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ABSTRACT

Flammable Modern Natural Gas besides being.colorless, is also odorless. An activity like adding an odorant to
gas means odorization. This operation is.done to ensure that the gas can be distinguished. In other words,
odorization is done to_create an unpleasant smell in the air, so that the natural gas, even in small amounts, can
be easily identified. Improving‘safety and increasing the efficiency of utilization of natural gas is a very important
subject due to its wide use.as one of the main energy sources in industry and home consumers all around the
world. So far, various types of compounds identified as "odorant" are increasingly being produced and formulated
to be injected into natural gas. This review article describes different aspects of classical and modern natural gas
odorants and their-odorization process to endorse the introduction of universal sulfur-free odorants for public gas
systems. After studying basic chemistry and the history of these compounds, the most important properties of
odorants are presented to help recognize the most proper odorant for a specific application and its synthesis
methods.
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INTRODUCTION

Natural gas is one of the most usable utilities nowadays. Due to Iran's positioning in the Middle East, there is
sufficient access to it and this has caused the increasing development of technology and industry for the use of
natural gas. The coal gas of yore, most importantly due to sulfur compounds, had a strong odor [1]; provided
modern Natural Gas (NG) has approximately no odor or a small odor. Because it is almost quite composed of
methane and ethane [2].

Probably the first time miners realized the dangers of odorless combustion gases. In 1880, Julius Quaglio came
up with the idea of the odorization of combustible gases. Quaglio participated in different perspectives of water
gas, built several gas plants in Austria, Hungary, and Sweden, and also produced coke in Austria, Belgium, and
Germany mines [3].

Since the consuming NG is a flammable, colorless, and odorless substance, it is necessary toadd a properadditive
as an identifier to the main composition of the gas in the final stages of gas distribution, €xactly before delivering
it to the consumer. Originally safety was the primary purpose of gas odorization; before natural gas overtakes
combustible levels in the air, the special odor operates as a warning in the finding of gas. Naturally, odorization is
a vital section of the risk management plan for natural gas pipelines [4]. Certain federal pipeline safety regulations,
inclusive of the National Fire Protection Association (USA), postulate that combustible gases in pipelines should
be traceable by everyone with a normal smell, at one-fifth of the LEL (lower explosion limit). Employing both
natural odor of the gas or artificial odorants is possible [5]. nowadays, edorizing as a safety factor of consuming
natural gas is an important process requirement and must be done befare the gas reaches the consumer. Therefore,
identifying and producing new odorizing materials that have better physiological, physiochemical, chemical, and
environmental properties is considered one of thernovel and practical issues in the energy industry, especially gas.
Therefore, appropriate odorants and odorization systems are entire fragments of gas supply system safety [6,7].
In addition to the safety factor, the smell.of gas is,considered a factor in finding the location of the gas leak and
preventing more occurring risks;.as well as preventing the wastage of gas due to leakage, and therefore it is very
important in the gas industry. Since all aspects of classic and modern odorants are not included in one source, this
review article has collected the most important information related to these widely used and essential odorants as

a valuable resourcefor academic and industrial utilization.

ODORANTS & ODORIZATION

A primary interest of any gas transmission company is odorization [6,8]. Since methane which is the main
component of natural gas, is colorless and odorless, it is necessary to odorize the gas. It is also true for hydrogen
while artificial odorization using an odorant is required to comply with regulations [9]. Major elements in
improving and reinforcing a successful odorization plan are adequate monitoring methods, precise injection of the
odorant, and perfected record maintenance. For many years, sulfurous agents like THT (Tetrahydrothiophen) or
the compound Tert- Butyl Mercaptan (TBM) were used for odorization — despite the negative impact on the
environment and industry. The Federal Environment Agency certified “Sulfur dioxide causes damage to humans,
animals, and plants in high concentrations. The oxidation products lead to acid rain which endangers sensitive
ecosystems such as forests and lakes as well as corroding buildings and materials”. Therefore between 1990 and
2013, the sum of many initiatives led to a clear reduction of sulfur dioxide emissions; Given the growing

environmental awareness of society and consumers, there were already requests for a sulfur-free natural gas



odorant in the 80s and 90s. This led scientists of the Engler-Bunte Institute, together with Symrise AG, to develop
the sulfur-free natural gas odorant Gasodor® S-free. It was launched on the market in 2001 and is the only DVGW-
tested sulfur-free odorant available to date [10].

Over time, this non-sulfur odorant did not completely replace the old odorants and only led to the division of
odors into two basic groups: classic and modern. The “Classic” sulfur-containing odorants are subdivided into
alkyl sulfides, alkyl mercaptans, and cyclic sulfides. “Modern” odorants, that are based on.acrylates;are called
sulfur-free odorants [11]. All classic odorants such as Tetrahydrothiophene! (C4HsS), Dimethyl sulfide? (C2HsS),
Diethyl sulfide® (C4H10S), Methylethyl sulfide* (C3HsS), Ethyl mercaptan® (C,HeS), Sec-butyl. mercaptan®
(CsHsS) and Tert-butyl mercaptan’ (C4H10S) contain sulfur in their chemical ‘composition..As a result of
combustion, sulfur becomes sulfur dioxide (SO). This pollutant gas showed' negative effects directly and
indirectly on the environment and human health. The Threshold Limit Value® of SO, expressed as a Time-
Weighted Average® is 2 ppm; provided, the quantity of odorants added to natural-gas, despite being in the order of
magnitude of some mg/m?3, is not negligible if compared to the TLV.of SO,.

With more details, the minimum concentrations of TBM/IPM/NPM and THT in the distributed Italian gas are
respectively equal to 8mg/m® (TBM/IPM/NPM) and 32mg/m3 (THT), corresponding to 2.3ppm and 8.9ppm.
These data show the reasons why, in recent years, the possibility ofiintroducing alternative, sulfur-free odorants,
and desulfurization [12,13,14] and, in other words, lightening of fossil fuels is being studied. Since this amount
of sulfur is added to natural gas by the odorization process, there is a high demand to identify, synthesize, and
introduce sulfur-free odorants that reduce or eliminate pollution from the combustion process of natural gas in
urban uses [15].

In addition, these sulfur-free additives are widely used in PEM fuel cells, which are sensitive to small amounts of
sulfur, and their catalytic performance isiimpaired when exposed to sulfur [16]. Figure 1 shows a graph of SO,

emissions resulting from the combustion of a gas odored by various odorants with different dosages [17].
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Fig 1. Simulation of SOz emission of an odored gas with several odorants, Considering their
concentration (Published with. permission)

This graph shows that in different concentrations, the highest pollution contribution is related to ethyl mercaptan,

and the lowest pollution is related to the sulfur-free odorant that was first produced by German scientists. We have

observed in various studies that as a result of the combustion.of ethyl mercaptan as a sulfur-based odorant, SO; is
emitted. Therefore, there was a need for an alternative odorant that does not lead to the production of sulfur dioxide
in the facility where the study is carried out [18].
In addition to choosing the proper odorant, the odorization system is of special importance. Choosing a suitable
odorizing system is the essential step in the.odorization process. Technically, based on the system in which
odorants are entered into the gas stream, odorizers are classified into two basic groups as below [2]:

e  Chemical vaporization

e  Chemical injection
The basis of Vaporization-based.systems is the diffusion of odorant into a flowing natural gas stream. Examples
of vaporization systems are bypass-type systems and wick odorizers. The significant privilege of these odorizers
is their.ease of use however they are suitable for stable and low gas flows in general. The injection-type systems
work based on direct injection of an odorant into the flowing stream which is stored away from the pipeline. These
systems generally cover a wide range of gas flow rates [2].
In the injection method, natural gas odorization is usually done by electronic or pneumatic systems, the difference
between which is the way the odorant is injected. In an electrically driven pump, injection is controlled by a
mechanical system; while the injection in the pneumatically driven pump system is adjusted by the pressure
difference.
Considering the pipelines require odorization, the detectable limits of gas odor, odorants, and odorizing
considerations, and monitoring a pipeline system to ensure that the odorization program is meeting the regulatory
requirements are the most important aspects of odorization [5]. A desirable odorant should have ideal functional

and physical features. These features include preferably being recognizable from odors in daily life and functional



as a warning smell, a low perceptual threshold, slight or no olfactory fatigue, low boiling point, low corrosiveness,

and little toxicity. The general properties of an appropriate odorant are listed below in Table 1 [19].

