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‘ELEMENTAL SULPHUR’ FORMATION IN  
NATURAL GAS TRANSMISSION PIPELINES. 

 
EXECUTIVE SUMMARY 
 
The ‘elemental sulphur’ deposition problem is a fairly recent phenomenon for gas 

transmission pipelines. Although known for a number of decades to cause plugging in 

reservoir wellhead facilities, it is since about 1990 that ‘elemental sulphur’ deposition has 

openly been acknowledged as a problem in natural gas pipelines and other facilities 

downstream of gas processing plants. Within the past ten years this formation / deposition 

process has progressively been more widely observed. The increasing trend to have 

transmission pipeline systems operating at higher pressures is a significant contributing factor 

in the formation of “elemental sulphur”. 

 

This research project has been able to identify the principles and mechanisms associated 

with the formation and deposition of “elemental sulphur” in natural gas transmission pipelines 

and associated equipment. The research work has demonstrated, through the developed 

‘sulphur vapour map’ concept, that only sub ppm levels of sulphur vapour within the gas 

stream is required to initiate the “elemental sulphur” formation / deposition process. The 

‘sulphur vapour map’ can be used in predicting the degree of sulphur vapour desublimation 

that will occur for given pipeline operating conditions of pressure, temperature and gas 

composition. This, in turn, will assist in the minimization of the deposition process through the 

ability to make simple, yet appropriate, modifications to the design of the required pipeline 

pressure regulation stage.  

 

A significant number of other potential contributing factors to this pipeline particle formation 

and deposition process have also been identified through this research work. From these 

findings a number of additional recommendations have been made that will assist pipeline 

operators in minimizing the impact of this deposition problem. These recommendations are 

based on the operation of the pipeline, and particularly the control of the entry of liquids and 

other contaminants into the pipeline system. Recommendations for further research into this 

complex problem are also made. 

 
The ‘elemental sulphur’ formation and deposition process (desublimation) occurs within a very 

dynamic environment. The desublimation process is the direct conversion of the sulphur 

vapour to solid particles. The minute particles formed are termed nuclei. Natural gas flow 

within a high-pressure transmission pipeline system is accompanied by a variety of physical-

chemical processes. For example, there will be multiple pressure, temperature and density 

conditions. The velocity of the gas will vary, as will the composition. The pipeline may, at 

times, be subject to small quantities of liquids, with the possibility of traces of chemically 

reactive fluids and/or components being present.  
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The overall “elemental sulphur” formation and deposition process consists of nucleation, 

condensation and coagulation phases; with a fourth phase of agglomeration occurring where 

there is the presence of significant amounts of other contaminants within the gas stream or 

deposited on the pipe wall or fixtures, such as the cage of a pressure control valve, at the 

point of desublimation within the pipeline.   

 
Of significant importance for this deposition phenomenon is the very significant contribution 

from liquid hydrocarbons, which have most likely been generated through a combination of 

retrograde condensation, lubricating oils, greases, gas conditioning agents, pipeline rust 

inhibitors, and other introduced compounds. Having solid particle matter in the gas stream 

also is shown to contribute to the “elemental sulphur” deposition process. The research work 

analysis of the deposited materials has consistently shown that the amount of elemental 

sulphur in the deposits is just a small fraction of the total. Hydrocarbon based liquids and 

solids are by far the dominant contributors in the analysed samples.  

 

The desublimation process, is in all probability, not continuous with the gas flow most likely 

subjected to flow profile distortions prior to the pressure reduction facility (point of 

desublimation). This situation is further complicated with the sulphur vapour in the gas stream 

being of an unknown concentration, but at sub ppm levels. This collectively provides a very 

challenging subject to research. 

   

The research work has taken a holistic approach to the ‘elemental sulphur’ problem. It is not 

only the transmission pipeline operators that are affected. Production, transportation and 

distribution operations together with industrial usage facilities of natural gas can all be 

impacted by this problem.  

 

The prime aim of this research project has been to elucidate the mechanisms associated with 

the ‘elemental sulphur’ formation and deposition processes. Through a better understanding 

of the contributing factors involved it is believed greater confidence will be gained to more 

effectively and efficiently design and operate a transmission pipeline system, and associated 

infrastructure, through minimization of the ‘sulphur deposition’ process. It is submitted that the 

prime aim of the research work has been met. 

 
____________________________________ 
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Special Note: 
 
Due to the very dynamic environment within high pressure natural gas pipelines at which the 

“elemental sulphur” formation and deposition occurs, coupled with the very low concentrations 

of sulphur vapour required, has meant that controlled laboratory experimentation and 

simulation studies just have not been possible for this research project. This is due to the 

need to vent significant quantities of natural gas for the simulation of the pipeline pressure 

reduction stages, and the fact that there is not a suitable facility within Australia to conduct 

such experiments. 

 

However, as the result of an actual, unique pipeline venting requirement, one field based 

controlled experiment was made possible. The author performed this experiment prior to the 

commencement of this research project. This experiment, which was designed to simulate a 

pipeline pressure reduction stage for the purpose of generating elemental sulphur, involved 

the venting of natural gas to atmosphere thereby simulating a 5,000 kPa pressure reduction 

stage. This operation required the venting of approximately 6,650 kg of natural gas 

continuously through a 2.4 mm throat nozzle over a period of some 42 hours. As expected, 

only a trace of elemental sulphur was observed to have formed. The commercial cost of 

venting 6,650 kg of natural gas is significant. Similar experiments would have had to be 

performed many times over to obtain sufficient, meaningful controlled experimental data. 

Such controlled experiments would not only be extremely costly but also environmentally 

unsustainable and disruptive to pipeline operational requirements. 

 

The above example demonstrates that the ability to simulate pipeline conditions and extract 

compounds and elements at sub ppm levels from a variable high-pressure gas composition 

within a laboratory environment is just not viable. A controlled pressure loop is also not viable 

as ‘fresh’ gas is required. 

 

As a result of these limitations, some unique experimental and investigation techniques had to 

be applied. It is to be noted that a number of the potential chemical reactions referenced 

within this thesis would occur at conditions subject to a considerable and fast quench rates. It 

is well known that a quench condition can add complications to a chemical reaction 

equilibrium condition and thereby also shift the reaction rate. Under such conditions it can be 

impossible to determine what is credible kinetic information and what is not. This situation has 

again placed considerable restrictions on conducting meaningful controlled laboratory 

experiments.  

 

By necessity, the research work has had to heavily rely on field observations and the 

interpretation and analysis of such observations together with samples taken. 
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‘ELEMENTAL SULPHUR’ FORMATION IN 
NATURAL GAS TRANSMISSION PIPELINES. 

 
CHAPTER 1. 
 
INTRODUCTION TO THESIS 
 
1.1 The Need to Understand the ‘Elemental Sulphur’ Formation Issue 
 
This thesis is concerned with the understanding of the mechanisms and kinetics involved in the 

formation of ‘elemental sulphur’ deposits in natural gas transmission pipeline systems. 

‘Elemental sulphur’ formation / deposition processes now adversely impact the majority of 

Australasian natural gas transmission pipeline systems. The work presented in this thesis is 

directed at finding sustainable and cost effective ways to minimize the threat of such deposits 

and ensure the safe, reliable supply of natural gas to all consumers.   

 

Natural gas is a significant and growing primary fuel source for many of the domestic, 

commercial and industrial energy requirements in today’s society. Due to the environmental and 

cost advantages that natural gas provides over other commonly available alternative fuels, such 

as coal and petroleum liquid fuels, it is widely accepted as an energy source of choice. 

Therefore, it is important to ensure that the transportation and distribution of this fuel is as 

reliable as possible, and that it is delivered to the consumer safely, conveniently (without 

interruption of supply) and in an economical manner. 

 

Natural gas is a complex and variable mixture of essentially paraffinic hydrocarbons, with 

generally a small percentage of inert gases also present, such as nitrogen and carbon dioxide. 

Trace levels of certain impurities can also be present. The main paraffinic hydrocarbon is 

methane. Ethane, propane, butanes, pentanes are also constituents, as can be low levels of the 

higher molecular weight hydrocarbons such as the hexanes, heptanes and octanes. 

 

The impurities found within a natural gas transmission pipeline system can be many and varied. 

These impurities can be in gaseous, liquid or solid state. Under properly maintained pipeline 

operating conditions such impurities will generally be present in trace quantities. The more 

common impurities found within transmission pipeline natural gas compositions are hydrogen 

sulphide, water vapour and carbonyl sulphide. Aromatics, such as benzene, and mercaptans 

may also be present in trace quantities. If the pipeline is internally uncoated, then there is a 

reasonable probability that iron oxide deposits will be found. 

 

Although reasonably rigid quality specifications apply to the natural gas composition transported 

in transmission pipeline systems, adverse processes that lead to the formation of unwanted 

contaminants can, and do at times occur within such pipelines. One such process is, as already 

referenced, the formation of elemental sulphur. This elemental sulphur formation can be through 
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chemical reactions or by a desublimation process, that is, the sulphur present in the gaseous 

state is being converted to solid state by a particular mechanism, or series of mechanisms 

within the pipeline system. The desublimation process is shown through this research work to 

be the dominant elemental sulphur formation process within natural gas pipelines. 

 

The formation of ‘elemental sulphur’ within natural gas transmission pipeline systems has 

demonstrated to be a process that has the potential to severely impact the continuity, and 

hence reliability, of high-pressure natural gas supplies to all consumers. This research project is 

therefore directed at the cause and understanding of this growing phenomenon, which is now 

impacting, in varying degrees, the operation of the majority of natural gas transmission pipeline 

systems within Australia. 

 

The recorded observations of elemental sulphur within natural gas transmission networks are 

increasing. This is probably due to two key factors, which are: 

 

(a). An increase in the operating pressure of transmission pipelines, and 

 

(b). Greater awareness of the elemental sulphur problem by pipeline operators. 

 
Prior to the commencement of this research work, theoretical studies made had been based on 

limited information and a small number of on-line tests and analyses. While a number of 

theories have been developed from these prior studies, further data and more in-depth analyses 

need to be performed to ensure: 

  

- That sulphur deposition occurrences can be quantified, and reliably related to system 

operating parameters (flow, temperature, pressure, composition) and 

 

- That appropriate theories and models can be developed to account for the 

observations, and hence provide guidance for developing minimisation and mitigation 

strategies. 

 

Interestingly, at the commencement of these studies, the elemental sulphur formation problem 

was thought to only exist in a couple of Australian pipelines, together with a small number of 

overseas facilities. Through the ability to present technical papers on this research work during 

the life of the project, awareness has been generated that this problem is internationally 

widespread within natural gas transmission networks. ‘Elemental sulphur’ formation and 

deposition processes have also been reported to have adversely impacted the proper operation 

of related facilities such as gas processing plants, gas turbines used for power generation, and 

natural gas flow- testing facilities.  
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This knowledge now suggests that the better understanding of the elemental sulphur formation 

process is of interest and value, not only to pipeline owners and operators, but also to gas 

producers, gas processing plant operators and large industrial gas consumers. 

 

The formation and presence of the so-called ‘elemental sulphur’ (orthorhombic sulphur) 

deposits in natural gas streams can have serious consequences for gas production, processing, 

transportation and end-user operations. Within recent years the formation of the ‘elemental 

sulphur’ deposits within high pressure natural gas transmission pipelines has become quite 

wide spread and is creating significant operating and maintenance problems for pipeline 

operators. Indeed, some pipelines may have this problem without realising it, or it may be 

disguised as the commonly referred to ‘black powder’ problem. This research has shown that 

the deposition processes of ‘elemental sulphur’ and more common ‘black-powder’ have many 

similarities. However, there are still a number of very unique and complex features associated 

with the ‘sulphur deposition’. These features are discussed in the following sections of this 

report and elsewhere [1]. 

