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nitrogenase as probable solutions to the problem.(Oldroyd and
Dixon, 2014) Chemical engineers are more interested in
solutions that involve the intensification of existing
manufacturing processes in view of decreasing energy
consumption, minimising waste and therefore ensuring low
production costs in an environmentally-friendly context(Dave
et al., 1999). In this regard, gas hydrates represent one of the
potential chemical engineering solutions to ‘the nitrogen
problem’.

Abstract
Gas hydrates, which are ice-like solids, form a subgroup of
inclusion crystalline compounds known as clathrates.
Clathrates consist of appropriately sized small molecules
(guests) encapsulated in cage-like structures made of hydrogen
bonded-molecules (hosts), due to van der Waals force. When
the host and the guest are water and a gas respectively, the
resulting structure is referred to as a gas hydrate. It is well
known in chemical engineering that gas hydrates lead to the
clogging of pipelines during flow assurance operations.
However, they can be advantageously exploited in separation
processes. With regard to fertilizer plant operations, some
experimental hydrate dissociation data have been reported in
the literature for nitrogen as well as ammonia containing
mixtures. The present communication is a review of these
experimental data which can be used to analyze, design and
optimize hydrate-based separation processes. Additionally, a
discussion is made on the effectiveness of gas hydrate
technology as a novel and environmentally friendly way to
separate streams encountered in nitrogen-based fertilizer
plants. The end of the present review is a focus on important
questions that researchers have to address in view of the
industrial implementation of gas hydrate-based separation
technology in nitrogen-based fertilizer plants.

Gas hydrates, which are ice-like solids, form a subgroup of
inclusion crystalline compounds known as clathrates.
Clathrates (from the greek word khlatron, i.e. barrier) consist
of appropriately sized small molecules (guests) encapsulated
into cage-like structures made of hydrogen bonded-molecules
(hosts), due to van der Waals forces (Sloan, 2008 , Carroll,
2009). When the host and the guest are water and a gas
respectively, the resulting structure is referred to as a gas
hydrate. The guest occupancy of the cavities formed by water
molecules as well as the composition of the entrapped guests
within the lattice can vary. For this reason, Gas hydrates are
nonstoichiometric compounds (Sloan, 2008 , Carroll, 2009).
Gas hydrates attract considerable attention from researchers
due to new opportunities they offer to design a wide range of
energy efficient and environmentally friendly processes in
chemical engineering. It is believed that if hydrate-based
processes are implemented, the face of chemical engineering
will change tremendously in a positive manner, from the
environmental and economic points of view. The present
review is a focus on the potential use of hydrate-based
processes in nitrogen-based fertilizers. After a general
background on gas hydrates, an insight is given on the state-ofthe-art hydrate-based separation processes relevant to mixtures
containing nitrogen before the concluding section. The latter is
an emphasis on important questions that researchers have to
address in view of the industrial implementation of gas hydratebased separation technology in nitrogen-based fertilizer plants.

Keywords: fertilizer, gas hydrate, nitrogen, separation,
thermodynamics

1. INTRODUCTION
Nitrogen-based fertilizers are widely used in all parts of the
world. Nitrogen is an important plant nutrient provided by a
wide range of fertilizers which ensure high crop yields and
contribute to food security. However, both too little and too
much of available nitrogen pose challenges (Oldroyd and
Dixon, 2014). On one hand, in case of too little access to
nitrogen, food shortage and increased poverty are observed in
some communities in the world; on the other hand, supplying
too much nitrogen to plants results into increased air, land and
water pollution.

2. BACKGROUND ON GAS HYDRATES
2.1. Positive applications of gas hydrates

Recently, due its global nature, the ‘nitrogen problem’ (i.e. too
little or too much nitrogen) attracted researchers’ attention
beyond the field of agricultural science, technology and
engineering. A plethora of solutions have been and are still
being suggested by different scientific disciplines.
Biotechnologists propose, inter alia, the engineering of the
legume symbiosis into cereals and the introduction of

Gas hydrates were documented for the first time by Humphrey
Davy(Davy, 1811) in a lecture offered to the Royal Society in
1810. Inclusion compounds did not attract the attention of the
engineering community until 1934, when Hammerschmidt
(Hammerschmidt, 1934) revealed that the blockage of crude oil
and gas pipelines was due to hydrate formation during flow
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assurance processes. Gas hydrates are undesirable during crude
oil and natural gas exploitation and transportation. However, it
has been found recently that the formation of gas hydrates
could be advantageously used in a number of industrial
processes. The most studied and most promising potential
applications of gas hydrates include:








Depending on the chemical nature of the guest substances,
water molecules arrange themselves into specific cages that
combine to form clathrates having various crystallographic
structures. The most common arrangements(Sloan, 2008 ) are
structures I, II and H which are described in Table 2-1. The
three structures are generally denoted as sI, sII and sH. (Sloan,
2008 ) As shown in Figure 2-1, structures are characterized by
the shape, the size and the number of cavities composing the
clathrate lattice unit cell. Some examples of different hydrate
formers and their corresponding structures are presented in
Figures 1 and 2. Cavities found in gas hydrates are a
combination of the following polyedra (Sloan, 1998):

Carbon dioxide capture and sequestration; (Babu et
al., 2013, Park et al., 2013, Kang and Lee, 2000);
Water treatment and desalination; (Wang et al., 2013,
Park et al., 2011) (Javanmardi and Moshfeghian,
2003);
Gas storage and transportation (Tamsilian et al., 2012,
Javanmardi et al., 2005, Najibi et al., 2009b, Pang et
al., 2007, Nakayama et al., 2010) ;
Separation processes (Nagata et al., 2009,
Eslamimanesh et al., 2012, Seo and Kang, 2010);
Refrigeration (Wu et al., 2012, Deqing, 2002);
Fire extinction (Hatakeyama et al., 2009) ;
Natural gas (source of energy) recovery from natural
formations (Moridis et al., 2011, Beauchamp, 2004,
Makogon et al., 2007);







dodecahedron (512), polyhedron consisting of
pentagonal faces;
tetrakaidecahedron (51262), polyhedron consisting of
12 pentagonal and two hexagonal faces;
hexakaidecahedron (51264), polyhedron consisting of
12 pentagonal and four hexagonal faces
irregular dodecahedron (435663), polyhedron
consisting of three quadrilateral, six pentagonal and
three hexagonal faces;
icosahedron (51268), polyhedron consisting of twelve
pentagonal and eight hexagonal faces.

2.2. Structure of gas hydrates

Figure 1: Common hydrate unit crystal structures. The numbers over arrows indicate the number of cages of a particular type in
the structure. For example, the structure I unit crystal is composed of two 512 cages, six 51262 cages.(Rojas and Lou, 2010)

Table 1: Geometry of cages in clathrate hydrates structures (Adapted from Reference (Sloan, 1998))
Structure

Type of cavity

Cavity shape

No. of cavities
per unit cell

Average cavity
Radius, Å

Coordination
number

No. of waters
per unit cell

Structure I

Small cavity
Large cavity

512
51262

2
6

3.95
4.33

20
24

46

Structure II

Small cavity
Large cavity

512
51264

16
8

3.91
4.73

20
28

136

Structure H

Small cavity

512

3

3.91

20

34

Medium cavity

435663

2

4.06

20

Large cavity

51268

1

5.71

36
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X-ray diffraction, Raman spectroscopy, and nuclear magnetic
resonance (NMR) spectroscopy are the most effective and most
used analytical techniques to characterize the three commonly
occurring structure of gas hydrates whereas Single-crystal Xray crystallography is the most effective means to identify new
or unknown structures. (Koh et al., 2011) More advanced tools,
therefore less accessible to many researchers, include
synchrotron X-ray diffraction and neutron diffraction which
can be used for in situ structural characterization under
conditions of high pressure during gas hydrate formation and
dissociation.(Koh et al., 2011) The state of the art of gas
hydrate structural studies can be summarized as follows:(Koh
et al., 2011)


diffraction is effective in identifying gas hydrate
structures (sI, sII, sH only),



spectroscopy can give insight into guest occupancy,



a combination of single-crystal X-ray crystallography
and sophisticated modelling approaches is required to
identify new structures,



a metastable structure can exist for a long period of time
prior to the appearance of the thermodynamically stable
structure.