Table 1: General attributes of an appropriate odorant

Item Properties
Low perceptual threshold (<1ppb) (Vol/Vol)
The odorant perceptual threshold is the least concentration of an odorant in the air that a normal person can easily smell
1 at a location. This amount is different for various levels, but in any case, natural gas should be odorized enough that
everyone with an ordinary sense of smelling can easily recognize it when the amount of gas released in the air reaches the
lowest point of the ignition limit.
Corrosivity and toxicity of combustion products
2 Combustion products of odorants must not be toxic, corrosive, or harmful to those materials exposed to them.
Proper freezing point
3 The odorant should not be frozen at the temperature and pressure of the pipeline.
Proper boiling point
¢ The boiling point should be such that the odorant evaporates easily inside the pipeline without condensation.
Specific and recognizable smell
5 Odorants should have a specific and recognizable smell that does not mix easily with other smells in the environment and
any person with an average sense of smell and normal physiological conditions should be able to recognize the smell. This
smell should play a role as a warning.
Non-toxicity
6 The odorant should not have any side effects when injected into the gas network. Also, contact with this substance in liquid
form should not cause poisoning.
Adequate permeability and absorption resistance in the soil
; The absorption of these materials in the soil should be so low that in case of gas leakage from the underground pipeline,
the gas released will be odorized enough. In other words, odorants should not enter into a chemical reaction with gas or
materials used in gas supply systems or soil.
Insolubility in water
8 The maximum dissolving rate of odorant in water is equal to 2.5 parts per 100 parts by weight. In general, all odorants
have very low solubility in water.
Proper vapor pressure
In gas distribution systems where chemical vaporization devices are used, the vapor pressure parameter of the odorant
9 composition is one of the most important features. To minimize the temperature changes that lead to the change in the
vapor pressure of the odorant in this type of device, the storage tank of the odor is often placed underground. Odorants
with the highest vapor pressure and the lowest threshold are good odorizers.
Cloud point
10 Odorants should be completely dry to have a low cloud point.
Low flash point
The flash point is a characteristic of the flammability of the odorant, which is important in the transportation and storage
11 of the odor. Most odorants have a higher ignition point than Gasoline and lower than Kerosene; Therefore, for caution in
transporting and moving them, it can be done in the same way as Gasoline. Determining the flash point of odorants is
done by the TCC method [20].
12 Cost and ease of preparation




The odorant should be cheap and available, and adding it to the gas should be economical.

No effect on the structure of natural gas

13 Adding the odorant to the gas should not change the structure and it should not lead to any physical and chemical changes

in the fuel [17].

14 Low polymerization rate

15 Low corrosion rate

16 Good solubility in natural gas

As a result, precise injection of odorant, appropriate control methods, and entire record keeping are very serious

criteria in the development and sustainability of an efficient odorization process.

CLASSIC ODORANTS

Sulfur odorants known as classic odorants have been used universally since the 1960s. Certain organic sulfur
compounds are used for odorization because of their inherent penetrating smell; But during the combustion of
fuel, they produce sulfur dioxide causing environmental pollution and many problems that require the use of these
compounds to be limited. In addition, a desulfurization system needs to be installed to prevent poisoning of the
catalyst by sulfur while using fuel gases in fuel cells due to the presence of sulfur odorants [21]. Among the most

popular ones THT, EM, and TMB are listed in Table 2 and their high sulfur content is evident [17].

Table 2: Sulfur content in three of the most widely used classic odorants

Component Structural formula Sulfur content in %
Tetrahydrothiophen H2C|: Cl:Hz 2637
(THT) HQC\S,CH2 :
Ethyl mercaptan H2
Co 51.61
EM) H,C”™ ~SH
CH,
Tert-butyl mercaptan
35.55
(TBM) H,C™ \ CH,
SH

The above-mentioned compounds are the most widely used sulfur-based odorants, But these compounds include
a wider range. A more complete list of common odorization reagents that are often used in combination is
summarized in Table 3 [5].




Table 3: Sulfur-containing substances for odorization

Material Details
Ethyl mercaptan — A mixture of ethyl-, propyl-, and butyl-mercaptans- Synthesis through the Ziegler-Natta
Methyl ethyl disulfide - Dimethyl disulfide- Diethyl disulfide process

) ) ] Up to C30 are synthesized by
Ethyl propyl sulfide - Diethyl sulfide .
Ziegler-Natta catalyst

molecular weight < 15,000
Cyclohexylmercaptan . o
isotacticity <75%

Dimethyl sulfide polymer soluble in oil

) Decrease friction in the flow of a
Tetrahydrothiophene — ]
. . o o hydrocarbon fluid by a factor of 5 at
Thiophenemercaptans with extra pyridine and picoline )
concentrations as low as. 1-25:ppm

A combination of ethyl-, propyl-, butyl-, and amyl-mercaptan

4-methyl-4-mercapto-2- pentanone and 2-Methoxy-3-isobutyl pyrazine Polyampholytes

Some repulsive blends consist of compounds like 3-methyl-1-butanethiolm, trans-2-butene-1-thiol, and ethyl
mercaptan are the desirable compounds used as an odorant in natural gas for leak detection. The popularity of
these compounds is because of their exceptionally low odor threshold. In-addition; tert-butylmercaptan is prevalent
as a single-component odorant. test-butyl mercaptan is famous for its great oxidation resistance and fine soil
penetration. The high freezing point of tert-butylmercaptan is its disadvantage which offers to use it as a part of
an odorizing mixture. on the other hand, Isopropylmercaptan has proper oxidation resistance and a strong odor.
To lower the freezing point of the mentioned compound, isopropyl mercaptan is usually mixed with tert-butyl
mercaptan to form a desirable blend [22].
Alkyl sulfides do not have as strong odor as the mercaptans but are resistant to oxidation. So, they are called stand-
alone odorants which are added predominantly:to degrade the mercaptans' freezing point. The following three
categories are the most common classes of blended odorants [22]:

e  Mixtures of Mercaptans

e Mixtures.containing mercaptan and alky! sulfide

e  Mixtures containing Tetrahydrothiophene and mercaptans

MODERN ODORANTS

Ruhrgas AG developed the idea of a sulfur-free odorant utilization for public gas distribution in early 1995.
Haarmann & Reimer, which is currently called Symrise AG, was a manufacturer of fragrances in Holzminden,
Germany. The recipe for the sulfur-free odorant called Gasodor S-Free, was developed first with the efforts of the
manufacturer. The DVGW Research Center at Engler-Bunte-Institut of Universitdt Karlsruhe (TH), Gas
Technology Consulting Section (DVGW/TBG), performed all the essential steps to enter the first commercial
sulfur-free natural gas odorant in the market, in both coordinating and executing aspects [23]. Finally, these efforts
led to more than 40 gas distributors in Austria, Germany, and Switzerland having modified their odorization
system from mercaptans to a novel sulfur-free odorant, since 2001. The major motivations for introducing sulfur-
free odorization are innovating environmentally friendly natural gas besides the probability of using the gas

directly without or with less extensive pretreatment in sulfur-sensitive applications [24]. Eventually, this research



led to the production of a sulfur-free odorant whose chemical composition included methyl acrylate, ethyl acrylate,
and a stabilizer called methyl ethyl pyrazine with a percentage composition according to Table 4. This odorant
was registered under the trade name Gasodor S-free. It was submitted to testing according to DIN EN ISO 13734
[19].