 

Sulphur is a very complex element and can have many different forms depending upon 

pressure and temperature conditions. Sulphur vapour is also soluble, to varying degrees, in a 

number of the common natural gas components. The clogging of well-bore tubing and 

underground natural gas reservoirs by elemental sulphur, especially with sour-gas 

compositions, is well documented. 

 

 
 
 

Figure 1: ‘View of ‘Elemental Sulphur’ Deposition on a Control Valve Cage. 
 

A large pressure reduction, and hence consequent temperature quenching, within a flowing 

natural gas stream containing sulphur vapour in solution, provides the mechanism for the 

sulphur vapour to become supersaturated, and is hence conducive for the sulphur 
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desublimation process. This situation occurs commonly within high-pressure natural gas 

transmission pipeline systems. 

 

The transition of the sulphur vapour to solid state (commonly referred to as S8) occurs because 

at normal pipeline operating conditions the partial pressure of the sulphur vapour is well below 

the triple points. [Note; sulphur has more than one triple point as shown in Figure 7]. The 

sulphur particles are formed by nucleation; therefore the presence of other particles and liquid 

droplets in the gas stream will assist with this desublimation process. 

 
Figure 1 demonstrates ‘elemental sulphur’ deposition within a control valve cage. As the 

deposited material is distinctively yellow this indicates absence of significant co-deposited 

hydrocarbons. Also the location of the deposits is at a point of high gas velocity, due to what 

appears to be a fine consistent ‘powder’ deposit. 

 

The trend with new natural gas pipelines is to have them operating at higher pressures (ANSI 

class 900 now not uncommon), therefore it is anticipated that the occurrence and magnitude of 

this ‘sulphur deposition’ process will increase. Although elemental sulphur is referenced as the 

deposition element, there are clearly many other elements and compounds involved. Extensive 

studies have been undertaken into the potential chemical reactions within natural gas 

transmission pipeline systems with respect to the formation of sulphur and its related 

compounds. Relevant results are provided within various sections of this report and  

elsewhere [2]. 

 

The results of this research work, as discussed in detail in the following sections, demonstrate 

that the ‘elemental sulphur’ formation / deposition process is very complex. It will be shown that 

the majority of the deposited material results from a desublimation process of the 

supersaturated sulphur vapour due to the rapid cooling of the flowing gas stream through a 

pressure regulator, or similar pressure reduction / control device. 

 

It must be emphasised that other contaminants already in the gas stream, together with 

potential chemical reactions upstream of the pressure reduction stage can also contribute to the 

observed particle formation / deposition processes.  

 

The following points provide a simplified overview of the ‘elemental sulphur’ formation and 

deposition process for a transmission pipeline pressure reduction facility that would have the 

necessary gas composition and operating conditions.  

 

1. Sulphur vapour already in gas stream in sub ppm levels. 
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2. The sulphur vapour becomes supersaturated due to the swift cooling of the gas 

mixture rapidly expanding through the pressure control valve cage mechanism, 

nozzle or like pressure restriction/control device. 

 

3. The supersaturated sulphur vapour molecules form nuclei, which are minute 

particles. This very rapid conversion of the supersaturated vapour to minute solid 

particles is the nucleation process. 

 

4. Concurrent possibility of retrograde condensation occurring for some of the heavier 

hydrocarbon components in the gas stream. This is also due to the rapid cooling of 

the gas stream. 

 

5. Other molecules (retrograde condensation components) are attracted to the sulphur 

particle surface through the mechanism of condensation. 

 

6. The resulting larger particles, which will have a very high velocity, will collide with 

other particles in the gas stream forming larger particles. This is the coagulation 

process. 

 

7. There may be other deposits on the internal pipe-walls or fittings, or travelling within 

the gas stream. Due to the high gas velocities and turbulence, there will be a high 

probability of collision between these particles. The growth in particle size due to 

the collision processes is the commencement of what is termed the agglomeration 

phase. 

 

Therefore, the mechanism is particle formation through nucleation and condensation and 

particle growth through further condensation and coagulation. The nucleation process will 

ascertain the particle numbers, with condensation determining the mass of the particle. 

Coagulation will, on the other hand, decrease the number of particles through combination. 

Agglomeration will be the overall final mass formation process. 

 

Other components in the gas stream can also be in minute quantities, yet significantly impact on 

the proper operation of a pipeline. The following example illustrates that what appears to be an 

insignificant quantity of an unwanted component can, over time, grow into an appreciable 

quantity.  

 

A pipeline has hydrogen sulphide at 1 part per million (approx 1.43 mg/m3). Natural gas flow is 

210 TJ/day with the gas calorific value being 40 MJ/m3. If all the hydrogen sulphide (H2S) is 

converted to iron sulphide (FeS) then approximately 6,600 kg per annum of FeS will be 

produced in this pipeline. 
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1.2 Thesis Overview 
 

The complexity of the ‘elemental sulphur’ formation problem has required a holistic approach to 

be taken. This has resulted in an extensive number of topics being reviewed and subsequently 

researched. 

 

Chapter 2 outlines the effects on the operation of gas transmission pipeline systems due to the 

presence of ‘elemental sulphur’ deposits. The results of prior research and investigations made 

into this unique phenomenon are also referenced. Chapter 3 outlines the approach taken to this 

work, together with a review of a wide selection of topics regarded as having the potential to 

contribute to the ‘elemental sulphur’ formation processes.  

 

Sulphur is noted as being a very complex element. The characteristics of sulphur are discussed 

in Chapter 4, with Chapter 5 providing details on a variety of chemical reactions identified as 

having the ability to directly contribute, or assist in the formation of ‘elemental sulphur’ deposits. 

The main ‘elemental sulphur’ formation process is through desublimation conditions generated 

by significant pressure reduction points within the transmission pipeline system. Chapter 6 

discusses the desublimation process, together with other identified mechanisms required for the 

‘elemental sulphur’ particle formation. Parallels with other particle generating processes are 

discussed in Chapter 7. 

 

The field and laboratory studies conducted are detailed in Chapter 8, with Chapters 9 and 10 

discussing the direct and indirect contribution from two common pipeline sulphur derivatives 

contaminants - hydrogen sulphide and carbonyl sulphide. The presence of other contaminants 

within a natural gas transmission system is shown in Chapters 11 and 12 to have a major 

influence on the extent and general composition of the ‘elemental sulphur’ deposits formed. 

Chapter 13 discusses the influence of upstream gas processing systems on the sulphur 

formation / deposition processes, with Chapter 14 reviewing the contribution from the actual 

pipeline design and operating criteria to the observed contamination deposits. 

 

Chapter 15 ties aspects of the more common ‘black powder’ pipeline contamination issue to the 

‘elemental sulphur’ formation phenomenon, with Chapter 16 reviewing how corrosion and 

corrosion control processes can contribute to the reviewed pipeline contamination process. 

 

The conclusions and recommendations made from this research work are given in Chapter 17. 

General support information, including details of computer-based programs developed, is 

outlined in Chapter 18.  

 
Please note: For clarity throughout this thesis mathematical equations are referenced in 
ordinary (Arabic) numerals whereas chemical equations are referenced in Roman numerals.  

_____________________________ 
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CHAPTER 2. 
 
THE ‘ELEMENTAL SULPHUR’ FORMATION / DEPOSITION PROBLEM.  
 
2.1 Statement of Problem. 
 
The formation and deposition of elemental sulphur in natural gas transmission line systems and 

associated infrastructure is probably not new, however it has only been reported on in recent 

times [3]. Sulphur deposition has, however, been observed and reasonably well-documented 

within reservoir sour natural gas systems for over four decades [4].  

 

The ‘elemental sulphur’ and ‘black-powder’ phenomena are by far the most predominant particle 

deposition processes identified from the many observations made on natural gas transmission 

pipeline internals and equipment. As the ‘black-powder’ is a mixture of various forms of ferric 

sulphide and other elements, including hydrocarbons, sulphur is clearly also a key component in 

the formation of this unwanted pipeline contaminant.  

 

In order to fully appreciate the ‘elemental sulphur’ formation and deposition processes, it has 

not only been necessary to fully understand the kinetics associated with the sulphur vapour 

desublimation process, but also to identify and understand the many and varied sources and 

mechanisms within and external to the pipeline environment, through which sulphur or its many 

components can be generated and transported.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2: 150mm Turbine Meter with ‘Elemental Sulphur’ Deposition. 
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2.2 The Effect on Pipeline Systems and Equipment. 
 
The deposits of elemental sulphur are most commonly found at, and immediately downstream 

of, pipeline pressure reduction facilities. Also they can be found at locations, or in equipment, 

where there is a significant pressure reduction, and consequent temperature reduction 

occurring, such as in a nozzle.  

 

Some of the more common locations for elemental sulphur deposits in pipelines and associated 

systems are given in Table 1 

 
 

Location of ‘Elemental Sulphur’ 
Deposit Impact of Deposition Process 

Downstream of gas turbine 
control valves. 

Valves starting to plug with output reduced. 
Periodic shedding of the uncontrolled sulphur 
deposits into the gas fuel nozzles. This has 
potential to cause flashback and flame holding 
of the secondary and tertiary pre-mixing 
system resulting in physical damage to 
equipment. 

Deposition on internals of flow 
meters. 

Loss of accuracy in gas measurement 
equipment. Such deposits can result in erratic 
flow readings due to flaking and shedding of 
deposits. Figure 2 demonstrates such deposits 
on the internals of a turbine meter. Such 
deposits generally result in the turbine meter 
over-registering flow. For an orifice plate, the 
impact will generally be under-registration of 
flow. 
 

Deposits around pressure 
control valves. 

Adverse impact on stem movement. Potential 
for plugging of valve orifice. 
 

Coating on thermowells, pipe 
walls and flow conditioning 
elements. 

General degradation of performance. Potential 
to stop gas flow for example in the case of a 
flow conditioner element. 
 

Deposition in the throat of critical 
flow nozzles. 

Nozzle can no longer be used for intended flow 
metering / calibration purpose. 

Coating on in-line filters and on 
filter housing internals 

Increase in differential pressure across filter 
elements with potential for complete plugging, 
and/or filter collapse, with potential for 
subsequent collateral damage to down-stream 
equipment. 

Coating of sour gas exchangers 
at natural gas treatment plants 

Potential for plugging, plant shut down 
required. 

 
Table 1.  Common Locations for ‘Elemental Sulphur’  

Deposits and Potential Impact. 
 



 9

The consequences of the presence of elemental sulphur vary, ranging from a nuisance value to 

complete disruption of gas supply or failure of equipment. Extensive damage to rotating plant, 

including fires (an example being a remote gas turbine facility in Western Australia), has been 

attributed to the presence of elemental sulphur. The presence of elemental sulphur not only 

translates to the potential for gas supply interruption, damage to equipment and problems with 

general reliability of supplies, but also places very significant and costly demands on system 

maintenance.  

 
2.3 Prior Research and Investigations into the ‘Elemental Sulphur’ Formation 

/ Deposition Phenomena 
 

Elemental sulphur deposition is not new to the petroleum industry. As already referenced, it has 

been reasonably well documented for over four decades as presenting operational problems, 

particularly with regard to the partial, and even complete blocking of wellhead pipe work and 

associated equipment. Studies have also been conducted, within a major European gas 

processing plant, into the causes of heavy sulphur deposition in various parts of gas process 

equipment as early as the mid to late 1980’s [5].  

 

Although the role that H2S and O2 (oxygen) play in the formation of elemental sulphur has been 

recognised from the studies undertaken, little work was performed into the understanding of the 

kinetics and mechanisms involved in the formation / deposition processes. 