2.3 Thermodynamics of clathrate hydrates
2.3.1 Phase behaviour of clathrate hydrates
Conditions required for hydrate formation include: (Carroll,
2009)
 The presence of water, as either a liquid, a vapour or ice;
 The presence of a hydrate former;
 Appropriate temperature and pressure combination.
Hydrate formers are generally apolar or slightly polar
molecules with size between 0.35 nm and 0.9 nm. Furthermore,
it has been pointed out that the ratio of the guest size to the
cavity size of the host molecule is an important factor of
stability in hydrate formation.(Sloan, 1998, Sloan, 2008 )
Stability is achieved when the guest molecule fits into the
cavity. When the molecular size of the guest is too small, its
interaction with the cavity will not sufficiently contribute to the
stabilizing potential energy. On the other hand, a guest
molecule that is too large will distort the cavity. The optimum
ratio of the guest size to the cavity size has been evaluated as
0.98 (Sloan, 1998).

2.3.2 Hydrate promoters and inhibitors
2.3.2.1 Promoters
Promoters are organic additives that are capable of easing
conditions under which hydrates can form.(Sloan, 2008 ,
Herslund et al., 2013) These additives are classified as kinetic
promoters and thermodynamic promoters. It is not excluded
that an additive can serve as both a thermodynamic and a
kinetic promoter. One such promoter is cyclopentane.
In effect, slow formation rates represent a drawback for the
industrial implementation of gas hydrate-related processes
(Zhong and Rogers, 2000). Kinetic promoters speed up
clathrate hydrate formation. They reduce the nucleation and
growth time without affecting the pressure and temperature
conditions under which they form (Kelland, 2006). Owing to
their ability to increase the interfacial contact between the
hydrate former and liquid water (Carter et al., 2010), some
surfactants (Okutani et al., 2008) and polymers (Su et al., 2009)
have been identified as good kinetic promoters.
Furthermore, in most cases, gas hydrate based processes are
neither economic nor attractive because they require high
pressure and very low temperatures which imply the use of
large amounts of energy. To reverse this, extensive research is
underway to find cheap and effective thermodynamic
promoters. Additives that have been identified as
thermodynamic promoters include cyclopentane,(Herslund et
al., 2013) tetrahydrofuran(De Deugd et al., 2001, Hashimoto et
al., 2006)(THF), tetrahydropyran(De Deugd et al., 2001), tetran-butylammonium chloride(Sun and Liu, 2012) (TBAC) , tetran-butylammonium bromide(Li et al., 2009) (TBAB), tetra-nbutylammonium fluoride(Lee et al., 2013) (TBAF), 1, 3dioxolane(Maekawa, 2013), acetone, etc. They shift the
thermodynamic stability boundary of gas hydrates, allowing
their formation under conditions close to ambient pressure and
temperature.

Figure 2: Comparison of guest size, hydrate type, and cavities
occupied for various hydrate formers (Sloan, 2008 )
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plugging. This is achieved by means of kinetic inhibitors which
act on the rate of hydrate formation and anti-agglomerants
which maintain the hydrate in the form of suspended
slurry(Kelland, 2006).

2.3.2.2 Inhibitors
Gas hydrates are undesirable during gas and oil transport
processes as they have the devastating effect of clogging
pipelines. Preventing gas hydrate formation in flow channels
costs the petroleum industry colossal amounts of
money(Lederhos et al., 1996). Inhibitors are additives which
tend to prevent (thermodynamic inhibitors) or retard (kinetic
inhibitors) hydrate formation(Cha et al., 2013).

Quaternary ammonium salts(Koh and Sloan, 2007) are good
anti-agglomerants for gas hydrate suspensions which they
maintain stable in the pipeline during the whole transport
process. Photopolymers and copolymers of vinyl caprolactam
and hyperbranched poly (ester amides) are the most successful
thermodynamic inhibiters in use in the oil and gas industry
nowadays.(Villano et al., 2009) The inhibiting effect of these
additives is usually attributed to the adsorption of water-soluble
polymers onto gas hydrate embryos or crystal structures as well
as water perturbation.(Anderson et al., 2005, Makogon and
Sloan, 2002, Hawtin et al., 2005)

