[1] Anson A., Kuznicki S.M., Kuznicki T., Haastrup T.,"
Adsorption of argon, oxygen and nitrogen on silver
exchanged ETS-10 molecular sieve", Microporous and
Monoporous Materials, 2008, 109, pp.577-580.

[2] LeelJ, Lee K., LeeJ., Anh B., "High power performance
with zero NOx emission in a hydrogen fueled spark
ignition engine by valve timing and lean boosting", Fuel,
2014, 128, pp.381-389.

[3] Benjamin J. S., Shaver A.T., Liu Q., Nebipasagil A,
Pisipati P., Mecham S.J., Riffle J.S., Freeman B.D.,
McGrath J.E., “Synthesis, oxidation and crosslinking of
tetra methyl bisphenol F (TMBPF)-based polymers for
oxygen/nitrogen gas separations”, Polymer, 201455,
pp. 5623-5634.

[4] Ingenito A., Agresta A., Andriani R., Gamma F., "NOx
reduction strategies for high speed hydrogen fueled
vehicles”, International Journal of Hydrogen Energy,
2015, 40, pp.5186-5196.

[5] Kacem M., Pellerano M., Delebarre A., “Pressure swing
adsorption for CO,/N, and CO,/CH, separation:
Comparison between activated carbons and zeolites
performances”, Fuel Processing Technology, 2015, 138,
pp. 271-283.

Page | 245

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

ISSN [ONLINE]: 2395-1052

Chintala V., Subramanian K.A., "Hydrogen energy share
improvement along with NOx emission reduction in a
hydrogen dual fuel compression ignition engine using
water injection”, Energy Conversion and Management,
2014, 83, pp.249-259.

Normann F., Andersson K.,Leckner B.Johnsson F.,
"Emission control of nitrogen oxides in the oxy-fuel
Process”, Progress in Energy and Combustion Science,
2009, 35, pp. 385-397.

Pengcheng Y., Korelskiy D., Grahn M., Hedlund J.,
"Cryogenic air separation at low pressure using MFI
membranes”, Journal of Membrane Science, 2015, 487,
pp.335-340.

Ribeiro A.M., Campo M.C., Narin G., Santos J.C.,
Ferreira A., Chang F.C., Hwang Y.K., Seo Y.K., Lee H,,
Loureiro J.M., Rodrigues A.E., *“Pressure swing
adsorption process for the separation of nitrogen and
propylene with a MOF adsorbent MIL-100(Fe)”,
Separation and Purification Technology, 2013, 110, pp.
101-111.

Tirzha L. P. D., Francisco M. T. L., Ivanildo J. S. J.,
Eurico A., "Carbon dioxide- nitrogen separation through
pressure swing adsorption”, Chemical Engineering
Journal, 2011, 172, pp.698-704.

Pengcheng Y.,Sjoberg E., Hedlund J., "Air separation at
cryogenic temperature using MFI  membranes”,
Microporous and Monoporous Materials, 2014, 192,
pp.14-17.

Kopanos G.M., Xenos D.P., Cicciotti M., Pistikopoulos
E.N., Thornhill N.F., "Optimization of a network of
compressors in parallel; Operational and maintenance
planning — The air separation plant case”, Applied
Energy, 2015, 146, pp.453-470.

Hayashi K., Matsuda K., Ono K., Tokida T., Hasegawa
T., "Amelioration of the Reactive nitrogen flux
calculation by a day/night separation in weekly mean air
concentration measurement”, Atmospheric Environment,
2013, 79, pp.462-471.

L. Liu, A. Chakma, X. Feng, “Propylene separation from
nitrogen by poly(ether block amide) composite
membranes”, Membrane Science, 2006, 279, pp. 645-
654.

Www.ijsart.com



1JSART - Volume 2 Issue 3 -MARCH 2016

[15]

[16]

[17]

[18]

[19]

D.P. Zwilling, T.C. Golden, E.L.Weist. JR. KA.
Ludwig, “Recovery of Nitrogen and Light
Hydrocarbons from Polyalkene Purge Gas’’, US Patent
6, 2003, 576, pp.364-379.

Zeolite, http://en.wikipedia.org/wiki/Zeolite

J.Liu,P.K.Thallapally,B.P.McGrail,D.R.Brown,J.Liu,
“Progressinadsorption- based CO2 capture bymetal-
organicframeworks”,Chem.Soc.Rev.41, 2012, pp.2308—
2322.

M.G. Plaza, A.M. Ribeiro, A. Ferreira, J.C. Santos, Y.K.
Hwang, Y.K. Seo, U.H. Lee, J.S. Chang, J.M. Loureiro,
A.E. Rodrigues, “Separation of C3/C4 hydrocarbon
mixtures by adsorption using a mesoporous iron MOF:
MIL-100(Fe)”, Microporous Mesoporous Materials |,
2012 pp.178-190.

S. Cavenati, C.A. Grande, A.E. Rodrigues, “Adsorption
equilibrium of methane, carbon dioxide, and nitrogen on
zeolite 13X at high pressures”, Chem. Eng. Data 49 ,
2004 pp.1095-1101.

Page | 246

ISSN [ONLINE]: 2395-1052

Www.ijsart.com