 

The recognition of the role that critical flow venturi nozzles can play with respect to the 

calibration of flow meters was inadvertently responsible for the first serious investigation into 

elemental sulphur formation.  

 

The application of critical flow venturi nozzles for high accuracy flow meter calibration purposes 

had also been recognised by other international calibration and research facilities. Although 

research into the operation of such facilities did indicate that occasional calibration anomalies 

were noted with respect to the operation of the nozzles, research into the cause of the problem 

appears to have been limited, although spontaneous condensation was regarded as a possible 

contributing factor. 

 

During 1989, a world-class high-pressure natural gas flow test and research facility was 

commissioned near Haugesund in Norway. This facility, the Karsto Metering and Technology 

Laboratory (K-Lab), which has direct access to the vast North Sea gas reserves, was designed 

to use critical flow venturi nozzles as flow metering calibration reference devices. 

 

Through the performance of vigorous calibration tests, K-Lab discovered that the expected 

repeatability of their calibration loop was not meeting expectations. Investigations found that 
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solid elemental sulphur had deposited within the critical flow venturi nozzle throat, hence the 

precise geometry of the nozzle was distorted. This discovery of the elemental sulphur was 

probably the first fully recorded and investigated case for a high-pressure natural gas system. At 

about the time of the initial investigation stage (mid 1989), the author met with A. B. Chesnoy, 

then Research and Development Manager with K-Lab, at the Karsto metering facility.   

 

On returning to Australia, the author confirmed the presence of elemental sulphur within 

metering facilities associated with the Dampier to Bunbury Natural Gas Pipeline (DBNGP) in 

Western Australia. This established an ongoing collaborative investigation into the sulphur 

formation / deposition mechanism between Chesnoy and the author. As a consequence of the 

investigative work performed, together with the identification of the extent of the problem within 

the DBNGP, there was set in train a joint investigation by Chesnoy and the author into the 

DBNGP sulphur formation and deposition processes.  

 

This investigation, as far as is known, formed the first complete audit of sulphur related 

problems in a high-pressure natural gas transmission pipeline.  The resulting report, which was 

produced during May 1993, was entitled ‘Sulphur Deposition - Technical Review’. Due to 

presence of sensitive commercial and technical information in this report, its distribution has 

been limited.  

 

Also during 1993, A. B. Chesnoy presented a paper at the Instrument Society of America 

(ISA/93) conference. The paper was titled ‘Critical Venturi Nozzles Meter Natural Gas’. In this 

paper, Chesnoy discussed the formation and consequences of elemental sulphur deposition 

within the throat of critical flow venturi nozzles, based on observations and operating 

experiences at K-Lab, Norway.  Mitigating actions to avoid sulphur condensation within the 

nozzles was referenced in this paper.  

 

The roles of O2 and H2S were identified as essential contributing factors, together with the gas 

flow being at sonic flow conditions. K-Lab resolved their elemental sulphur formation problem 

through the installation of zinc oxide beds to remove the sulphur vapour from within the gas 

stream. The calibration loop was also configured to operate in a ‘closed loop’ configuration; 

hence insuring only treated natural gas was flowing within the facility. This solution essentially 

terminated the official K-Lab research into the elemental sulphur formation problem, although 

the author together with Chesnoy continued to collaborate on further research into this 

phenomenon.  

 

A simple test facility was constructed in Australia by the author [6].  This facility was based on a 

critical flow venturi nozzle and appropriate pressure control valves to simulate the formation of 

elemental sulphur. This test apparatus successfully demonstrated the formation of elemental 
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sulphur and confirmed the hypothesis that a desublimation process was responsible for the 

generation of elemental sulphur.  

 

Based on this data, the author in collaboration with Chesnoy published a technical article on the 

impact of elemental sulphur formation and deposition in natural gas transmission pipelines in 

the ‘Oil & Gas Journal’ of April 28, 1997. The article titled ‘S8 threatens natural gas operations, 

environment’, is the first known internationally published article on this topic. This paper again 

confirmed that desublimation conditions were required for formation of elemental sulphur, and 

as a result of this the temperature conditions of the flowing gas stream and across the pressure 

reduction stage played a pivotal role in the formation / deposition process. 

 

As a result of the publication of the above referenced article, General Electric of Schenectady, 

New York, who were experiencing severe sulphur deposition problems with newly 

commissioned gas turbines in Hong Kong, made contact with both authors. This led to ongoing 

correspondence with General Electric over a period of about 12 months.  

 

With their superior resources, General Electric (GE) were able to build a full scale test rig 

complete with full instrumentation and test for conditions of elemental sulphur formation. Details 

of the results of the research work performed by the author and Chesnoy at the time were 

furnished to General Electric. The GE investigations again confirmed that the sulphur vapour 

dropped out of solution due to the pressure and temperature conditions across the gas supply 

control valve. The principle GE researchers, Messrs Wilkes and Pareek [7] were also able to 

confirm through measurement and basic modelling of sulphur equilibrium concentration curves 

that the sulphur concentration required could be as low as 10’s of ppbv.  

 

GE found that the solution for their particular case, the Hong Kong gas turbines, was to 

significantly increase the temperature of the supply gas and hence maintain the sulphur vapour 

in solution within the gas stream. This essentially concluded the GE research work into 

elemental sulphur formation, however it was not actually a long-term or universal solution.  

Interest in this pipeline deposition phenomenon continued to steadily grow, as did the reporting 

of the number of affected pipelines and end user facilities such as power generation gas 

turbines.  At The New Zealand Institute of Gas Engineers 1998 Spring Seminar, at which the 

author presented a technical paper [8] on the ‘elemental sulphur’ formation and deposition, it was 

confirmed that this pipeline contamination process was as an ongoing problem facing the New 

Zealand natural gas transmission network. 

   

During late 1999, the author was invited to submit a technical article on the sulphur 

phenomenon in ‘The Australian Pipeliner’. The Australian Pipeliner is the official publication of 

the Australian Pipeline Industry Association (APIA), the peak industry body for organisations 

and individuals with an interest in large pipelines. The article submitted, entitled ‘Formation of 
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Elemental Sulphur in Natural Gas Transmission Pipelines’ [9] was authored by Pack, Chesnoy, 

Bromly and White. Bromly assisted with chemical analysis work and White was author’s Deakin 

University supervisor for the Master of Engineering thesis on elemental sulphur formation. This 

paper broke new ground by suggesting that oils, and particularly synthetic oils, contributed to 

the ‘sulphur’ deposition process. The potential contribution from, and impact of gas processing 

facilities was also referenced. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  Deposits around a Gas Turbine Fuel Injector Nozzle 
 

 
As the author and Chesnoy recognised that the kinetics of the elemental sulphur formation and 

deposition processes had only been superficially addressed, the author proposed to the APIA 

during late 1999, that a defined in-depth research project be sponsored into the elemental 

sulphur phenomenon. This request was duly sanctioned in 2000. The APIA research project 

commenced early 2001, through the administration of the Cooperative Research Centre (CRC) 

for Welded Structures at the University of Wollongong, but with actual research work performed 

through the School of Oil & Gas Engineering at the University of Western Australia, the author 

being the lead researcher under the guidance of A/Prof. T. Edwards. 

 

During May 2003, the author presented an invited paper on the research work at the joint 

Technical Seminar of the Pipeline Research Council International, Inc. (PRCI), European 

Pipeline Research Group (EPRG), and the Australian Pipeline Industry Association (APIA), held 

in Berlin, Germany. This paper [10] presented the findings that the sulphur formation and 

deposition was due to nucleation, condensation, (desublimation) and coagulation processes of 

the supersaturated sulphur vapour within the gas stream at high-pressure reduction facilities on 

pipeline systems.  
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The presented paper also demonstrated the impact and general contribution of other impurities 

and chemical reactions within the gas stream, together with gas processing plant operations. 

The impact on pipeline downstream operations and equipment were also referenced. This 

presentation generated considerable interest from the conference delegates. Since the Berlin 

presentation, the author has been invited to make a number of presentations at industry 

research and technical forums conducted at capital cities around Australia. 

 

2.4 Objectives of Research. 
 

The objectives of this research have been to better understand the factors (mechanisms of 

reaction kinetics) associated with the formation of elemental sulphur and, through such an 

understanding, provide the means to eliminate, minimise, or design around the conditions that 

favour the formation and deposition processes. Through the recommendations made, practical 

solutions are now available that will lead to ways of avoiding, or coping better with the 

consequences of the formation and deposition processes, and most importantly, such solutions 

can be implemented economically and effectively. 

 

As natural gas transmission pipelines tend to source natural gas supplies from remote areas, 

the transmission pipeline systems traverse long distances through isolated country with the 

associated pipeline facilities such as compressor stations, mainline valves and pressure 

reduction and measurement facilities infrequently visited for inspection and maintenance.  

 

To be able to readily identify the conditions conducive to the formation and deposition of 

elemental sulphur at a pipeline location, a secondary objective of this research has been the 

requirement to present the research findings in a way that can be understood by all pipeline 

operational personnel. 

 

2.5 Significance of Results. 
 

The results from this research will not only be beneficial to the Australian natural gas 

transmission network, but to a significant number of transmission pipeline systems around the 

world. Many of these pipelines transport vital energy across national boundaries.  

 

Natural gas transmission pipelines in Australia transport approximately 18 % of the country’s 

primary energy requirements, with this figure projected to increase to 23.9 % by 2019-20 [11].  

 

Natural gas transmission and distribution pipeline systems now approach a total length of some 

100,000 km. All States and mainland Territories of Australia are now serviced by natural gas 

transmission networks, with a national transmission pipeline network expected to be in 

operation in about two decades time. 
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With the transmission of 996.3 Peta Joules (PJ) of natural gas through the Australian natural 

gas pipeline system during 2001[12], which is approximately the equivalent of 20 million tonnes, it 

can quickly be appreciated that the reliable transportation of this environmentally friendly fuel is 

paramount to the welfare of this country. Natural gas is also a growing fuel of choice in many 

other countries. 

 

This research has been able to demonstrate the mechanisms and kinetics associated with the 

‘elemental sulphur’ formation and deposition processes. Recommendations made do not, in any 

way, adversely impact the production, transportation or application of natural gas, instead they 

center on the better understanding and handling of the processes that contribute to the 

desublimation and resulting multi-component deposition processes within pipeline systems. 

 

Some pipeline operators have already indicated that they are now able to better manage the 

pipeline deposition processes through the understanding of the many contributing factors due to 

having knowledge of the results from this research work. It is also known that gas producers 

have also been able to make major contributions to the minimization of the ‘elemental sulphur’ 

deposition criteria by, for example, significantly reducing the amount of compressor seal oil that 

is permitted into the gas entry point of a transmission pipeline. 

 

Even if the elemental sulphur based pipeline deposits are only of a general nuisance value, that 

is introduce a small 1 to 2 % bias to a flow meter’s indicated flow rate measurement due to 

material deposition on the meter’s internals, this will still result in significant additional 

maintenance and calibration costs due to the need to remove the meter for inspection and 

cleaning or recalibration. As many affected sites can be in remote locations, it can be 

appreciated that site service costs are high by comparable industry standards, therefore there is 

significant incentive to keep such costs to a manageable level with site servicing preferred to be 

at scheduled times. 

 

Major pipeline or equipment failures, such as the complete stoppage of gas flow as a result of 

failure of a pressure regulator due to a deposition blockage within the regulators gas stream 

path can result in loss of production for a process plant using natural gas as a fuel and/or 

feedstock, or to loss of power generation derived from a gas turbine or gas fired steam turbine 

driven electricity generators. 