One common remedy for pipe-plugging problems consists of
injecting thermodynamic inhibiters which shift hydrate
formation conditions to higher pressures and lower
temperatures(Najibi et al., 2009a). To act as thermodynamic
inhibitors, additives have to be capable of interfering with the
hydrogen bonds that hold together water molecules in the
clathrate structure. Electrolytes, alcohols and glycols are good
at achieving this. As pointed out by Makogon et al.(Makogon
et al., 2000), they alter the structure of water in such a way that
hydrate formation is disfavored. In fact, ions from electrolytes
or polar molecules from other organics interact with water
molecules via coulombic forces, causing the latter to cluster
around them. Since coulombic forces are stronger than
hydrogen bonds and van der Waals interactions involved in the
clathrate structure, they make the inhibiting effect
unavoidable.(Sloan, 2008 )

2.4 Kinetic aspects of gas hydrate formation and
dissociation
2.4.1. Formation and dissociation of gas hydrates
Hydrate formation comprises the nucleation and growth
processes. During nucleation which is a stochastic
process(Sloan, 2008 ), gas-water clusters form and grow to
critical-sized and mechanically stable hydrate nuclei.

Thermodynamic inhibitors which are popular in the petroleum
industry(Østergaard et al., 2000) include electrolytes such as
aqueous solutions of sodium chloride, potassium chloride,
calcium chloride, sodium bromide and sodium formate.
Organics such as methanol, ethanol, ethylene glycol and
glycerol are also used. (Cha et al., 2013) Several other alcohols,
electrolytes and glycols(Najibi et al., 2009a, Mohammadi and
Richon, 2009, Ohmura et al., 2004) have been successfully
investigated in the literature.

Two theories are widely adopted by researchers to describe the
induction phenomenon.(Jensen et al., 2008) According to the
labile cluster nucleation theory, hydrate unit cells are formed
when water molecules cluster around dissolved gas molecules.
The resulting clusters join together due to hydrophobic bonding
between apolar molecules of which they are composed.(Sloan,
2008 ) The second theory, nucleation at the interface
hypothesis, considers that nucleation happens at the vapourliquid interface, on the vapour side. Water molecules cluster
around gas molecules which are adsorbed onto the
interface.(Sloan, 2008 ) Table 2-2 gives different driving forces
for the nucleation process as suggested by various authors.
Nucleation parameters include the displacement from
equilibrium conditions, gas composition, stirring rate, surface
area, the previous history of water and the guest molecule
diameter to cavity size ratio.(Servio, 2002) Gas hydrate growth
refers to the growing of stable nuclei in the form of a solid
hydrate. While investigating gas hydrate growth, Makogon et
al.(Makogon et al., 2000) distinguished three morphological
types of gas hydrate crystals that can form and coexist in a gas
hydrate forming system: massive, whiskery and jelly crystals.
They established that the mechanism of gas hydrate growth was
dependent on the type of crystal. The growth of massive
crystals is due to the adsorption of water and gas molecules on
the newly formed crystal surface. The growth of these massive
crystals is easier in the gas phase. The growth of whiskery
crystals is caused by adsorption of water and gas molecules on
the base of an already formed crystal. Through diffusion and/or
convection, gas molecules are taken to the location where
adsorption has to take place via a tunnel between the base
surface of the growing crystal and the vessel wall.

The pioneering work of Chen et al.(Chen et al., 2008) is worth
mentioning
as
they
have
identified
1-butyl-3methylimidazolium tetrafluoroborate as a reasonable inhibitor
for carbon dioxide hydrate formation. Further experimental
studies(Chun and Jaafar, 2013, Tumba et al., 2011) revealed the
inhibition effect of other ionic liquids. The great interest of their
findings lie in the fact that ionic liquids which are viewed as
safe and eco-friendly(Wasserscheid and Keim, 2000, Welton,
1999, Fox et al., 2008) would be more attractive than the
commonly used inhibiters in the oil and gas industry which
pose, in a number of situations, environmental
concerns(Makogon et al., 2000).
However, due to economic and ecological concerns,
thermodynamic inhibitors aimed at preventing hydrates
formation are being supplanted by kinetic inhibitors and antiagglomerants in flow assurance.(Koh and Sloan, 2007)
Nevertheless, as pointed out by Anderson et al.(Anderson et al.,
2005), thermodynamic inhibitors are still used, primarily
because their behavior can be well predicted by powerful
existing models. Kinetic inhibitors and anti-agglomerants are
known as low dosage hydrate inhibitors (LDHIs) as they are
used in smaller concentrations (less than 1 %) as compared to
thermodynamic inhibitors (up to 60 % with respect to water
phase).(Kelland, 2006) The new approach consists of allowing
hydrates to form but slowly enough to prevent pipeline
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why current gas hydrate kinetic models are not reliable. These
follow:

Table 2: Driving forces for nucleation proposed in the
literature
Driving force

T -T
eq

exp

exp
 wH
-  wLexp

f i exp
-1
f i eq

g exp



The mechanism of formation and dissociation of
hydrates is very complex and not yet fully understood;
 Quantifying gas hydrate kinetics is still a difficult task;
 Separating gas hydrate kinetics from heat and mass
transfer phenomena is still a challenge;
 Current experimental techniques and apparati for
kinetics studies are not always reliable.
In addition to the above mentioned reasons, the poor accuracy
of the existing kinetic models for gas hydrate formation and
dissociation can be attributed to their semi-empirical nature.
The lack of theoretical justification for the previously derived
models was addressed by Vaslov who developed a new model
based on the general theory of chemical kinetics. A good
agreement was found between experimental kinetic data and
predictions by Vaslov’s model for the methane + water system.
The strength of this model is undoubtedly its theoretical
justification as all the used parameters have explicit physical
meaning. However, its generality has yet to be proved as the
author used only one dataset to test his model.

Publications
Vysniauskas and Bishnoi(Vysniauskas and
Bishnoi, 1983)
Skovborg et al.(Skovborg et al., 1993)
Natarajan et al.(Natarajan et al., 1994)

Sloan and Christiansen(Christiansen and Dendy
Sloan, 1995)

According to the same authors, jelly crystals form in the water
phase during a decrease of temperature or pressure and in the
presence of a small amount of hydrate former dissolved in
water. In addition to factors determining nucleation rate, mass
and heat transfer phenomena have a great influence on gas
hydrate growth rate (Sloan, 2008 ).
The mechanism of hydrate dissociation involves a series of
lattice dismantlement and gas desorption process under
favorable conditions (Bishnoi and Natarajan, 1996) .

2.5 Thermo-physical properties
Experimental thermo-physical properties are required for
process design and process simulation purposes. They are also
useful in the development of correlations and property
prediction methods. Unfortunately, few datasets for these
properties can be found in the literature due to practical
difficulties. Nevertheless it is known that many gas hydrate
properties are similar to those of ice, as shown in Table 2-4 .
This is generally attributed to the fact that gas hydrates contain
approximately 85 % water. Similarity is not observed for
properties such as mechanical strength, heat capacity and
thermal conductivity.

2.4.2 Kinetic modelling of gas hydrate formation
Although over the past thirty years interesting models for both
nucleation and growth rates (Englezos et al., 1987b, Englezos
et al., 1987a, Zhong and Rogers, 2000) have been proposed,
modeling gas hydrate kinetics is still a tricky task, full of
challenges for researchers. Sloan (1998) noted that all models
developed to date were apparatus–dependent and they could
hardly fit the whole data set generated by a single researcher.
Zhong et al.(Zhong and Rogers, 2000) summarized the reasons

Table 3. Thermo-physcal properties of gas hydrates compared with those of water and ice. Given values are
based on methanea, tetrahydrofuranb or CH4-C2H6-C3H8 c hydrate. (Adapted from reference(Koh et al., 2011))
Property
Thermal conductivity λ
(W m-1 K-1)
Thermal diffusivity κ
(m2 s-1)
Heat capacity Cp
(J kg K-1)
Linear thermal expansion
at 200 K (K-1)
Compressional wave velocity,
Vp (km s-1)
Shear wave velocity Vs
(km.s-1)
Bulk modulus K
(GPa)
Shear modulus G
(GPa)
Density ρ (kg m-3)

Water
0.58 (283 K)

Ice
2.21 (283 K)

Structurea I
0.57 (263 K)

Structure II
0.51 (261 K)

1.38 x 10-7

11.7 x 10-7

3.35 x 10-7

2.60 x 10-7

4.192 (283 K)

2.052 (270 K)

2.031 (363 K)

2.020 (261 K)

-

56 x 10-6

77 x 10-6

52 x 10-6

1.5

3.87 (5 MPa, 273 K)

3.77 (5 MPa, 273 K)

0

1.94 (5 MPa, 273 K)