Table 4: Gasodor S-Free Chemical Composition

Item Component Structural formula Mass participation %
i
H,C,
1 Methyl acrylate 2 AN < 374
7 N\—"Cts
I
2 Ethyl acrylate H,C, 60
NN o
Hs N——CH
_ N7 N\
3 Methyl-ethyl-pyrazines HZC_C\ C—CH3 25
HC=N

As mentioned before, these modern odorants are generally from the family of acrylates. In 2014, the first reference
gas mixtures of sulfur-free natural gas odorants that are traceable to the International System of Units (SI) were
produced and their compositions were validated. These.mixtures, which consist of ethyl acrylate and methyl
acrylate at amount fractions between 1.1 and 2.1 umol/mol, can be employed to underpin measurements of non-
sulfur odorants, which are increasingly being used for odorizing natural gas in gas networks; because they have
less harmful properties than traditional sulfur-based odorants. The component 2-ethyl-3-methylpyrazine is used
as a stabilizer in non-sulfur odorants [25].

Some research has been done on preparing sulfur-free gas odorants with different compositions. These compounds
include such substances: as vinyl or alkyl ethers, alkyl acrylates, cyclohexene, n-valeric acid, ethyl acrylate as
well as norbornene derivatives [26]. Although each of these odorants has certain drawbacks. For instance, odorants
based on crylic ester have shown instability from a chemical standpoint. The content of ethylidene norbornene or
cyclohexene must be greater than that of mercaptans [21]. Besides, odorants containing nitrogen may motivate
the Reinforced formation of nitrogen oxide compounds. These oxides react with sunlight to form ozone. NOx are
known as a toxic compounds.

Geosmin which means earth smell, is a preferable compound among the alcohol proper to form an odorant. The
human nose is fully sensitive to geosmin odor. It is a natural organic compound generated by microorganisms.
Geosmin's scientific name is 2,6-dimethylbicyclo[4.4.0]decan-1-ol. Moreover, trans-2-trans-4-decadienal has a
small perceptual threshold then it is not easily identifiable [21]. Some Sulfur-free odorants are listed below in
Table 5.



Table 5: Sulfur-Free odorants

Structural formula Component
xH
T /\\Jﬁ\v,-%:/c%o Trans-2-trans-Decadienal
CHs
i
r ] Geosmin
NN
OH:
CH4

D

Cyclohexene

/H\/\/CH3
HO

n-Valeric acid

Ethyl acrylate

1-Methoxy-buten-3-yne

Methyl ethyl pyrazine

5-Ethylidene-2-norbornene

Pyridine

2-Nonenenitrile

2-Methylpyrazine




An example of proper sulfur-free odorants is pyrazines and acrylates blends. Some antioxidants like lonol and
butyl hydroxy anisole that are based on hydroquinone monomethyl ether, tert-butyl hydroxytoluene, and a-
tocopherol usually added to the odorizing compositions to prevent undesired oxidation. The list of natural gas

antioxidants is shown in Table 6.
Table 6: Antioxidants

Structural formula Component
OH
X Ihydroxytol
./_\]’ \ Tert-Butylhydroxytoluene
Ny

Butylhydroxyanisole

a-Tocopherol

\CHs .
/©/ hydrogquinone monomethyl ether

sulfur-free odorants or reduced sulfur-content odorants that are available in global markets are commercially

called Gasodor S-Free and Spotleak Z. They are generally ethyl acrylate and methyl acrylate blend or a mixture
of ethyl acrylate and tetrahydrothiophene, respectively. Sulfur-free odorants which smell more like garlic, could
be smelled easily by the normal.sense of smell. Hence, the normal sense of smell can not correlate this type of
odor with the typical smell of combustible natural gas. This is because consumers are used to the smell of
mercaptan as the smell of gas. For this reason, some countries have changed their main odorant of the gas industry
to sulfur-free odorants. Of course, successful results have also been reported, but some others returned to the

traditional sulfurous odorants [27].

EMPIRICAL & THEORETICAL MODELING

In general, there is no preference between using sulfurous and non-sulfur-free odorants. Each of these odorants
has its characteristics that justify its use in certain situations. In the following, while reviewing the types of odor
compounds, we will examine the most important properties of odorants in detail. In each section, the three-

dimensional structure of the substance and the table of its physical and chemical properties are displayed.



TYPES OF ODORANTS AND THEIR MAIN FEATURES
Tetrahydrothiophene (THT)
THT is the only member of the cyclic sulfides family used in the odorization of gas. This is the

prototype of “stand-alone” odorants. THT is yet used in mixtures along with e.g. TBM due to low

permeability in soil. THT is the most resistant to pipeline oxidation. Because of its small odor impact,

it is hard to over-odorize with this substance. THT causes a slight skin irritation and has a mild narcotic

efficacy.
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Dimethyl sulfide (DMS)
Good oxidation stability and soil permeability are the main features of DMS. Dimethyl sulfide and TBM 2

are mostly used in mixtures together, but due to the relatively:high vapor pressure of blends containing

DMS, it is not fully suited to vaporization-type odorizers. Higher concentrations of DMS cause nausea. It
is a “garlic-stinking” composite that first stimulates and.then frustrates the nervous system.
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Diethyl sulfide (DES)
A small odor threshold and good oxidation stability are the main features of DES. The limiting

factor for using DES in odorant blends is its high boiling point.
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Methyl ethyl sulfide (MES)
MES is famous for its great oxidation stability in pipelines and an equal vapor pressure to TBM.
That’s why mixtures of TBM/MES are adequate for both odorizers including vaporization.and
injection type. Methyl ethyl sulfide has similar features to NPM from a toxicological standpoint.
z 4 T
w = oy
g i @ S 2| 8| 2L vk 0| 8
3 § > 3 c S 5 =, SR ITE >| S
Odorant 2 ) g e s N = 5 a P 38 v g
g =3 9;? 3 E =} i « s B B 3 e
< = = = o, - S F =k 8 =
s =] =8 T 5 o =3 o« o
5 @ =] = =1 2
w — —
Methyl ethyl sulfide - 5
_ & 2 ~S<.-CH; ::») AR N & o § >
(MES) = S =3 H:},C C © a S ) o i e
® = H E < =] ~ B X (o))
Q o 2 = O (e} S N ® N
C3HsS [ o ° O o

Ethyl mercaptan (EM)

This colorless liquid with a distinct odor.is anjalkane-thiol in which an ethane molecule has been replaced

by its thiol group. This compound is added to the gas to create a smell similar to rotten spicy vegetables.
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Sec-butyl mercaptan (SBM)
SBM is rarely used in odorant blends. It emanates as an impurity in Tert-butyl mercaptan production
or as a by-product. pleasant oxidation stability is one of the characteristics of this branched chain

mercaptan. SBM has an almost high boiling point.
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Tert-butyl mercaptan (TBM)
The reasons that make TBM the most used ingredient of gas odorants are normal “gassy odor”,
low odor threshold, high oxidation resistance (highest among.mercaptans), and. good soil

penetration. On the other hand, TBM has an important weakness, which.is its high freezing point.