 

As can be appreciated from the calculations for the ‘elemental sulphur’ formation and deposition 

rates example given in Section 6.2, the 1.3 kg per annum of elemental sulphur formed has been 

derived from a gas flow rate of 10,000 kg/h, the desublimation process must actively exist for a 

considerable period of time to make an impact on the operation of the pipeline.  This flow of 

10,000 kg/h equates to a flow of 87.6 million kg per year.  
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From analysis of the deposited materials, it has been noted that there can be a significant 

number of hydrocarbon components, as well as natural elements, present in the deposit. No 

doubt a number of variable processes within, and upstream (external) to the pipeline, contribute 

to the generation of the so-called ‘elemental sulphur’ deposits. Such processes may be 

continuous, intermittent, or just be a one-off event, all of which may occur over a period of just a 

few weeks to many months. Add to this set of variations the further variable conditions of the 

flow rate in the pipeline, together with continual changes in pressure, temperature and 

composition of the flowing natural gas. 

 

The above conditions and concentration levels mean that the pipeline nucleation, condensation 

and coagulation conditions just cannot be simulated in a laboratory environment. For example 

the venting of 67.4 tonnes of natural gas to derive 1.0 gram of sulphur through a desublimation 

process is just not financially, socially, environmentally or responsibly acceptable.  

 

This then is the unique challenge and substance of this thesis – to understand and model the 

mechanisms and kinetics of the deposition process in a field environment, without the possibility 

of laboratory apparatus and measurements. 

 
________________________________ 
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CHAPTER 3 

APPROACH TAKEN TO RESEARCH AND LITERATURE REVIEW. 
 
The purpose of this section of the thesis is to briefly explain the rationale for the approach taken 

to the research work. Also included is a list of topics identified for study, together with a general 

overview of the subsequent actions taken during the investigations. A brief summary of the 

research findings for each topic applied is provided within the relevant sub-section. It is to be 

noted that a number of the identified topics were not pursued beyond the initial investigation 

stage.  

 

The commencement of the research work was characterized by three concurrent tasks, namely: 

 

(a). Comprehensively defining the extent of the ‘elemental sulphur’ formation and deposition 

problem within Australian natural gas transmission pipelines. This was achieved 

through the establishment, by the author, of an industry-working group, together with 

the regular generation of a ‘sulphur news bulletin’. The purpose of the working group 

and bulletin was not only to act as an information gathering sources, but also to 

generate awareness within the industry of the problem. These events also gained 

support and enthusiasm from pipeline operators for the projected ‘elemental sulphur’ 

field sampling and inspection programs. On all counts the initiated programs were 

successful. 

 

 Contact with some overseas pipeline operators was also established. Again, this proved 

to be another very valuable source of information. 

 

(b). Performing a comprehensive and critical review of all observations, sampling and 

analysis techniques of pipeline ‘sulphur’ samples that had applied up to the time of the 

project commencement. The purpose of this review was to identify the extent of 

sampling undertaken together with the equipment and techniques applied.  A secondary 

aim of the review was to try and identify any flawed processes and/or techniques, and 

hence provide the early ability to identify and try alternative processes. The existence of 

commercially available on-line, intrinsically safe, precision sampling instruments that 

could take and analyze gas samples, together with pipeline contaminant samples, at 

high-pressure conditions was also investigated. Unfortunately such instruments were 

found not to exist. 

 

This study into high-pressure natural gas sampling techniques resulted in the 

classification a number of reasonably comprehensive and readily available records of 

H2S and general sulphur concentration levels for some pipelines. As a result of critically 

reviewing the sampling and analysis methods that had applied in obtaining this 
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information, these results had to unfortunately be regarded as potentially unreliable. 

This was due to the potential for desublimation conditions to exist across the pressure 

reduction valves associated with the sampling bombs, not only at the field sampling 

point, but also at the analyzing laboratory.  

 

With natural gas transmission pipelines having operating pressures of at least 6,000 

kPa gauge, and most analysis work being performed at, or near atmospheric conditions, 

it can be readily appreciated that the derived gas samples could have been subjected to 

high pressure reductions. This situation, together with the potential for the sampling 

bomb wall material to absorb sulphur or sulphur derivatives within in the gas sample, 

just presented too great an uncertainty over the relevance of such material to the 

research investigations. Although initially perceived as a major setback, this experience 

was instrumental in the total review of sampling and analysis techniques and led to the 

identification of the need to use more advanced analyzing equipment and more 

stringent quality control on field sampling methods.  

 

(c). Undertaking a comprehensive literature review. This was conducted by identifying 22 

separate topics that were regarded as potentially having some level of influence on, or 

contribution to the ‘elemental sulphur’ formation and deposition processes. The 22 

topics are discussed in Section 3.1.  

 

Although some of the selected topics for study were not further pursued after the initial 

investigation stage, the overall process was considered successful. For such a complex 

project the elimination of an item as a contributing factor to a process can be just as 

important as the confirmation of an item. Without exception, all topics studied have 

provided valuable information and /or understanding of the ‘elemental sulphur’ formation 

and deposition problem. 

3.1 Topics Studied Through Literature Review. 
 
The listed topics in the following sections have not been presented in any special order. 

 

3.1.1 Elemental Sulphur Formation and Deposition in Pipelines. 
 

The prime reason for this research project is to better understand the processes 

associated with the formation of elemental sulphur within natural gas transmission 

pipelines. As already discussed, the formation, and subsequent deposition of elemental 

sulphur in natural gas pipelines is of considerable concern to pipeline operators and 

owners, and in particular industrial end users of the natural gas.  This particular topic is 

fundamental to the research work. 
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Figure 4: ‘Elemental Sulphur’ Deposition in ‘GO’ Regulator 
 

Figure 4 shows how ‘elemental sulphur’ deposits can form in very low flow situations 

such as gas sample lines to on-line gas chromatograph systems. The most common 

‘elemental sulphur’ formation and deposition problem has been identified as being 

associated with pressure control valves. In such situations as the deposition increases, 

the control valves will try and compensate for the reduction in flow area, due to the 

build-up of deposits, by opening up wider. The stage can be reached where the build up 

becomes so great that the valve cannot meet the gas supply requirement and 

subsequently gas flow is substantially reduced. This of course presents serious 

reliability concerns, and in some cases has resulted in fires with dual fuel plants. Fuel 

nozzles are also known to become blocked up and substantially result in reduced 

efficiency, or even causing complete shutdowns.  
 
3.1.2 Elemental Sulphur Formation and Deposition in Other Systems 
 

A very thorough literature review was conducted into this topic. Unfortunately little 

additional material was found that was not already known to the lead researcher. As 

more extensively discussed in Chapter 6, the ‘elemental sulphur’ formation and 

deposition phenomenon is relatively new to transmission pipeline systems – however 

over the past decade it has been discovered and reported on within natural gas 

transmission pipelines and associated plant in many countries. Interestingly, the 

number of reports appears to be growing at an exponential rate. 

 

As a natural gas transmission pipeline is essentially a transportation process, the 

probability that ‘elemental sulphur’ deposits would be transported downstream into 

medium and low-pressure gas distribution networks and end user facilities could not be 
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ignored. The literature review into this subject indicated that prior research has not been 

conducted and even general information on the subject matter was found to be very 

limited. 

 

Studies have been undertaken over the course of these investigations into the impact of 

‘elemental sulphur’ deposits in such facilities. Particular focus has been placed on 

industrial facilities where large quantities of natural gas are consumed and/or 

recompressed for special applications, such as gas turbines and compressed natural 

gas (CNG) fuelling facilities, respectively. 

 

Surprisingly, the studies conducted have demonstrated that certain downstream 

facilities fed from a transmission network are very susceptible to the ‘elemental sulphur’ 

deposits, and reactions that may occur due to the presence of other contaminants 

within the gas stream. It must be appreciated that due to Regulatory requirements, 

natural gas distribution networks must reticulate odorized natural gas – unlike most 

transmission networks. This fact, coupled to the lower pressure and greater potential for 

the ingress of water into the pipeline network, plus the interaction of the gas with a 

variety of end user materials and processes, does provide a more diverse and 

susceptible environment than may be found within a natural gas transmission network. 

 

These defined studies have proved invaluable in the identification of a number of 

corrosion processes in which sulphur, or a sulphur compound, plays a key role.  

3.1.3 Fine Particle Generation within a Gas Stream 

 

As already referenced the ‘elemental sulphur’ is essentially being formed through a 

desublimation process. A minor contribution can be through a number of chemical 

reactions occurring upstream of the affected site. By definition, desublimation is the 

direct conversion of a gas to solid state; therefore it is the generation of small particles. 

This naturally meant that any fine particle generation process within a gaseous 

environment became a prime candidate for investigation. 

   

Although limited information was found to be available on the subject matter, the 

literature review has demonstrated that fine particle generation can occur through four 

distinct methods. These methods are: 

 

• Chemical gas phase reaction, 

• Direct cooling, 

• Indirect cooling,  

• Expanding nozzle flow (adiabatic expansion).  
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The chemical gas phase reaction generally requires high temperatures through the 

application of a reactor, such as a flame reactor or laser reactor. Direct cooling methods 

achieve the desired fine particles by directly cooling a pre-heated gas mixture, having a 

selected solute mixed in it, with an inert cooling gas. Indirect cooling methods again 

involve the cooling of the pre-heated solute / gas mixture; however the cooling fluid is 

not in direct contact with the gas.  

 

The above first three referenced fine particle formation processes were not considered 

relevant to the pipeline situations, and therefore more advanced studies into them was 

not pursued. Clearly the fourth alternative, that of fine particle formation through the 

expansion of a supercritical solution (gas containing the required dilute solute) flowing 

through a nozzle provided very significant parallels to the observed natural gas pipeline 

conditions.  

 

The application of a nozzle for the formation of fine particles through the desublimation 

of the supercritical solution is more commonly known as the rapid expansion of 

supercritical fluids, or RESS process.  

 
The subsequent studies into this topic clearly have identified some common aspects 

and have led to the development of the identification and understanding of the 

nucleation, condensation and coagulation processes that explain the principles of the 

‘elemental sulphur’ formation / deposition processes within a pipeline system. 

3.1.4 Flow Control / Pressure Reduction Valve Characteristics 

 

With the majority of elemental sulphur deposits noted to be occurring immediately 

downstream of flow control/pressure reduction valves on pipeline systems, the gas 

stream pressure reduction, and hence rapid change in temperature and velocity of the 

gas, clearly creates the required desublimation conditions. It has been noted that 

certain valve types are more susceptible to the formation of solid elemental sulphur than 

are others. 

 

Therefore, of particular interest to the research program is the part the design of the 

valve plays in the desublimation process. Unfortunately no relevant material was found 

on this topic through the literature review process. 

  

The subsequent research has demonstrated that the design of pressure reduction 

equipment does have an influence on any resulting desublimation process. This is 

believed to be due to the variations in the levels of turbulence within the valve cages 

resulting from differing design philosophies by the various valve manufacturers. This 
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topic forms part of the recommendation for future studies into the ‘elemental sulphur’ 

formation and deposition processes.   

3.1.5 Gas Dynamics and Gas Characteristics. 

  

The ‘elemental sulphur’ formation process within a natural gas pipeline system is 

occurring in a very dynamic, turbulent environment, with rapid changes in the gas 

density and even the potential for gas compositional changes to occur at the conditions 

of desublimation. This situation highlighted the need to review the gas molecular 

properties of thermal conductivity, viscosity, and diffusion. 

 

These gas properties, which are generally referred as gas transport properties, are well 

documented within the relevant thermodynamic literature.  

 

Although extensive studies into the general gas dynamic and characteristic properties 

were not embarked on, an awareness of these properties was maintained through the 

investigations. 