1.96(5 MPa, 273 K)

0.015

9.09 (5 MPa, 273 K)

8.41 (5 MPa, 273 K)

0

3.46 (5 MPa, 273 K)

3.54 (5 MPa, 273 K)

999.7 (283 K)

917 (273 K)

929 (263 K)

3.821b (30.4-91.6 MPa,
258-288 K)
2.001b (26.6-62.1 MPa,
258-288 K)
8.482b (30.4-91.6 MPa,
258-288 K)
3.666b (30.4-91.6 MPa,
258-288 K)
971c (273 K);
940c
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solution, nitrate solution and calcium ammonium nitrate
solution. Ammonia is particularly important as it serves as
feedstock to most nitrogen-based fertilizer manufacturing
processes. For this reason, all the experimental studies in the
gas hydrate community for the separation of nitrogencontaining mixtures are centred on ammonia production. They
addressed the use of hydrate formation to separate
multicomponent mixtures forming the vent gas as well as
binary pairs which are part of such mixtures. One major
component of these studies is the report on thermodynamic
phase equilibrium data for systems related to ammonia
manufacturing. In fact, clathrate phase equilibrium data are
required to design or simulate separation processes based on
hydrate formation.

3. GAS SEPARATION PROCESSES USING HYDRATE
FORMATION: PRINCIPLE AND EXAMPLES
No separation technique based on gas hydrates has made it
beyond the pilot plant scale. Researchers are still exploring
hydrate-based technology as an alternative to some existing
separation processes. It is known that theoretically separation
processes exploiting gas hydrate formation are less energy
intensive than cryogenic separation are cheaper than membrane
separation and lose less gas pressure than pressure swing
absorption(Sun et al., 2010). The fact that generally, no
hazardous solvent is involved in gas hydrate-based separation,
the process is viewed as eco-friendly.
A mixture containing at least one hydrate former can be
separated at the favor of the difference in hydrate formation
conditions between its components (Nagata et al., 2009). An
appropriate adjustment of pressure and temperature can lead to
a partition of a component between the hydrate phase and the
fluid phase which is favorable to its recovery. Figure 3
illustrates a typical gas hydrate-based process applied to a
gaseous mixture. The feed stream is successively compressed
and cooled to achieve appropriate conditions for hydrate
formation in a reactor. The hydrate phase is then dissociated in
order to recover the product gas whereas water is recycled to
the process.

In ammonia plants, fluid mixtures that are dealt with contain
nitrogen, hydrogen, methane, argon, ammonia, carbon oxide,
carbon dioxide and steam. Ammonia is synthesised using
Nitrogen and Hydrogen as reagents. Hydrogen is obtained from
hydrocarbons via steam reforming of natural gas, LPG or the
naphta fraction of crude oil refinery. Air is the source of
Nitrogen. Carbon monoxide and carbon dioxide are generated
during reforming. They are eliminated to prevent catalyst
poisoning through methanation, i.e. conversion to methane
which is an inert in ammonia synthesis. After anhydrous
ammonia synthesis, the vent gas typically contains on molar
basis 2.4% argon, 9% methane, 23% nitrogen and 65%
hydrogen (Liu et al., 2011).
Only one pair contained in the multicomponent gaseous
mixture forming ammonia plant stack gas has been examined
in the literature whereas two studies investigated the use of
hydrate-based separation to the recovery of reagents from this
mixture. It must be noted that although experimental data for
the methane -nitrogen separation were undertaken in a context
different from that of fertilizer production, the results are
applicable to any process involving this system. No data have
been generated thus far for the argon + nitrogen system. The
hydrogen/nitrogen separation problem is not relevant to
ammonia manufacturing process as these two gases have to be
contacted in order to yield ammonia.