This feature prevents TBM from being used as an independent odorant. Therefore, TBM should

be used in combination with other odorants.
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N-Propyl' mercaptan (NPM)
A strong.odor besides a low freezing point are the main features of N-Propyl mercaptan.
Because of its small oxidation stability, NPM is not used in high concentrations (typically

3-6%). NPM shows a depressive effect on the central nervous system from a toxicological

standpoint.
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Isopropyl mercaptan (IPM)
IPM, which is known for its strong “gassy odor” and low freezing point, has second place in oxidation o

resistance among the mercaptans family. To decrease the freezing point, IPM is customarily used in
blends along with TBM. Isopropyl mercaptan can be used as a stand-alone odorant in.some cases. IPM

and NPM have analogous toxicological effects.
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Ethyl acrylate (EA) & Methyl acrylate (MA)

The main components of the sulfur-free odorant are MA and EA (together with Methylethyl Pyrazine). They have
small odor thresholds and proper soil permeability (which is somewhat less in dry soil). In special circumstances,

if hydrocarbon condensate happens in the pipeline, it can particularly be “washed out” from the gas flow.
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PROS & CONS OF USING ODORANTS

Odorized gas has significant capabilities compared to odorless natural gas, the most important of which are safety,
the possibility of gas leakage detection, and economic efficiency. In other words, adding odorants to gas should
provide a suitable level of safety for the consumer and make it possible to achieve these three goals. Of course, it
should.be considered that consumer safety is the most important factor. Since natural gas does not have a specific
smell, it cannot.be detected by people. Therefore, if there is a gas leak in the surroundings, no one will notice the
presence. of the gas and its consequences. So, the presence of an odorant in the gas makes the gas identifiable to

the consumers, and if a gas leak occurs, people move away from the area.

Ensuring the safety of gas consumers

The most important feature of odorized gas is that any normal person who is in the vicinity of this fuel can be
aware of its presence in the surroundings. In other words, providing warning levels before gas leaks reach
explosive levels is one of the main goals [28]. If an odor leak occurs at the injection site, the surrounding people
will assume that a gas leak has occurred, and the areas will be evacuated and business will be cut off. If such
events are repeated over time, people living in that area will lose their olfactory sensitivity to the smell of natural

gas and will not be able to detect gas leaks. if such problems become common, people in the surrounding area




will become desensitized to the odor of a potential gas leak. It means that the goal of using odorants has been

questioned.

Leak detection

If the odorless gas is flowing in the pipeline, it is not possible to detect its leakage by unequipped people, and if
the amount of gas is wasted, there will be significant risks. Leaks in pipelines can be detected using a test fluid.
The test fluid, a mixture of dimethyl sulfide in a solvent, is injected into a pipeline. The test fluid escapes through

the leak, and the odorant is released from the closed segment.

Energy saving

Natural gas is one of the most consumed daily energies of today's human beings, and its supply and delivery to
the consumer imposes exorbitant costs on governments. Therefore, it is necessaryto prevent the wastage of this
laborious and expensive energy source as much as possible. If odorless natural gas leaks, it'is difficult to know
about the leakage, and a significant amount of gas is released, which in addition to.its dangerous consequences,
leads to gas wastage; But adding an odorizing agent to the gas makes the location of the gas leak quickly detectable

and corrected. As a result, there is an odorizing agent that prevents more wastage of gas and its economic losses.

Influence on fuel cells

Hydrogen odorization, from different aspects, has become a challenging issue with the advent of hydrogen fuel
cells [29]. Conventional odorants might have had adverse effects on the performance of fuel cells. Commercial
odorants used to detect gas leaks poison the catalystsiused.in-hydrogen fuel cells, particularly for proton exchange
membrane fuel cells. A mixture of nitrogenous compounds with acrylic acid was chosen as a sulfur-free odorizer
for this odorization [30]. Hence, for hydrogen generation in fuel cells, the natural gas or other petroleum gases used
to produce hydrogen must be ‘sulfur-free. Otherwise, a desulfurization step should be performed, which adds
additional costs to the hydrogen production in the reforming process. Sulfur-containing compounds cause the
toxicity of the catalysts based on‘noble metals exerted in fuel cells. This is why fuel cells are not sulfur-resistant.
Therefore, it is necessary to use materials such as zinc oxide to remove sulfur compounds like mercaptans from
gas flow. However, sulfur elimination from some specific materials such as thiophene is not as easy as other
compounds by zinc oxide. Then, a specific hydrodesulfurization process, using hydrogen gas, may be required to
remove sulfur.

Further.complexity of hydrogen fuel comes from the nature of hydrogen flame propagation. The flames spread
more easily upwards than downwards when gases burn in the air. It occurs due to the natural upward convection
of hot burnt gases. The upward and downward propagating combustion limits for methane, propane, and petroleum
gases, are approximately the same. Nevertheless, the amount of odorant needed for leak detection in hydrogen
could be greater than 2.5 times that needed for methane or propane; because they vary by a factor of 2.5. The
greater amount of odorant needed to detect the smell of hydrogen complicates the sulfur poisoning obstacles for

hydrogen gas used in fuel cells [30].



Odor-fading
One of the most specific obstacles to odorization is Odor Fading. The gas may be sufficiently odorized at the
source, but if it no longer has the desired impact and odor intensity by the time it reaches the customer, the fugitive
gas may go undetected and lead to a serious fire or explosion hazard [22]. for instance, the presence of rust and air
in a pipeline may be a catalyst for the oxidation of mercaptans. This results in products that do not smell at all.
There may be three reasons for fading:

1. Oxidation that causes the formation of disulfides due to the interaction of oxygen and iron oxide.

2. Absorption or adsorption of the odorant on the surface of a plastic pipe Due to the presence of new pipe

materials.

3. Low-quality gas may cause odor covering or reaction of odorant elements with contaminations in the gas stream.

Odorizing dry gas is easier and does not cause the odor to fade. The presence of condensed liquids in the'pipeline

can cause the absorption of odor constituents. Odor masking may also occur for odors caused by any.contaminants

in the gas.
Odor-fading of LPG stored in carbon steel containers can occur due tothe catalytic effects of the containers.
Deactivation of the corresponding steel surfaces can be done trough treating the surface with a deactivating agent
before exposing the walls to the odorized LPG to delay odor-fading [31]. Mercaptobenzothiazole, benzotriazole,
benzothiazyl disulfide, tolyl triazole, or a combination of these compounds.are examples of these agents [32]. It is
also suggested to develop a mathematical model and the right software.to predict the fading of odors [33]. For
example, recently, in 2021, research was conducted on the causes of ‘odor-fading in the natural gas distribution
network in Iran [34]. In this research, different affecting parameters on odor fading of natural gas were investigated
by an experimental apparatus comprised of a new:10-inch steel pipe which is generally used in gas distribution
networks. The chemical reaction of odorant with available iron oxide on the surface, physical adsorption of odorant
in the porous surface of the iron oxide, odorant settling down, and presence of rust in the pipeline were tracked at
high-pressure experiments. According to the obtained results, it was shown that, while the effect of mercaptan
settling down is negligible, the chemical.reaction of the mercaptan with iron oxide (or rust) available on the inner
surface of the pipe and/or with the solid particles within the gas stream mainly contain iron oxides, plays the most
important role on the odor fading of natural gas. Moreover, although the porous inner surface of new pipes would
result in the adsorption of some mercaptan molecules on the surface of the pipe, the share of physical adsorption

against chemical adsorption (i.e. chemical reaction) is small.