 
3.1.6 Hydrogen Sulphide 
 

 
Hydrogen sulphide is one of the compounds found in a natural gas stream that is very 

commonly referenced in gas quality contracts as an unwanted constituent that must not 

exceed a given level in comparison with the total gas composition. Small amounts of 

hydrogen sulphide are present in most natural gas streams. Being a sulphur derivative, 

this element was very quickly placed on the list of topics considered as being justified 

for further review. 

 

The subsequent literature reviews demonstrated that a substantial amount of 

information has been written about hydrogen sulphide.  

 

According to Nickless [13], hydrogen sulphide can also interact with elemental sulphur to 

produce polysulphides. Polysulphides are particularly reactive and are therefore of 

concern to the pipeline operator. The influence of hydrogen sulphide has been fully 

investigated, from its influence at the wellhead right through to what happens at the gas 

burning / utilization process by the consumer. 

 

Hydrogen sulphide (H2S) easily reacts with the iron in piping to form iron sulphide as in 

the formula: 

H2S + Fe = FeS + H2. 
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The research has demonstrated that H2S has the potential to be a major contributing 

factor to the ’elemental sulphur’ deposition process through contributing to a number of 

upstream chemical reactions within the pipeline system, the vital contribution to the 

‘sulphur transportation process’, and the potential to add sub micron particles to the 

‘elemental sulphur’ coagulation and agglomeration processes. H2S is considered to be 

the most active constituent, other than sulphur, to the deposition processes studied. 

 

Field sampling for H2S concentrations within natural gas pipelines have demonstrated 

that a very low level of H2S may be determined immediately downstream of a gas 

treatment facility, however at a point many kilometres downstream of the gas entry 

point, a noticeable increase in H2S level can be observed [14]. This increase is due to the 

conversion of COS to H2S in the presence of water vapour. 

 

COS + H2O = CO2 + H2S 

 

The properties and influence of hydrogen sulphide has been a major aspect of the 

research into ‘elemental sulphur’ formation.  

 

3.1.7 Iron Sulphide and Variations 
 

Originally the iron sulphide issue was considered to be of minor importance. The 

literature review demonstrated that information on this subject is concentrated on the 

published works by a small number of researchers. 

 

As for elemental sulphur, iron sulphide is of concern to the gas industry. Although the 

iron sulphide problem is more widespread and has been known by the industry for 

much longer than the elemental sulphur issue, there is only a limited understanding of 

the iron sulphide problem. Iron sulphide is better known as “black powder”. This pipeline 

contamination can readily collect in pipelines and especially in discontinuities and 

pipeline obstructions such as pipe bends, dead ends, and around valves and meters.  

 

Such deposits can cause wear in valve seats, impact the accuracy of flow meters due to 

deposition on the meter internals and block instrumentation lines as well as reduce the 

overall flow efficiency of a pipeline. According to Baldwin [15] the material (black powder) 

may be wet and have a tar-like appearance, or dry and be a very fine powder, 

sometimes like smoke.  

 
There are similarities with the ‘elemental sulphur’ observations. Chemical analysis of 

black powder deposits has revealed that it can be a combination of iron sulphide and 

iron oxide, or be one of a number of forms of iron sulphide. As found with the ‘elemental 
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sulphur’ deposits, other contaminants can also be present in the ‘black powder’ 

deposits, such as hydrocarbon deposits and common elements as found in sand, dirt 

and crustal rock deposits. 

  

According to Baldwin [16], some pipelines have black powder problems and others do 

not. Even in parallel lines, one can have the problem and the other not. Baldwin also 

states, “We have not identified any pipeline to date which has been able to eliminate the 

black powder problem once started”.  

 

There are clear parallels between the two contamination issues; therefore iron sulphide 

has been a very obvious candidate for study. Through demonstrating a number of 

common reactions between the two pipeline deposition processes, by default, this 

research work has contributed some additional understanding into the more common 

‘black powder’ situation. 

 

 
 

Figure 5. ‘Elemental Sulphur’ Deposition on a Flow Conditioner. 
 
 

Figure 5 demonstrates how the ‘elemental sulphur’ deposits can significantly restrict, or 

even stop the flow of gas in a high-pressure transmission pipeline system.  

 

3.1.8 Molecular Sieves 
 
Again what was thought to be a topic of minor relevance resulted in a significant 

contribution to the understanding of the ‘elemental sulphur’ formation / deposition 

processes through the development of the ‘sulphur transportation’ process. 
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Significant information on molecular sieves has been sourced and drawn on for this 

research work.  

 

The ‘sulphur transportation’ process is the ready, yet in some cases very subtle, 

conversion of one sulphur compound into another. The term ‘sulphur transportation 

process’ has been generated through this research work to describe the changes in 

state that may occur to sulphur compounds in a transmission pipeline and associated 

facilities. 

 

Molecular sieves are of particular interest due to their role of removing gas impurities 

such as H2S and water. Both H2S and water are contributing factors to corrosion within 

natural gas pipeline systems and therefore are unwanted components. Molecular sieves 

are classified as adsorbents because of their ability to selectively adsorb particular 

sized molecules. Therefore separation can be made based on molecular-size 

differences. 

 

The majority of modern, large gas processing facilities will use molecular sieves for the 

sweetening of the gas stream prior to its entry into the gas transmission pipeline.  

 

The molecular sieve process can use a variety of synthetically manufactured crystalline 

solids in a dry bed to remove the gas impurities. According to Arnold [16] “The crystalline 

structure of the solids provides a very porous material with all the pores exactly the 

same size. Within the pores the crystal structure creates a large number of localised 

polar charges called active sites. Polar gas molecules, such as H2S and water that 

enter the pores form weak ionic bonds at the active sites. Non-polar molecules such as 

paraffin hydrocarbons will not bond to the active sites. Thus, molecular sieve units will 

“dehydrate” the gas (remove water vapour) as well as sweeten it”.  

 

Of particular interest in the operation of the molecular sieve is the ability for carbonyl 

sulphide (COS) to form according to the following reaction: 

 

H2S + CO2 = COS + H2O 

 

Kohl [18] states that “the phenomenon has been identified as the simultaneous H2S 

adsorption and rate-limited catalytic reaction of H2S and CO2 to form carbonyl sulphide 

(COS) and water”.  

 

The above references and discussion as to the role and operation of molecular sieves 

demonstrate the potential contribution such a vital piece of gas processing equipment 

may contribute to the ‘elemental sulphur’ formation process. 
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3.1.9 Natural Gas Component Properties 
 

 
Although natural gas is a very complex mixture of essentially straight-chain paraffinic 

hydrocarbons with some inert components, together with the potential for a significant 

number of impurities, it is important to appreciate that this research is fundamentally 

based on the performance and impact of the ‘elemental sulphur’ formation and 

deposition on pipeline quality natural gas and not sour gas.  

 

This research is centred on operating conditions that would typically be found on a high-

pressure natural gas transmission pipeline transporting gas to domestic, commercial 

and industrial consumers. This means that the gas quality would be classified as being 

‘dry and sweet’ 

 

Literature on natural gas component properties is generally well presented. 

 

To meet the required gas specifications, which invariably are contractually binding on all 

parties involved in the production, transportation and distribution of the natural gas, the 

total levels of inert components and impurities within the gas stream composition are 

limited to defined amounts. 

 

Although by far the majority of natural gas transmission pipeline systems have on-line 

gas chromatographs for the near real-time continuous measurement and monitoring of 

the gas quality, small quantities of contaminants do, from time to time, enter or form 

within gas pipelines. It is to be appreciated that process gas chromatographs, as used 

on pipeline systems, are generally limited to the determination of paraffin hydrocarbons 

up to hexane, or possibly up to nonane if the gas chromatograph is also fitted with a 

flame ionisation detector. The two common inert components of CO2 and N2 are also 

measured by the process gas chromatograph.  

 

Although spot samples of the flowing gas stream may be taken for the purpose of 

determining more comprehensive analysis, these samples are infrequently taken and 

therefore not necessarily truly representative of the day-to-day composition. As 

discussed elsewhere in this thesis, such spot sampling techniques may also be flawed 

with respect to the proper determination of some components, especially as pipeline 

operating pressures continue to increase. This is because the higher the initial pressure 

differential between the sampling device (evacuated sample bomb) and the pipeline 

operating pressure, the greater the likelihood of a desublimation condition existing. 

Investigations have been conducted into the impact, and/or potential impact, of the 

majority of known contaminants that may be found within a natural gas transmission 
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system, even if at trace levels, on the direct or indirect formation of the ‘elemental 

sulphur’ deposits. This has proved to be an important topic of investigation. 

  
3.1.10 Natural Gas Processing and Gas Sweetening Processes. 
 

 
Natural gas is normally treated to meet quality conditions for one or more of the 

following criteria: 

 

• Transmission pipeline conditions, 

• Gas sales conditions, 

• Gas Regulatory / Gas Standards conditions, or 

• Blending conditions 

 

Each one of the above criteria can be contractually binding on the gas producer / gas 

treatment plant operator. There are many variables in the treatment of natural gas. 

Some of the more pertinent factors that need to be considered in the selection of a 

particular gas treatment process are: 

 

  (a). The types and concentrations of contaminants in the gas; 

  (b). The degree of contaminant removal desired; 

  (c). The selectivity of acid gas removal required; 

(d). The temperature, pressure, volume and composition of the gas to be 

processed; 

  (e). The carbon dioxide to hydrogen sulphide ratios in the gas; 

(f). The desirability of sulphur recovery due to process economics or 

environmental issues; 

(g). The daily flow rate required, including the expected minimum and 

maximum flow excursions, 

(h). Capital cost of equipment, 

(i). Operating costs associated with the equipment, and 

(j). Third party, Regulatory requirements. 

 

Literature on the above referenced topics was found to be readily available, however 

the majority of it did tend to be associated with the design and operation of plant and 

equipment. 

 

A typical example of capital / operating cost constraints may relate to the type of gas 

dehydration equipment selected. For example, it is highly unlikely to find a molecular 

sieve in a small gas processing facility due to the high capital cost and reasonably high 

gas throughput required to make such a facility operationally attractive. For small gas 
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processing facilities a glycol dehydration unit is most likely to be used for gas 

dehydration purposes with the molecular sieve being nearly universally found at large 

gas processing plants.  

 

The many permutations in gas processing equipment flagged the requirement to review 

the operation of the more common equipment levels to ascertain if there could be some 

contributing factor to the pipeline ‘elemental sulphur’ formation and deposition situation. 

Investigations conducted contributed to the development of the ‘sulphur transportation 

process’ due to either the operational features of some molecular sieves, or the impact 

of carry-over glycol into gas transmission pipelines. Each of these findings is discussed 

in more detail within the relevant sections of this thesis. 

 

As with all processes, there will be varying efficiency levels between differing equipment 

types and even for a set equipment level. For example, the bed of a molecular sieve 

may become poisoned resulting in the gas output stream being ‘off-specification’. These 

situations do occur within gas plants and, in some cases, the upset condition may not 

be detected until a reasonable amount of gas has been delivered into the receiving 

natural gas transmission network. 

   

Such situations have, where possible, been factored into the studies and results for this 

research project, and have demonstrated the source and significance of carry-over 

particle and liquid matter into transmission pipeline systems from gas production and/or 

processing facilities. 

 

3.1.11 Physical and Chemical Properties of Natural Gas 
 

 
This topic relates to what are generally termed the ‘gas quality’ properties of density, 

compressibility, molar mass, real molar volume and calorific value, as well as the critical 

constants of temperature, pressure and volume. 

 

The literature review demonstrated that the physical and chemical properties of natural 

gas are reasonably well documented. 

 

Although specific investigations were not performed into the physical and chemical 

properties of natural gas, the information derived from this section has been 

instrumental in the calculations performed within the thesis.  