Figure 3: Flow diagram of the gas separation process via
hydrates (Adapted from reference(Tajima et al., 2004))

4.1 Methane + Nitrogen System
Nitrogen is one of the reactants for ammonia synthesis whereas
methane is an inert in relation to ammonia synthesis. In an
investigation on methane recovery from coal bed methane, Sun
et al.(Sun et al., 2010) reported separation efficiency data for
mixed methane and hydrogen clathrate hydrates in the
temperature range of 276.15 and 282.15 K. The action of the
thermodynamic promoter tetra-n-butylammonium bromide
(TBAB) and the kinetic promoter sodium dodecyl sulphate
(SDS) were studied. Hydrate formation pressures and times
were decreased in the presence of these two additives. It was
found that during hydrate formation, the reaction time was
shortened by three hours when using SDS. After a single stage
separation equilibrium separation in TBAB-SDS solution,
experimental results revealed an increase of methane
concentration in the vapour phase from 46.25 mol % to 68.66
mole %. Methane recovery was 47.11 %. The limited number

Previous experimental studies have given insight into the use
of hydrate formation to separate mixtures related to a wide
range of chemical processes. They were extensively reviewed
by Ali et al. (2012) who provided many examples of mixtures
to which gas hydrate-based separation processes are applicable.

4. EXPERIMENTAL STUDIES ON GAS HYDRATEBASED SEPARATION PROCESSES FOR NITROGENCONTAINING MIXTURES
Commercially available Nitrogen-based fertilizers include
anhydrous ammonia, aqua ammonia, ammonium nitrate,
ammonium nitrate-lime, ammonium sulphate, calcium nitrate,
nitrate of soda, urea, ammonia urea ammonium nitrate (UAN)
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nitrogen-hydrogen pair in the vapor phase could be achieved at
8 MPa. This performance is associated with a single separation
stage only. In the quest for improvement, more than one stage
can be added. The most significant finding is undoubtedly their
successful attempt to model the clathrate hydrate phase
behavior of the investigated mixtures by the Chen-Guo hydrate
model. This means that the model can be used to predict the
separation efficiency indices including the recovery of the
hydrogen + nitrogen pair under various conditions determined
by temperature, pressure, and the initial composition of the
ammonia synthesis gas. This thermodynamic study however
hasto be complemented with kinetic as well as mass and energy
transfer studies to equip process designers with accurate
information that is required for the full understanding of the
process. Moreover, no attempt has been made to provide
evidences of the less costly nature of the proposed hydratebased process. The impact on the environment is not an issue
as it is well established that hydrate-based processes are
generally eco-friendly as only water is added to the process. No
volatile organic compound with deleterious effect is involved
as separation agent.

of experimental data points does not allow any reliable data
correlation to examine various scenarios.
Happel et al.(Happel et al., 1994) undertook experimental work
on nitrogen/ methane separation via gas hydrate in a reactor
constructed by themselves. They were successful in measuring
compositions in both the vapour and hydrate phases. Measuring
hydrate phase composition was the major achievement of their
work as this is not trivial. Many experimental studies on
thermodynamic equilibrium conditions of hydrate forming
systems rely on material balance calculations to determine the
composition of the hydrate phase. This approach is known to
be less accurate than a direct measurement of the concentration.
Other experimental data from which fundamental insights can
be drawn to understand the phase behaviour of mixed methane
and nitrogen hydrates have been published by Lee et al.(Lee et
al., 2006), Mei et al.(Mei et al., 1996) and Nixford and
Olderrich(Nixdorf and Oellrich, 1997)

4.2 Recovering the nitrogen-hydrogen pair from ammonia
synthesis vent gas
In plants using the Haber process, ammonia is synthesized from
nitrogen and hydrogen. On the first pass, only 20 % of the
reactants are converted to ammonia gas. After ammonia
removal, a substantial amount of unreacted nitrogen and
hydrogen along with inerts such as methane and argon are
subjected to membrane filtration to recover hydrogen which is
recycled whereas the remaining fraction is vented off. This
approach may lead to the waste of nitrogen which can be
recycled along with hydrogen and improve not only the
economics of the process but also the overall ammonia yield.
Furthermore, the nitrogen released in the atmosphere
contributes to the increase of the ammonia plant’s nitrogen
footprint. Gas hydrate technology has the potential to ensure a
more efficient use of nitrogen in the Haber process than the
membrane filtration-based process. This was shown by Dong
et al.(Dong et al., 2009) in an experimental study on the
separation of simulated ammonia synthesis vent gas by hydrate
formation. They measured conditions in terms of pressure and
temperature under which methane hydrate are formed in the
presence of ammonia. The idea behind their experiment design
is that the removal of methane, i.e. the most substantial inert
from the vent gas will result in hydrogen and nitrogen being
enriched in the vapor phase and readily available for recycle.
The reported experimental phase equilibrium data under
methane hydrate forming conditions were generated in the
temperature and pressure ranges from (276.9 to 280.9) K and
(4.60 to 6.75) MPa respectively in the presence of small
amounts (1 to 5 mol %) of ammonia. Ammonia was found to
act as thermodynamic inhibitor, increasing hydrate
formation/dissociation pressures to values that are very high
and incompatible with operational conditions of the Haber
process. THF was then used to serve as promoter. It was added
to the feed consisting of a simulated ammonia synthesis vent
gas. Their experiments included vapor phase composition
measurements