Environmental problems & and the solutions

The most obvious environmental consequence of using sulfur-base odorants for natural gas odorization is the
production of sulfur dioxide gas, which became the origin of the formation of non-sulfur odorants to reduce or
eliminate the detrimental effects of natural gas combustion.

Another bad effect of sulfur odorizers is related to injected gas in tanks. If natural gas for storage in natural
reservoirs is odorized with sulfur compounds, a possible environmental impact can result. The most amount of the
odorant is lost in the formation. If the loss happens in a reservoir adjacent to an aquifer, it could contaminate the
water and lead to environmental problems. Water is also often injected into the reservoir when gas is drawn off. In
some cases, water with a heavy characteristic odor has been reported. To control this issue a stripping column has
been introduced [35].



Decontamination of contaminated groundwater can also be done using iron [36]. This technique was suggested for
the in situ remediation of ethyl mercaptan-contaminated groundwater. Instead of irreversible surface adsorption,
researchers suggest chemical reactions with iron. Extraction is also a practical method for removing gas odorants.
This process is similar to what happens in the usual glycol dehydration and desulfurization process [37,38]. The
recommended cleaning process removes tetrahydrothiophene, which is a progressive technique of oxidation based
on water treatment using UV radiation in the presence of hydrogen peroxide [39].

Since odorant leakage occurs abundantly in different concentrations, many oxidation reactions occur for the
oxidation of mercaptans to remove the smell. The most common method is the Merorx process. In this process,
through a catalytic reaction, mercaptans in the presence of iron oxide and a trivial amount of oxygen, are converted
into disulfides. In other words, the Merox process proceeds based on the performance of an iron-based catalyst
[40] in an alkaline media to increase the oxidation of mercaptans to disulfides. Merox process units are-based on
catalytic oxidation of the mercaptans and contain two steps of caustic soda redox and extraction as follows [41]:
Extraction step:

RSH+NaOH — NaSR+H.0 Reaction 1.
Redox step:

2NaSR+H,0+1/20; — 2NaOH+RSSR Reaction 2.
The general reaction in the presence of a catalyst:

2RSH+1/20; — RSSR+H,0 Reaction 3.

Corrosion and the Solutions
Sulfur-containing compounds (SCCs) are commonly the most abundant heteroatom-containing components in

petroleum. SCCs can be classified into six.basic classes according to their functional groups:

e Hydrogen sulfide

e  Elemental sulfur

e  Mercaptans (thiols)

e Sulfides (acyclicand cyclic)

o Polysulfides (disulfides, trisulfides, etc.)

e < Thiophenes

The first four types are reactive and corrosive. The volatile SCCs are easily recognized by their smell of pungent
rotten-egg . odor. They can be converted into toxic H2S upon burial (thermal stress) or heat. The pungent
mercaptans are usually oxidized into disulfides through the Merox process before transportation to meet
specifications because they are also highly corrosive to pipelines, tankers, and storage tanks [42]. tert-
butylmercaptan and its blends are very harmful but they are among the low-corrosive odorants [5]. One of the
possible sinks for odorants is the adsorption of pipeline dust and incrustations, besides the absorption in natural
gas condensate. Pipeline dust which is largely composed of metal oxides, is a heterogeneous corrosion yield of
the gas pipelines [24]. The sulfur content in gas increases the corrosiveness potential of the sent medium [5].
Because water can cause possible subsequent equipment corrosion, there should be no water in the composition
of odorants [24].



Therefore, using nanocatalysts from the family of mesoporous carbon-based catalysts [2,17,43] is recommended
to reduce the amount of interaction between substance and gas transfer bed which results in reducing the amount
of corrosion, as well as reducing the environmental effects of natural gas consumption and removing sulfur from
the composition of this flammable gas, which leads to the release of a significant amount of sulfur dioxide in the
environment. These mesoporous carbon-based catalysts such as MCM [44-46], CMK [47], and SBA [48] are ideal
for the production of modern odorants by green synthesis methods [49].

The main application of these mesoporous materials, which are divided into silicate and non-silicate [50-55], is in
separation and catalytic operations. This classification is based on the type of ingredient of the cavities walls, which
are divided into two classes of non-silicate and silicate mesoporous materials that have a carbon skeleton [56].
They are also an appropriate base for metals substitution such as Iron, Cobalt, Nickel, and Copper. Among all,
nickel and zinc have shown good reactivity.

In the present work, mesoporous silica nanoparticles (MSNs) with well-ordered_hexagonal structures can be
synthesized using Sodium Carboxy Methyl Cellulose [57].

MCMs are a group of mesoporous silicate compounds that are generally used as surface adsorbents, ion exchangers,
and various catalyst supports [58,59]. For example, (2-Hydroxyethyl)-trimethylammonium hydroxide is used as an
organic base for the synthesis of highly ordered MCM. In an easier and more rapid method for the synthesis of
highly ordered MCM, the surfactant is dissolved in a mixture of water/ethanol and then the ammonia solution and
sodium acetate are added to this solution [45,46].

The CMK-type materials such as CMK-1, CMK-3, and CMK-4 are a part of the ordered mesoporous carbons
(OMCs) category which have been prepared by carbonization of template route using ordered mesoporous silica,
e.g. SBA and carbon precursors, e. g. sucrose and-furfuryl alcohol. Due to the carbonaceous structural properties,
large specific surface area, pore volume, regular pore structure, and tunable porosity, they have been employed as
adsorbents and catalysts, such as electrocatalysts and supported metal catalysts. For example, Ni-doped SBA-3
mesoporous materials with different nickel percentages were synthesized via the incipient wetness impregnation
(IWI) method using hydrated nickel nitrate salt followed by calcination which was utilized as a hard template, and
sucrose as the carbon source in the preparation of a novel Ni-doped mesoporous carbon (henceforth denoted as x
wt.% Ni/MC, wherex represents the nickel loading weight percentage) [60].

Relatively economical and harmless reactants in the concentrated reaction medium, high yield process, simple and
accessible medium, and recovery capability are the most important factors that should be considered in the

synthesis of the mentioned catalytic compounds.

SYNTHESIS & FABRICATION OF ODORANTS
Classic odorants synthesis
Mercaptans are the most abundant classic odorants that are synthesized by several methods. The experimental
analysis for achieving their structural and functional basis for characterization and identification can be carried
out by FT-IR and GC-MS analysis [61]. The common methods of synthesizing are as follows [5]:

e Ethyl bromide reaction with hydrogen sulfide according to reaction 4.