 
3.1.12 Pipeline Flow Dynamics. 

 
 

On initial reflection, the part pipeline flow dynamics would play in the formation of 

elemental sulphur would seem to be very remote. However, field observations have 
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noted that at what is regarded as identical sites, one of the sites may have pronounced 

elemental sulphur formation and deposition, whilst the other site does not indicate a 

problem at all. Therefore, the part pipeline flow dynamics may play in the formation of 

elemental sulphur was noted as an area worth investigation. Indeed, the importance of 

this topic grew as the research work progressed. 

 

The literature review for this topic demonstrated that little is known about it. Further 

research is clearly required if the preferential site selection criteria of both the ‘elemental 

sulphur’ and ‘black powder’ is to be fully understood. 

 

Studies conducted led to the identification of the potential for the generation of a 

pipeline section liquid hold-up profile under certain pipeline operating conditions, and 

the preferential flow of liquid deposits at pipeline ‘T’ junctions.  

 
 

3.1.13 Nozzles, Venturis (Critical Flow) 
 

 
The design, operation and application of nozzles and other critical flow devices is 

generally well documented, however information on particle build-up within the internals 

of such devices was shown, through the literature review, to be extremely limited. 

 

The first confirmed observation of elemental sulphur formation and deposition within a 

natural gas transportation system was associated with critical flow nozzles [19]. 

However, the majority of confirmed cases since have been associated with control 

valves. The cage of a control valve can have a series of small orifices that can act like a 

critical flow nozzle. The flow of a compressible fluid, such as natural gas, through an 

orifice is limited by critical flow. The maximum flow occurs at sonic velocity. This 

situation will exist as long as the pressure drop through the orifice is greater than the 

critical pressure drop. According to Arnold [20] the critical pressure drop is given by the 

following equation: 
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Clearly, an understanding of the flow mechanisms associated with nozzles is important 

for an appreciation of the elemental sulphur formation issue. Limited research was 

conducted into aspects of these flow devices. Further research work is considered 

warranted, especially with respect to how their geometry influences the particle 

nucleation and condensation processes. 

 
3.1.14 Solid-Fluid Equilibria 

 
 

Initially this topic was seen as having potential to have some influence on the observed 

desublimation process. The associated literature review was not able to identify any 

relevant information pertinent to the particle formation and deposition processes. 

 

Investigations were not continued into this topic. 

 

3.1.15 Sublimation / Desublimation 
  

The formation of elemental sulphur in pipeline systems is through the process of 

desublimation. This is the reverse of the more common sublimation process. 

Desublimation occurs when there is direct conversion from the vapour state to the solid 

state without passing through the liquid state. There are a number of commercial 

applications where the process of desublimation is used to obtain a single desublimable 

component from a gas made up of a number of components, however even in these 

more simplified and controlled environments, the process is not fully understood. This 

matter is discussed more fully in Chapter 6. 

 

The literature review process found many references to sublimation processes and 

conditions, but very little on the reverse process of desublimation. 

 

‘Elemental sulphur’ forms within natural gas pipeline systems at points of significant 

pressure reduction, i. e, at a point where there is expansion and subsequent cooling of 

the gas stream. The actual process can be modelled as subsonic and critical flow 

nozzle expansion. 

 

Wagner [21] has shown that gas to particle conversion can be used to produce very fine 

solid particles with narrow size distributions and high purity. In the process, the particle 

formation is driven by the cooling of a supersaturated vapour or by the generation of 

atoms or molecules by chemical reactions of gaseous precursors. The pressure – 

temperature diagram below illustrates the sublimation curve. This is the area of interest 

for the formation of the elemental sulphur within natural gas transmission lines. 
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Gevorkyan [21] has demonstrated experimentally that the composition of the gas mixture 

affects the desublimation process. Unfortunately, much of the data presented by this 

researcher is incomplete, for example the temperature profile at the desublimation point 

is not given. This was one of the rare finds through the literature review that actually 

referenced gas composition to a desublimation process.  

 

 
 

Figure 6  ‘Elemental Sulphur causing Blockage of Pressure Regulator Pilot. 
 

 This topic has been a core item of investigation for this research project. 

 

3.1.16 Sulphur and Corrosion 

 
It is well known that sulphur is one of the most reactive elements, therefore some 

understanding of the processes that involve sulphur and corrosion were considered 

necessary in order to try and resolve the elemental sulphur formation phenomena. 

 

Information on corrosion is well treated for in literature. Sulphur and corrosion receive 

reasonable coverage within technical literature. However, the combination of corrosion, 

sulphur and natural gas flow has been noted to have very limited coverage. 

 

Generally the natural gas transported within a transmission pipeline system is treated to 

reduce, or possibly avoid the occurrence of corrosion. However, internally, gas pipelines 

are exposed to the potentially corrosive constituents inherently present in the produced 

gas. These are primarily CO2 and H2S but other components may also be present in 

quantities sufficient to enhance the corrosion rate. These may include traces of organic 

acids and contaminants such as O2. Of course the level of these components will vary 

between gas supplies. The effects can be direct or indirect through reactions with other 

chemical species in the gas to produce new, harmful substances. 
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Water or moisture is normally a prerequisite for corrosion. There are other liquids known 

to cause problems that are difficult to keep out of the line. Notably this applies to glycols 

used in the gas processing system and to compressor seal oil. Particularly regenerated 

glycols, when contaminated with water can support corrosion. 

 

With the now common practice of having multiple independent gas supplies collectively 

being the gas supply source for long, high pressure gas transmission networks, the 

range of operating conditions along the pipeline itself may contribute to change 

conditions of the gas composition. Any solution proposed for the elimination / 

minimisation of elemental sulphur must take account of any associated potential 

corrosion processes.  

 

From the in-depth investigations into the referenced issues, a significant contribution 

has been made to the overall understanding of sulphur reactions within pipeline 

systems.   

 

3.1.17 Sulphur Properties 
 

As sulphur was initially suspected as being the sole cause and constituent of the 

observed pipeline deposits, this was one of the very early and obvious topics of study. 

 

The literature review produced some very surprising results. Although sulphur is an 

extremely well known element, there is surprisingly little written about it. Many of the 

recent technical papers sourced, that comprehensively referenced sulphur properties 

and/or the impact of reactive elements, quoted their major source of information on 

sulphur characteristics a small but comprehensive text published in 1954. This book 

titled ‘The Sulphur Data Book’ was edited by Tuller [23]. 

 

Sulphur is also one of the most reactive elements. To a pipeline operator and industrial 

end user of natural gas, the presence of sulphur within the gas stream is not viewed 

very favourably. According to Elvers [24] it is known to react directly with most elements 

except gold, platinum, iodine and the noble gases. In humid air it is weakly oxidised, 

forming traces of sulphur dioxide and sulphurous acid.  

 

After the hydrocarbon and inerts, the sulphur compounds usually form the next largest 

group in a natural gas stream. They are unwanted impurities because they are for the 

greater part acid and therefore corrosive. They tend to be chemically unstable and, of 

course, have a bad smell. Sulphur compounds can also poison catalysts. During 

combustion sulphur can convert into sulphur dioxide SO2, which is damaging to the 

environment. According to Neumann [25], “the sulphur compounds tend to be hydrogen 
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sulphide, low mercaptans and sulphanes (hydrogenpolysulphides)”. It is known that 

sulphanes split relatively easily into hydrogen sulphide and elementary sulphur. 

Sulphur is a very complex element and an extensive study has been undertaken in this 

thesis. However, further research is required, especially into the ‘sulphur transportation 

process’.  

 

3.1.18 Sulphur Recovery Processes 
 

 
Sulphur recovery processes were identified for investigation to see if some parallel 

could be drawn between the significant number of such processes now offered to the 

natural gas industry, and the ‘elemental sulphur’ formation and deposition processes.  

Due to the extremely low levels of sulphur vapour required for the observed 

desublimation processes, initial investigations into the many sulphur recovery 

processes did not find any useful parallels. Therefore further studies were not pursued 

with regard to this topic.  

 

3.1.19 Synthetic Oils 
 

As natural gas transmission pipeline have been in operation for a number of decades, 

the question kept arising as to why was the ‘elemental sulphur’ formation and deposition 

process only being recently observed and reported on. This led to investigations into, 

and identification of what new processes, systems and equipment levels had been 

introduced into pipeline systems and gas processing plants, within the past decade that 

could possibly explain this new phenomenon.  

 

One item that has been identified as fitting into these criteria is the use of synthetic 

lubricating oils for pipeline compressors. Due to superior performance, synthetic oils 

have quickly gained acceptance, especially for high temperature applications, as 

exemplified by pipeline compressors. Synthetic oils are generally ester, di-ester or 

polyester based.  

 

Synthetic oils are a potential source of oxygen due to the presence of esters, di-esters 

or polyesters, as well as natural elements, complex and straight chain heavy 

hydrocarbons – all major contributing factors to the observed pipeline deposits. 

 

The extensive literature search was only able to source information of a generic nature. 

Detailed compositional information on synthetic oils appears to be proprietary 

information not generally available within the public domain. Nonetheless, this has been 

a very important topic and has contributed significantly to the overall research result. 
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3.1.20 Two-Phase Flow 
 

As the majority of the ‘elemental sulphur’ formation and deposition processes have 

been determined to be associated with significant pressure reduction stages, with the 

potential for retrograde condensation deposits to be also present, the requirement to 

review two-phase flow characteristics was deemed to have possible interest/impact on 

the ‘elemental sulphur’ formation and deposition processes. 

 

One major problem that two-phase flow represents in a turbulent flow, high-pressure 

pipeline system is the difficulty in being able to quantify the effects of thermal, mass and 

energy transfer between the gas / liquid phases that may be present at the ‘elemental 

sulphur’ desublimation location in the pipeline. 

 

Further, the liquid phase may be a mixture of retrograde hydrocarbon liquids, together 

with other trace liquids, can contain reasonable levels of sulphur compounds. Notable 

among such liquids are the glycols. Therefore, the characteristics of such multi-

component liquids, especially at pressure reduction stages, have been regarded as 

having a possible contribution to the formation of the observed contamination deposits. 

 

Unfortunately only very limited information was obtained on this subject during the 

literature search. Further studies need to be undertaken into the role of two-phase flow 

in elemental sulphur formation.  

 

3.1.21 Velocity of Compressible Fluids 
 

The great majority of elemental sulphur deposits within pipeline systems occur at points 

of pressure reduction and therefore high gas velocities. Natural gas is, of course, a 

compressible fluid; therefore it seems very appropriate to study the impact and 

measurement of velocity of compressible fluids. 

 

The literature review process was able to draw on a reasonable number of references 

on this subject matter, however most tended to be of a general nature with little 

information on the impact of such a process on a natural gas composition, especially at 

an elevated pressure.    

 

The velocity of sound in a compressible fluid is an important physical parameter. The 

author, in conjunction with other researchers, has undertaken extensive studies of 

velocity of sound within hydrocarbon gas mixtures previously [26].  Pressure changes 

travel through an ideal gas at the velocity of sound. In natural gas pressure regulating 

facilities, most of the required valves and associated piping are restricted to gas 
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velocities less than the speed of sound. In valves, the throttling element and seat (valve 

cage) produce the vena contracta – the location of high gas velocity. 

 

Experimental work and actual field observations have confirmed that sulphur 

desublimation will occur when gas is passed through a critical nozzle.  

 

Field observations of valve cages also show that this is where the desublimation 

process results in the formation of the ‘elemental sulphur’ deposits. As the gas flow rate 

and velocity increase, the effects of compressibility cause the relationship of mass flow 

to depart from a linear relationship. Naturally, in accordance with sonic velocity 

conditions, once sonic velocity is attained at the cage (vena contracta) and choking 

conditions are reached; any subsequent reduction in the downstream pressure will not 

increase the flow rate or the velocity at the valve cage, or vena contracta. 