4.3 Hybrid Method for hydrogen recovery from ammonia
plant tail gas
Liu et al.(Liu et al., 2011) proposed a separation technique
coupling absorption and hydrate formation. Experiments were
undertaken in the temperature and pressure ranges of (274.15
to 278.15) K and
(8 to 12) MPa respectively with two
different anti-agglomerants. Data correlation was not included
in this study. The new process was termed the absorptionhydration hybrid method. Similarly to the process proposed by
Dong and coworkers(Dong et al., 2009), that suggested by Liu
et al. (Liu et al., 2011) relies on the co-recovery of nitrogen and
hydrogen. The latter authors experimentally investigated the
clathrate hydrate phase behavior of the system comprising
hydrogen, nitrogen, methane, argon, diesel oil, THF, an antiagglomerant and water which is relevant to ammonia
manufacturing process, in the temperature range. THF was
used as promoter whereas the water-in-oil emulsion was aimed
at preferably absorbing some gas components. Their study was
aimed at establishing the effect of four different variables, viz.
the gas-to-liquid ratio of the feed, temperature, pressure, the
amount of anti-agglomerant as well as that of the emulsifying
agent on the hydrogen + nitrogen pair recovery. Two different
anti-agglomerants of which the names were not disclosed were
used along with diesel oil as emulsifiers. In physical chemistry,
an emulsion is a stable suspension consisting of two immiscible
phases. Liu et al. (Liu et al., 2011) reported a hydrogen
recovery as high as 90 % and a concentration of 93 % for the
(H2 + N2) vapor in the vapor phase. Like in the study
undertaken by Dong et al.(Dong et al., 2009) , separating the
nitrogen + hydrogen pair from the ammonia plant tail gas
provides an opportunity to minimize the loss of nitrogen to the
environment as well as increasing the ammonia yield. No
comparison was made in both studies between the performance
of the new hydrate-based processes and membrane filtration or
any other separation process currently used in ammonia
manufacturing industry.

The authors claimed that at a gas-to-liquid ratio of 80:1 and a
temperature of 283.15 K, a total mole fraction of 96.9% for the
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5. CONCLUSION

[2]

In this communication, experimental studies related to the
separation of nitrogen-containing mixtures encountered in
fertilizer manufacturing processes using hydrate formation
were reviewed. Findings from scientific investigations
undertaken to date allows taking note of the following facts:

[3]

 Significant advances have been made in the fundamental
understanding of phase behavior of clathrate hydrates and
their structure.

[4]

 Areas that are poorly understood include kinetic and
thermo-physical properties.

[5]

 Addressing the paucity of experimental thermodynamic,
kinetic and thermo-physical data is a prerequisite to the
effective use of gas-hydrate based technology in nitrogen
fertilizer manufacturing plants as well as the development
of predictive models for various properties. Moreover,
focus must not only be on mixtures encountered in the
chemical plant. Pollution remediation through gas hydratebased approaches is another area that is worth exploring in
areas characterized by too much available nitrogen.


[6]

[7]

More efforts have to be devoted to kinetic studies from
fundamentals to the identification of more effective kinetic
promoters. Low hydration rate is one of the major
obstacles rising on the long way leading to industrial
implementation of gas hydrate-based processes.

[8]

 Gas hydrate research relevant to fertilizer manufacturing is
so far confined to ammonia plant production and falls
under the scope of process intensification to address
problems associated with too little available nitrogen.

[9]

 The benefit the fertilizer industry will draw from hydrate
technology implementation is unquestionable as studies
showed potential improvement in technical and economic
process indicators when hydrate formation is used. This
will be helpful to regions where too little nitrogen is
available due to the relative high cost of nitrogen-based
fertilizers.

[10]

[11]
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