CHs-CH»2-Br+H,S—CH3-CH>-SH+HBTr Reaction 4.
e Hydrogen sulfide reaction with an olefin in the presence of a catalyst according to reaction 5; the reaction

of hydrogen sulfide and pure ethylene leads to the production of ethyl mercaptan. In this reaction, no



separation problems happen because the required mercaptan is the only mercaptan product. If the
reactants consist of more than one type of olefin like ethylene and propylene, there is a possibility that
both propyl mercaptan and ethyl mercaptan will be formed. As a result, the separation step should take
place. Mentioned mercaptans cannot be easily separated by extraction, filtration, distillation, and
membrane diffusion. However, ethyl mercaptan can be selectively produced using a mixture of fuel gas
in the presence of molybdenum and cobalt oxides and particular catalysts [62].
CH>=CH,+H>S—CH3-CH»>-SH. Reaction 5.

e  Sulfides reaction with hydrogen sulfide according to reaction 6.
R-S-R + H,S — 2R-SH. Reaction 6.

e Mercaptans and sulfides selective production through alcohols according to reaction 7.
Hydrogen sulfide and the alcohol are reacted in the presence of a catalyst blend, which is of electrophilic
substitution type. Various kinds of primary and secondary alcohols can participate in'such areaction. The

mercaptan or sulfide produced in this method contains less than 30% unreacted alcohol.

R-OH + H,S — R-SH + H;0. Reaction 7.

Modern odorants synthesis

As mentioned previously, the basis of modern odorants is light.acrylates, generally methyl acrylate and ethyl
acrylate, which are ester derivatives of acrylic acid. To prohibit undesired polymerization, 50-500 ppm of an
inhibitor is normally added to acrylic acid. The storage.tank.of this acid must be made of stainless steel, glass,
polypropylene, polyethylene, or at least coated with one of these materials because of its relatively high
corrosiveness. Moreover, special conditions must be provided for the storage of acrylic acid: Keep away from
direct sunlight, store at temperatures 15-30°C, and.prevent freezing. Frozen acrylic acid can be melted through
an air or water bath up to 30°C. However, to avoid localized heating, it is recommended to stir the acrylic acid
while melting. In practice, 80% acrylic acid aqueous solution is mostly used. This aqueous solution has a freezing
point between -3 to -5 °C.

Generally, acrylic esters require less inhibitor, between 50-500 ppm, in comparison to acrylic acid. Acids are more
corrosive compared to esters, but esters should also be stored in containers made of stainless steel, glass,
polypropylene, polyethylene, phenolic resin, or at least coated with one of these materials. Acrylates that should
be stored at temperatures of 0—10°C have different grades comprising little or no inhibitor. Methyl and ethyl
acrylates can create explosive gas mixtures in air even at room temperature because of their really small flash
points. Although oxygen is a good inhibitor, its concentration in large tanks is kept between 6-8 vol% to prohibit
the formation of flammable compounds. For the generation of polyacrylates, acrylic esters are generally used
particularly. Polyacrylates are used mostly for the production of coatings, textiles, binders for paper, adhesives,

leather, and paints.

Methyl acrylate synthesis

Methyl acrylate, which makes up about 30% to 40% of the modern odorant ingredients, is practically synthesized
via several different methods as mentioned below [63]:

1- Industrial method: The standard industrial reaction for producing methyl acrylate is esterification with

methanol under acid catalysis (sulfuric acid, p-toluenesulfonic acid, or acidic ion exchangers). The



transesterification is facilitated because methanol and methyl acrylate form a low boiling azeotrope (boiling point
62-63 °C).
2- Debromination method: Methyl acrylate can be prepared by debromination of methyl 2,3-dibromopropanoate
with zinc.
3- Pyrolysis of methyl lactate: Methyl acrylate is formed in good yield on pyrolysis of methyl lactate in the
presence of ethenone (ketene). Methyl lactate is a reproducible green chemical.
4- Hydrocarboxylation: The nickel tetracarbonyl-catalyzed hydrocarboxylation of acetylene with carbon
monoxide in the presence of methanol also yields methyl acrylate.
5- Transition metal catalysts: The reaction of methyl formate with acetylene in the presence of transition metal
catalysts also leads to methyl acrylate
6- Dehydration: Dehydration of methyl lactate on a zeolite bed.
7- One-pot synthesis: The vapor phase oxidation of propane (2-propenal) with oxygen in the presence of
methanol leads to the production of methyl acrylate. In general, the oxidation of propene, which produces acrylic
acid, happens through a heterogeneous catalytic oxidation process in the vapor phase with air and steam. This
reaction leads to the formation of methyl acrylate in the presence of methanol in asingle step.

Ethyl acrylate synthesis
The highest composition of non-sulfur odorant ingredients belongs to ethyl acrylate, which accounts for more
than 60% of odorant ingredients. This organic compound is the ethyl ester of acrylic acid which is a colorless
liquid with a characteristic acrid odor. It is also a volatile.component of Beaufort cheese and pineapple (a type of

cheese manufactured in a small area of the French Alps). It.is synthesized in different ways [59] as follows:
1- Esterification:

Esterification of acrylic acid in the liquid phase is industrially more momentous than the gas phase. Sulfuric and
p-toluenesulfonic strong acids are preferable catalysts, but some solid acids like cation-exchange resins are
desirable catalysts to enhance the esterification process, due to control the waste disposal problems. In general, in
esterification processes where ethanol and methanol are used, cation-exchange resins are favored. But in
esterification processes where pentanols and octanols higher alcohols with slower rates of esterification are used,
sulfuric acid is adesirable catalyst. Large quantities of sulfuric acid are needed to produce ethyl acrylate via liquid-
phase esterification.of ethylene and acrylic acid, so this route to the production of ethyl acrylate is not
economically. feasible [64]. Fisher esterification is a reversible reaction that proceeds so slowly. An acid catalyst
is added to increase the rate of the reaction, typically H,SO4 while acting as a dehydrating agent too. This
homogenous-acid catalyst has pollution and corrosion obstacles and separation from the reaction medium is hard,
but it is cheap enough for commercial industrial production. To overcome the problems caused by the use of
sulfuric acid, ion exchange resin is used as a catalyst. lon exchange is the reversible interchange of ions between
a solid and a liquid in which no permanent change in the structure of a solid. This catalyst is facilitated by recovery
and recycling. Its reuse increases the productivity and cost-effectiveness of esterification reactions. Due to easier
workup, the chemical industry has a strong preference for ion exchange resin catalysts but these catalysts do not
offer the selectivity observed in homogenous catalysts. Limitation of ion exchange resins is the temperature limit
which is typically below 120°C. but nowadays catalysts like Nafion can go up to about 200°C. The cost of Nafion
is high compared to other catalysts. The demand for environmentally friendly processes, with less energy



consumption, and the various types of ion exchange resins give them direct advantages in any competition with

homogeneous catalysts [65].

2- High-pressure Reppe process:

Ethyl acrylate is also synthesized through acetylene, carbon monoxide, and ethanol by Reppe reaction. The high-
pressure reactions catalyzed by heavy metal acetylides, especially copper acetylide, or metal carbonyls are called
Reppe Process. This process can be classified into four large classes: vinylization, catalytic ethynylation of
aldehydes, reactions with carbon monoxide, and cyclic polymerization. BASF company developed an experiment
at approximately 14MPa and 200°C in which nickel bromide—copper(Il) bromide acts as«a catalyst..However,
some drawbacks such as the formation of nickel carbonyl as a hazardous pollutant during the reaction and the
expenses of acetylene are worth mentioning. Nickel carbonyl evaporates when exposed to air. It has very acute
(short-term) toxicity on aquatic life and also high chronic (long-term) toxicity to aquatic life. Acute and chronic
impacts on birds, land animals, or plants have not been determined. Nickel carbonyl is generally considered the
most toxic form of nickel and upon inhalation produces both respiratory tract.and systemic effects. Individuals
poisoned by acute exposure to nickel carbonyl exhibit instantaneous and delayed effects. The recommended
airborne exposure limit  for Nickel carbonyl is 0.001ppm averaged over a
10-hour work shift. Based on these significant disadvantages, a more economical process which is direct oxidation
of propene, had been chosen. In the direct oxidation method, the low cost of propylene is replaced by the high
cost of acetylene making it an economical method. On the other hand, the need to use transition metals is one of

the other limitations of the Reppe reaction.