 

From the application of the first law of thermodynamics, and an equation of state, the 

sonic velocity can be determined. It is the conditions within the pipeline system leading 

up to, and including sonic velocity conditions, that have been noted to be of particular 

interest. The impact of the increasing gas velocity, and subsequent temperature quench 

effect on the various elements that make up the gas stream, also have been noted to 

require in depth study in order to understand the mechanism for the formation of the 

elemental sulphur.  

 

Only limited studies have been undertaken on this topic, however if modelling of 

pressure reduction devices is to be appropriately performed, the impact of velocity 

change and pressure distribution in the flowing stream on gas compositions needs to be 

fully appreciated.  

 

3.1.22 Odorant 
 

Initially odorant was regarded as a topic with little relevance to the defined natural gas 

transmission pipelines deposition problem. This was partially due to the fact that many 

high-pressure transmission pipelines transport unodorised gas - this being a growing 

trend within the industry. However, investigations into odorant characteristics, and the 

potential reactions with other natural and contaminant elements within pipeline systems, 

led to the understanding of the action of nucleophilic and electrophilic agents on 

elemental sulphur deposits and the resulting cleavage of the elemental sulphur particle 

into a more reactive sulphur compound. It is to be noted that nucleophilic and 

electrophilic agents are also found in unodorised natural gas pipelines. 
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Although information on natural gas pipeline odorants is readily available, it generally 

tends to be derived from odorant manufacturers and therefore specific to a particular 

type. The impact of an odorant blend on contaminants found in a natural gas stream 

does not appear to be addressed. 

 

Although a reasonable level of research was performed into the role and impact of 

odorants, further direct analysis needs to be performed. 

 

________________________________ 
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CHAPTER 4 
 
CHARACTERISTICS OF SULPHUR 
 
4.1 General Properties. 
 
Sulphur is the element of atomic number 16, being the second element of Group VI of the 

Periodic Table, and is therefore non-metallic. The sulphur element is an essential component of 

the biosphere, with around 1% of living organisms’ dry mass being sulphur. After carbon and 

hydrogen, sulphur is the third most abundant atomic constituent of crude oils. It can be found in 

medium as well as in heavy fractions of crude oils. 

 

According to Tuller [27], sulphur has properties similar to those of oxygen and selenium. As an 

oxidising agent it exhibits a valence of – 2, actively combining with many other elements to form 

sulphides. In addition, it can itself be oxidised, exhibiting valences of + 4 and + 6, and producing 

compounds such as sulphur dioxide (SO2) and sulphur trioxide (SO3), which react with water to 

form acids. As found in nature, sulphur has a mean atomic mass of 32.066. 
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- Amorphous            1920

Critical temperature  1313.1 K
Critical pressure       11.75 MPa.
Critical volume          158 cm3/mol

 
Figure 7. Simplified Sulphur Phase Diagram 

(Adapted from Elvers [28].) 
 

Elemental sulphur occurs in several allotropic forms with differing physical states. Unlike most 

elements, which have one triple point, sulphur has four, as shown in Figure 7. The elemental 

sulphur found in natural gas pipelines is predominantly in the rhombic α form, being made up of 

8 sulphur molecules, hence referred to as S8, or orthorhombic sulphur, which is 

thermodynamically stable at normal pipeline operating conditions. 
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Sulphur crystallises in at least two distinct forms, that of rhombic (α) form and monoclinic (β) 

form. The crystalline rhombic form is the most common type of solid sulphur. At normal 

atmospheric conditions, this form of sulphur is stable up to 368.7 K. Above this temperature it is 

transformed to the crystalline monoclinic form. Likewise, the monoclinic sulphur form is stable 

up to its melting point of 392.5 K. 

 

With reference to Figure 7, the line joining the two triple points 368.7 K, 0.5 Pa.g and 427.2 K, 

130.5 kPa.g represents the normal crystalline transition of rhombic to monoclinic sulphur, with 

the line joining the triple points 392.5 K, 2.394 Pa.g and 427.2 K, 130.5 kPa.g representing the 

melting point curve of monoclinic sulphur (solid to liquid).  

 

Should the rhombic sulphur be heated rapidly, the liquid phase transition is possible without 

going through the formation of monoclinic sulphur. This results in the formation of the fourth 

triple point, being the point 386.0 K, 1.729 Pa.g shown on Figure 7. This then means that 

rhombic sulphur melts at a lower temperature than does monoclinic sulphur. 

 

With reference to Tuller [29], and Figure 7, the four triple points can be summarized as follows: 

 

- T, p point 368.7 K, 0.5 Pa.g., is the triple equilibrium point of rhombic monoclinic, and 

vapour, 

 

- T, p point 386.0 K, 1.729 Pa.g., is the triple “equilibrium” point rhombic, liquid and 

vapour. It is to be noted that this point is not actually an equilibrium point in the ordinary 

sense because it represents a metastable condition, 

 

- T, p point 392.5 K, 2.394 Pa.g., is the triple equilibrium point of monoclinic, liquid and 

vapour, 

 

- T, p point 427.2 K, 130.5 kPa.g., is the triple equilibrium point of rhombic, monoclinic 

and liquid. 

 

In vapour form, sulphur dissociates as the temperature increases, going from S8 through the 

intermediate S6 and S4 classes to finally S2. This results in a varied molar mass, as shown in 

Figure 8. 

 

Sulphur is a very interesting element because of the great variety of possible molecular 

structures and the versatility by which it can react with organic and inorganic substances. 

Sulphur can exist in a large number of different molecular forms. Depending on the 

temperature, the number of atoms in the sulphur molecule can range from 2 to 106 with either 

chain or cyclic structures [30].  
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Figure 8. 

Comparison of Sulphur Vapour and Molar Mass as a function of Temperature. 
 

Sulphur is a powerful oxidant for both organic and inorganic materials. Many common metals 

will react with sulphur not only at high temperatures but also at ambient conditions, regardless 

of the presence of oxygen. This unique element can react with water to form sulphuric and 

sulphide acids at moderate temperatures. These acids react with the steel from the pipes and 

form polysulphides that permit a pitting corrosion mechanism to be established. 

 

It is interesting to note that in the low and medium molecular weight range of the hydrocarbon 

components, which is generally regarded as being up to pentacosane (C25H52), sulphur is 

associated only with carbon and hydrogen. In the heavier fractions it is frequently incorporated 

in large polycyclic molecules comprising of the additional elements of nitrogen and oxygen. 

 

Sulphur is also soluble in a number of compounds, such as carbon disulphide (CS2) (28.5 mass 

% @ 293 K), hydrogen sulphide (H2S), benzene (C6H6), octane (C8H18) and hexane (C6H14). 

 

Within other sections of this report, it will be demonstrated that the light to medium hydrocarbon 

components are key players in the ‘elemental sulphur’ deposition processes. Therefore, an 

understanding of the characteristics of these components, together with the many sulphur 

compounds, is required. 

 

The sulphur compounds found to be associated with the light to medium hydrocarbon 

components can be classified as belonging to one of four groups, namely: 

 

- Thiols, also referred to as mercaptans, 
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- Sulphides, 

- Disulphides, and 

- Thiophene derivatives. 

 

A further distinction can be made for the sulphur compounds through the grouping into corrosive 

and non-corrosive. Examples of the corrosive sulphur compounds are H2S and thiols 

(mercaptans).   

 

The thiols or mercaptans have a general formula RSH, where R is an alkyl group. An example 

is C2H5SH – ethane thiol. By replacing one of the hydrogen atoms in H2S with an alkyl group, a 

thiol is formed. Now if hydrocarbon groups replace both of the two hydrogen atoms in hydrogen 

sulphide, the compound is called a sulphide or thioether, for example; 

 

C2H5 – S – C2H5   diethyl sulphide 

 

These are non-corrosive compounds. Many of the more common sulphides are formed by direct 

combination of sulphur with a metal. The disulphides are formed either from mercaptans by 

oxidation or from sulphides and sulphur; 

 

C2H5 – S – S – C2H5  diethyl disulphide 

 

According to Tissot, [31] thiophene can be described as an unsaturated 5-member ring, 

comprising one sulphur and four carbon atoms. Thiophene itself is generally very scarce, but 

benzothiophene, dibenzothiophenes and benzoaphthothiophenes (comprising one thiophene 

ring and 1, 2 or 3 benzene rings respectively) are important constituents of all high-sulphur 

crude oils. 

 

4.2 The Sulphur ‘Transportation’ Process. 
 
The majority of the issues raised in this section of the report are covered in more detail within 

other sections. The purpose of this section is to highlight the importance of what has been 

termed the sulphur ‘transportation’ process. That is, the physical, chemical and thermodynamic 

processes that can contribute to the maintenance of sulphur or sulphur compounds in the 

transportation processes from the gas field to the natural gas consumer. The term sulphur 

‘transportation’ process has been specially generated through, and for this research work.  

 

Although there are a significant number of conditioning processes on the extracted hydrocarbon 

and associated fluids that are designed to specifically remove, or minimize contaminants or 

known undesirable conditions, the sheer complexity of the ‘transportation’ environment 
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manages to support the presence of sulphur and/or sulphur compounds that can be converted 

to elemental sulphur. 

 

What must be appreciated in the review and understanding of the transportation process is that 

the end requirement for elemental sulphur in the observed deposition process is just sub parts 

per million level (sub-ppm). Although very high efficiencies can be obtained in modern natural 

gas processing facilities for the general removal of sulphur, sulphur compounds, moisture and 

other stream contaminants, the absolute removal of all unwanted products in the gas stream is 

just not technically, nor economically feasible. 

  

To obtain an understanding of the complexity of the sulphur cycle, investigations cannot just be 

limited to the observations and reactions within the natural gas transmission pipeline system. 

The formation, transformation and transportation of the sulphur and sulphur derivatives from the 

hydrocarbon reservoir, through the gas processing operations to the potential pipeline reactions, 

must be fully appreciated. 

 

An overview of these ‘transportation’ processes and their potential contribution to the observed 

‘elemental sulphur’ deposition process is discussed within this Chapter.  

 

Within the hydrocarbon reservoir, as the pressure and temperature of the fluids decrease from 

the formation to wellhead, it is understandable that the solubility of the sulphur within the 

hydrocarbon fluid will correspondingly decrease as it approaches the wellhead. This would 

result in some deposition of elemental sulphur in the topside pipe work.  

 

However, the potential situation can be somewhat more complex as the sulphur vapour may 

react with other gases to produce polysulphides or sulphanes. This provides a mechanism to 

transport the sulphur, or sulphur derivative such as carbonyl sulphide (COS) and CS2, to the 

gas gathering / treatment processes. It is to be noted that COS and CS2 will also tend to 

increase in concentration at higher reservoir temperatures, most likely due to increased activity 

between H2S and CO2. 

 

Although COS is a naturally occurring compound in natural gas, at well conditions it will tend to 

be hydrolysed back to H2S and CO2 since the natural gas is normally water saturated. However, 

as with the sulphur reservoir transportation process, there can be a reverse situation for COS as 

well. This can occur with the application of some types of molecular sieves used for the gas 

dehydration. Since molecular sieves are very effective dehydration agents, by removing any 

formed water this dehydration process can drive the resulting reaction towards the formation of 

COS as given by the following reaction.  

 

H2S + CO2 = COS + H2O  Log10K0 = - 5.864 (i). 
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As the Standard-state equilibrium constant (Log10K0) is negative for this reaction, it will occur 

slowly. Therefore, at the input to a natural gas transmission pipeline there is the potential to not 

only have sulphur vapour in the gas stream but also a number of other sulphur derivates such 

as H2S, COS, polysulphides, mercaptans, and other additives. The potential chemical reactions 

are many and varied. These chemical reactions are referenced in the following section.  