3- Industrial production:

Ethyl acrylate can be chemically manufactured using various industrial techniques. The most outstanding
procedure is to cause a reaction between ethanol and acrylonitrile in the presence of sulphuric acid as the catalyst.
Additionally, manufacturers may also use phenolic-type inhibitors, and polymerization inhibitors, such as
hydroquinone or phenothiazine, soluble manganese, or cerium salts to aid its production as well as prevent the
involuntary polymerization of monomers. Other compounds used in this reaction are ethanol, carbon monoxide,

and acetylene.

4- Hydrolysis of acrylonitrile:
Hydrolysis of acrylonitrile due to the presence of propene and the large amounts of NH4HSO. waste has low
efficiency. ‘Hence this method is not economically attractive. That's why Ugine Kuhlmann, Mitsubishi

Petrochemical, and Mitsubishi Rayon abandoned this process. Although Asahi Chemical still applies this method.

5- Ketene procedure:
The many steps and toxicity of B-propiolactone are the major drawbacks that caused this method to be banned by
Celanese and B. F. Goodrich for a long time. During the ketene procedure, acetone or acetic acid will pyrolyze to

the ketene.



6- Thermal depolymerization of polypropiolactone:

polypropiolactone abbreviated PPL is an intermediate for the production of acrylic acid followed by acrylate
esters. Thermal depolymerization of polypropiolactone includes the generation of PPL through the carbonylation
of ethylene oxide. Polypropiolactone is a high molecular weight biodegradable polymer with attractive mechanical
and physical properties that make it suitable for packaging and other thermoplastic applications. This aliphatic
polyester is stable, easily transportable, and cost-competitive. PPL can be thermally pyrolyzed to acrylic acid
although it is resistant under different conditions. This method overcomes the problems caused by glacial acrylic
acid transportation and reduces the complications of acrylic acid or acrylate ester production. The present method
encompasses safe and efficient methods for providing highly pure acrylic acid. The inventive techniques include
the step of producing polypropiolactone from ethylene oxide at a first location, transporting. the polymer to a
second location, and pyrolyzing the polypropiolactone to prepare glacial acrylic acid. In certain embodiments, the
step of pyrolyzing the polymer is performed constantly in conjunction with a polymerization process to make
SAPs. From one perspective, the present procedure provides the ability to use a less expensive feedstock at one
site to satisfy broader geographic demand for acrylic acid and its derivatives. For instance, the present contraption
can be deployed to utilize the C2 component of shale gas and carbon monoxide to make the polymer
polypropiolactone. PPL is a stable substance that can be safely transported and stored for extended periods with
no safety concerns or the quality declines attendant with shipping ‘and storing glacial AA. When glacial acrylic
acid is needed, methods of the present invention provide it in highly pure.type through a step of decomposing the
polypropiolactone at the point of AA use. Hence, in certain embodiments, the present procedure enables the

achievement of acrylic acid and acrylate esters in a safe and/or less expensive and/or highly flexible fashion.

7- Procedure of ethylene cyanohydrin:

The reaction of ethylene oxide and hydrogen cyanide leads to the formation of ethylene cyanohydrin. Then it can
be dehydrated to acrylic acid in'the presence of sulfuric acid as a catalyst. Union Carbide and Rohm & Haas used
this method in the past but due to thee:HCN and the NHsHSO, waste challenges, stopped using this method.
Cyanide is an extremely toxic matter that will cause death if inhaled, ingested, or absorbed through the skin. The
wastes (cyanidesproduced) should be kept away from all kinds of acids. HCN compounds should be disposed of
as hazardous waste. These factors make the work very hard and dangerous. Ammonium bisulfate is toxic by skin
absorption, too. Inhalation, ingestion, or skin contact with NHsHSO4 waste may cause severe injury or death.
furthermare, touching molten materials may lead to strong eyes and skin burns. That's why the process has been

abandoned.

8- Allyl ether partial oxidation:

Production of allyl acrylate via partial oxidation of diallyl ether in acetonitrile solvent can be catalyzed by Li-
doped MnO- (mesoporous structure). moderate conditions, a recyclable inhomogeneous catalyst, no precious
metals, and easy isolation are the characteristics of this reaction. Almost complete conversion of allyl ether with
near complete chemo-selectivity towards acrylate ester derivatives can happen on the best occasion. The aerobic
oxidation of allyl ethers to corresponding acrylate esters using various cation-doped mesoporous manganese oxide

materials takes place in this technique. As mentioned before, The absence of any precious metal, easy isolation of

the products, and the use of a reusable heterogeneous catalyst in the absence of acidic or alkaline media make this



process noteworthy for the oxidation of allyl ethers. Determining optimal conditions for this reaction demonstrated

these results: Temp. 80 °C, 6 h in an air balloon in the presence of meso-Li-Mn,QO3 as the catalyst.

Production of lower alkyl acrylates

According to Figure 2, a small amount of alcohol about 10-30% with acrylic acid is poured into the fixed-bed
reactor during -step a- at a temperature of 60-80°C. The reactor is filled with a kind of cation-exchange resin. Then
the reaction liquid goes to the ester stripper -step b- and unreacted alcohol, desired ester, and water are removed
overhead using part of the bottoms from the light-ends column -step e- as reflux. The bottom liquid from the ester
stripper -step b- contains unreacted acid and is recycled to the reactor. Part of the recycleddliquidis fed into the
bottom stripper -step c-, where high-boiling materials, such as inhibitors, impurities, and polymers, are removed

to prevent their accumulation in the reaction system [64].
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Fig 2. Scheme of lower alkyl acrylates production process (Published with permission)
a: Esterification reactor
b: Ester stripper
c: Bottom stripper
d: Extraction column
e: Light-ends cut column
f: Alcohol=recovery.column
g: Product column
The mixture of ester and alcohol without any amount of acid, distilled from the ester stripper -step b- is fed into
the extraction column -step d-, where the alcohol is extracted with water from the top of the column. The raffinate
from the top of the column goes into the light-ends cut column -step e-, where light ends such as water, acetate,

and alcohol are separated overhead. The extract from the bottom of the extraction column is fed into the alcohol-

recovery column -step f-, where the alcohol is recovered for reuse in the reaction. Part of the bottom liquid is
reused as extracting water; the rest is taken out as waste, concentrated, and either treated biologically or
incinerated. Crude ester from the bottom of the light-ends column is distilled in the product column -step g- to
attain very pure acrylate. The bottom liquid from the product column is recycled (via the inhibitor tank) to the

ester stripper and light-ends cut column -step e- to be reused as an inhibitor. However, a part of it is sent to the



bottom stripper -step c- to recover ester and separate high-boiling materials such as polymers. Hydroquinone or
phenothiazine as polymerization inhibitors are added to each column. The light-ends cut column and the product
column are operated at reduced pressure to permit lower distillation temperatures.

This process for making alkyl acrylates is quite economical because only a small excess of alcohol is applied and
the inhibitor is reused; this leads to low energy and inhibitor consumption. The yield reaches 95% and 97% based

on acrylic acid and alcohol, respectively. The product purity exceeds 99.5 wt%.

RESULTS & DISCUSSION

Considering the topics that were discussed in the theoretical part, the results of the review of odorants can be
obtained in response to three basic questions.

1- What are the effective items in the selection of the odorant and their degree of odorizing?

Many important parameters influence the selection of the gas odorizer, But the most important of these include [66]:

e  Mixture type and the effect of each component.

e Type and quality of odorized gas: Gas odorizing naturally or artificially /"The presence of oxygen or
moisture or heavy hydrocarbons in large quantities.

e The nature and capacity of the gas supply system: Nature and.type of materials and equipment used /
System life / Duration of using the system / Specifications.and. features of the piping and pipeline.

e  Soil condition: Soil moisture / Absorption powerby.the clay in the main soil.

e The history and plan of odorization: Documents.related to the odorization plan / Experiences / Leakages

records.

2- How to measure odor detectability in the laboratory?

Recognition and detection thresholds are two of the most important criteria for detecting odor. The minimum
concentration of odorant that people can reliably distinguish from fresh air is defined detection threshold. The
detection threshold values of conventional odorants based Triangle Odor Bag method are given in Table 7 [67]. It
should be noted that.due to the differences in measurement conditions, equipment, and parameters affecting
several methods, the amount of detection threshold declared for these odorants according to the desired method

can be different.



Table 7: Detection thresholds of chemicals [67]

Chemical Concentration (v/v)
Isopropyl mercaptan - C3HsS 6 ppt
Geosmin - C12H220 6.5 ppt
Ethyl mercaptan - C2HeS 8.7 ppt
n-Propyl mercaptan -CsHsS 13 ppt
tert-Butylmercaptan - C4H10S 29ppt
sec-Butylmercaptan - C4H10S 30 ppt
Diethyl sulfide - C4H10S 33 ppt
Methyl mercaptan — CH4S 70 ppt
Ethyl acrylate - CsHsO2 260 ppt
Hydrogen sulfide -H, S 410 ppt
Tetrahydrothiophene -C4HsS 620 ppt
Dimethyl sulfide -C2HsS 3000 ppt
Methyl acrylate -C4HsO2 3500 ppt

To test the measurement scenario, a group of people are exposed to.puffs of air in the laboratory. Each session of
the experiment covers various tests in which people have to categorize several odorized and odorless puffs of air.
The smellers should determine which one of the sampled puffs smells stronger compared to the others even if they
are not sure. The accurate recognition possibility.of odorized samples in a certain experiment increases according
to the concentration of odorant through an_s-shaped diagram. For example, methyl mercaptan has an odor
recognition threshold of only 0.0021ppm. That’s why, it is often mixed with natural gas as a leak indicator.
However, nearly one person in-1000 is unable to'detect the intense odor of this mercaptan [5].

In some experimental techniques, the.smellers present a relatively strong odor as a sample at first, then lower
concentrations to distinguish the lowest concentration that smells like the sample. Some techniques are
implemented in such a way that people apply tags to a series of puffs to find which sample will receive the
minimum concentration tag:

The notions mentioned above have long been understood in the study of human sensation and perception generally,
proposing that it seems easy to determine a concentration that is "readily detectable™, at least in the lab. However,
measured thresholds for a certain composite can change even in controlled laboratory studies [68].

The factor that quantifies the intensity of odors is the Odor Index. Based on Equation 1. this factor (Ol) is equal

to the vapor pressure of odor versus the odor recognition threshold:

Vapor pressure (ppm)

Equation 1.

- Recognition threshold (ppm)
Itis clear that the Ol is a dimensionless number. Hence, an Ol of less than 1 shows negligible vapor pressure of

the component that can easily be smelled [5].

3- Which factors can alter the detection of odor in reality?
Panel members actively detect odors with little distraction in the laboratory. Few studies have worked on the
influence of attention and other cognitive factors on the recognition of NG odorants, because people usually

concentrate on their own activities and do not pay special attention to surroundings. One research found that



subjects who were asked to read a message in the dim light were less likely to notice the smell of natural gas in
the lab compared to subjects who were not distracted [69].

One of the serious factors that potentially affect the ability of odor detection is adaptation. It means that it is much
harder to detect a certain odor for someone who is constantly or periodically exposed to it than for someone who
smells it occasionally. Attention is momentous in the detection of odor. For example, odor adaptation differs from
habituation, in which the person no longer notices the smell but can detect if concentrates. In contrast, a person
will be unable to smell a certain odor because of olfactory adaptation, unless the person should not be exposed to
that smell for a while to smell the odor again. Adaptation can also be problematic when a gradual gas leak occurs
indoors. Comparable adaptation is described in some experimental research in the laboratory, in which smellers
can not recognize a warning odor even in relatively high concentrations [70].

It is noteworthy that there is pure air in the olfactory laboratories, but in daily life, warning odors.of natural gas
are one of several odorous substances in the surroundings. Universally, odorous substancesrare mutually
suppressive, which is why any specific odor is less perceptible in a combination.of adors [71]. Several reports
show that a flow of natural gas consists of usual amounts of odorants based on analytical measurements, has no
odor or little odor, or does not create the smell of gas in the air. This issue is still mysterious, though other odorous
compounds in the gas or material of the pipeline may affect the odorant odor recognition. Another issue is that
sulfurous compounds used in combination with natural gas odorants exist in abundance in daily life and are
smelled a lot by people, such as odors from cooking meats and vegetablesor odors of decay. In addition to issues
caused by adaptation and habituation, recognizing natural gas odor is difficult due to the formation of odor

background. Then more research is required to figure out how important such effects might be.

CONCLUSION

Our review shows that the “Classic” sulfurous odorants that are sorted into alkyl sulfides, alkyl mercaptans, and cyclic
sulfides irrespective of all the environmental problems they beget, are still welcomed by the gas industry in the world.
This popularity is due to the high level of assurance of these materials to ensure the safety of consumers. on the other
hand, “Modern” sulfur-free odorants based on acrylates have shown the least environmental problems and negative
effects on human and animal health, But exploiting these materials has practical and industrial limitations that have
made modernodorants unable to completely replace classic odorants. The results of the studies show that scientists have
not succeeded in synthesizing, offering, and commercially producing a desirable odorant that has all the factors required
foresufficient effectiveness. It means, that among the available natural gas odorants, it is not possible to choose a
combination as the best odorizer. Only based on the environmental, industrial, and commercial requirements, it is
possible to prefer some compounds of gas odorants over the rest of them. What is important in this selection is that the
chosen material facilitates the safety of gas consumers as much as possible and speeds up the leak detection process.
Considering that the harmful effects caused by these materials such as environmental pollution, corrosion, cost
imposition, and destruction of equipment and facilities involved in the production, consumption, and transfer processes
should be minimized. Therefore, in this theoretical research, the most important existing records and necessary
information were collected to conduct research and produce a desirable odorizing material that is optimal from every
point of view. In this regard, it is suggested to conduct more studies on the method of synthesis, formulation,
effectiveness, adaptability to the environment, economic aspect, and the transfer of knowledge obtained from the

laboratory to the industry.
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