 

As already noted, sulphur is also soluble in a number of compounds, such as carbon disulphide 

(CS2) (28.5 mass % @ 293 K), hydrogen sulphide (H2S), benzene (C6H6), octane (C8H18) and 

hexane (C6H14). 

 

A very basic review of the natural gas processing chain at a typical gas processing facility will 

note that the incoming gas in the trunk or field gathering lines will initially enter a separator or 

slug catcher where the liquids are dropped out. The gas stream can then be sent to a 

sweetening unit where the acid gases are removed. H2S and CO2 are going to be the main acid 

gases requiring removal. The sweetening unit will be designed to remove the H2S to below a 

required level, however there will still be a very small amount (generally less than 2ppmv) of 

residual H2S in the gas stream, which may still be saturated with water vapour together with 

possible reasonable amounts of heavy hydrocarbons. As discussed in Section 13.3, H2S is 

soluble in the commonly used glycols, as applied to the gas dehydration process.  

 

The transmission pipeline gas specification will require that both the amounts of water vapour 

and heavy hydrocarbons be set to maximum acceptable levels. 

 

There are a number of different methods available for the removal of the water vapour and 

heavy hydrocarbons, these methods may include: 

 

- Absorption (eg solvent such as glycol), 

- Adsorption (eg fixed bed using molecular sieves or zeolites), 

- Gas permeation, and 

- Refrigeration (resulting in water and heavy hydrocarbons condensing out). 

 

Only the first two processes are discussed in further detail in Chapter 13. 

 

The sulphur can partition between different hydrocarbon fractions. Table 2 provides an 

approximate guide as to the host hydrocarbon components for the referenced sulphur 

impurities. 

 

Within the natural gas transmission pipeline environment, there are varying pressure, 

temperature, flow, gas composition and containment issues to contend with. At the 

desublimation conditions for sulphur vapour, there is a high probability that some simultaneous 
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retrograde condensation of the heavier hydrocarbon components within the gas stream may 

also take place.  

 
Hydrocarbon 

fraction H2S (%) COS (%) Mercaptans 
(%) 

Ethane 50 10  

Propane 50 90 90 

Butane   10 
 

Table 2. Approximate Composition of the Total Percent  
Sulphur Impurities Contained in the Hydrocarbon Fractions  

Isolated during the Processing of Natural Gas. 
(Adapted from Svoronos [32].) 

 
 
This is further complicated by the fact that there will be small but variable concentrations of 

contaminant particulate matter in the gas. Add to this the fact that, in all probability, the 

desublimation process is not continuous and that the flow regime is most likely subjected to flow 

profile distortions prior to the pressure reduction facility (point of desublimation), and, as the 

sulphur vapour is of unknown concentration, modelling is not practically feasible.  

 

_________________________________ 
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CHAPTER 5 
 
CHEMICAL REACTIONS OF INTEREST 
 
 
In this section of the thesis, a significant number of potential chemical reactions that could occur 

within a transmission pipeline system leading either directly or indirectly to the formation of 

elemental sulphur are referenced. The inclusion of a given chemical reaction does not 

necessarily indicate that it does occur or that catalytic conditions are favourable for the reaction. 

Unless otherwise indicated, all chemical reactions are for temperature conditions of 298 K – this 

being a realistic pipeline operating temperature.  

 

Despite concentrations being in the sub ppm range, nonetheless chemical reactions between 

species cannot be ignored, particularly if there are mechanisms that concentrate the species in 

certain regions (for example low temperature points in a pipeline). A very limiting feature in the 

identification of components and potential chemical reactions in the gas stream has been the 

non-existence of the required sampling and detection instrumentation having suitable sensitivity 

and the ability to take samples at transmission line conditions. For a number of the chemical 

reactions identified, the process would not be continuous. This means any sampling 

instrumentation would have to remain ‘on-line’ for extended periods of time. Such 

instrumentation would have to be intrinsically safe – again posing a major limitation on 

availability of suitable equipment. 

 

5.1 Chemical Reactions Assisting Sulphur Formation. 
 

If we commence the sulphur trial at the hydrocarbon reservoir, it will generally be noted that 

sulphur may be present in shallow structures. However, it is in the deeper, higher H2S 

containing gas reservoirs that the sulphur level will tend to be in more significant concentrations. 

Today, the technology exists to drill and extract hydrocarbon fluids from great depths; therefore 

the potential exists to be utilizing more sour gas compositions.  

 

As already discussed, the sulphur vapour in the wellhead gas gathering system may react with 

other gases to produce polysulphides or sulphanes. The reaction occurring to form a 

polysulphide is: 

H2S + Sx = H2Sx+1    (2 ≥ x ≥ 8)    (ii). 

      

Hyne [33] states that high H2S containing gases under pressure are excellent “solvents” for 

elemental sulphur. 
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5.2 Possible Chemical Reactions within the Pipeline System. 
 

All the following reactions are based on a temperature of 298 K. Enthalpy of formation and 

entropy values applied to these reactions have been sourced, where possible, from the NIST 

Standard Reference Database 85, WinTable Version 1.5. 

 

The following chemical reactions can generate solid particles, which may be transported along 

the pipeline system within the gas stream. Such particles have the potential to contribute to the 

coagulation processes associated with the sulphur vapour desublimation. 

 

 (a). Reactions with ferrous species  

 

H2S + Fe = FeS + H2   Log10K0 = 12.034 (iii) 

 

Fe2O3 + 3H2S = 2FeS + 3H2O + S(s) Log10K0 = 12.598 (iv) 

 

FeS + H2S = FeS2 + H2   Log10K0 = 4.347  (v) 

 

Fe3O4 + 4H2S = 3FeS + 4H2O + S(s) Log10K0 = 18.184 (vi) 

 

Fe(OH)2 + H2S = FeS + 2H2O  Log10K0 = 5.935  (vii) 

 

FeS + 1.5 MnO2 + 3H = Fe(OH)3 + S(s) + 1.5 Mn    

     Log10K0 = 90.322 (viii) 

 

 (b). Reactions with and between sulphur compounds 

 

2H2S + SO2 = 3S + 2H2O  Log10K0 = 15.816 (ix) 

 

2H2S + O2 = 2S + 2H2O   Log10K0 = 68.410 (x) 

 

COS + H2S = H2O + CS2  Log10K0 = 6.790  (xi) 

 

4S + 4H2O = 3H2S + H2SO4  Log10K0 = 137.498 (xii) 

 

Ni + H2S = NiS + H2   Log10K0 = 9.096  (xiii) 
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5.3 Possible Chemical Reactions Involving Aromatics. 
 

Possible chemical reactions involving aromatics have been considered and regarded as 

unlikely. The main aromatics under consideration were benzene (C6H6) and toluene (C7H8) 

  

5.4 Possible Chemical Reactions Involving Mercaptans (odorants). 
 

Studies into the “elemental sulphur” phenomena have indicated a high proportion of samples 

taken from end user facilities, together with medium pressure distribution systems, are 

associated with material corrosion. Site observations have also confirmed this conclusion. This 

has led to investigations being made into the differing aspects between transmission and 

distribution networks, including supply systems to large industrial gas consumers such as power 

generation facilities.  

 

Although there is a growing trend for natural gas transmission pipelines to transport unodorised 

gas, it is a code requirement to have odorised gas within distribution pipeline systems and to 

end user facilities. Investigations made by the author into corrosion of internal pipeline systems 

transporting odorised gas have shown that odorant can accelerate sulphur based corrosion 

situations. 

  

Although there are well over twenty odorant blends used within the industry, it is just the six 

more common blend stock examples that are referenced; these being:  

 

- Tertiary Butyl Mercaptan (TBM), 

- Isopropyl Mercaptan (IPM), 

- Normal Butyl Mercaptan (NBM), 

- Tetrahydrothiophene (THT), 

- Dimethyl Sulphide (DMS), and 

- Methyl Ethyl Sulphide (MES). 

 

A brief overview of the properties of these odorant blend stocks is given in Table 3. 

It will be noted from the information given in Table 3, that each of the odorant blend stock types 

contains sulphur. Based on an odorant injection rate of 16 mg/m3, using the gas composition 

given in Table 5, the sulphur contribution to the gas supply has been determined to vary 

between 5.69 mg/m3 for TBM to 8.26 mg/m3 for DMS.  

 

Therefore, odorant has the potential to be a considerable ongoing supply source for sulphur 

within gas delivery systems immediately downstream of transmission pipeline pressure 

regulation/custody transfer points. 

 



 46

Property TBM IPM NBM THT DMS MES 

CASRN 75-66-1 75-33-2 109-79-5 110-01-0 75-18-3 624-89-5

MW 90.1894 76.1625 90.1894 88.1735 62.1356 76.1625 

Normal freezing 
point [K] 274.26 142.61 157.48 176.99 174.88 167.24 

Normal boiling 
point [K] 337.36 325.69 371.6 394.26 310.48 339.8 

Sulphur content 
by weight [%] 35.55 42.10 35.55 36.37 51.61 42.10 

Sulphur 
contribution 

[mg/m3] 
5.69 6.74 5.69 5.82 8.26 6.74 

 
Table 3:  Properties of Commonly used Natural Gas Pipeline Odorants. 

 
 

TBM is probably the most widely used odorant, however it usually is blended with one or more 

of the other blend stock components to depress the high freezing point (274.26 K). THT, DMS 

and MES appear to be the more favoured blending stock agents with TBM. Note that if TBM 

was to be applied in its pure form, then the triple point for this substance could occur during 

normal gas flow conditions. 

  

Low molecular weight mercaptans may form iron sulphide, which as we have previously noted 

can act as a homogenous and/or heterogeneous nucleus for the sulphur deposition process. 

 

 Tertiary Butyl Mercaptan (TBM) 

  C4H10S + Fe = nC4H10 + FeS  Log10K0 = 20.967 (xiv)  

 

 Isopropyl Mercaptan (IPM) 

  C3H8S + Fe = C3H8 + FeS  Log10K0 = 21.755  (xv) 

 

 Normal Butyl Mercaptan (NBM) 

  C4H10S + Fe = nC4H10 + FeS  Log10K0 = 23.641  (xvi) 

 

 Tetrahydrothiophene (THT) 

  C4H8S + Fe = iC4H8 + FeS  Log10K0 = 35.665 (xvii) 

 

  C4H8S + Fe = nC4H8 + FeS  Log10K0 = 36.518 (xviii) 

 

 Dimethyl Sulphide (DMS) 

  C2H6S + Fe = C2H6 + FeS  Log10K0 = 22.502 (xix) 
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 Methyl Ethyl Sulphide (MES) 

  C3H8S + Fe = C3H8 + FeS  Log10K0 = 18.907 (xx) 

 

As can be seen from the above chemical reactions, there is the potential for a significant 

number of reactions to occur in an odorised natural gas transmission or distribution system. The 

majority of the given reactions demonstrate a highly positive standard-state equilibrium 

constant; therefore the more the reaction approaches completion. 

 

Given below is the chemical structure of the six referenced odorants. 

 
   CH3 
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  CH3   CH3 
    HS 
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Isopropyl Mercaptan (IPM) C3H8S 
      CH 
      CH3           CH3 

__________________________________ 
 
 
           CH2             CH2  Normal Butyl Mercaptan (NBM) C4H10S 
HS            CH2  CH3 
 

__________________________________ 
 
        S 
Tetrahydrothiophene (THT) C4H8S 
     CH2  CH2 
 
          CH2        CH2 

__________________________________ 
 
   S 
    Dimethyl Sulphide (DMS) C2H6S 
CH3  CH3 

 
__________________________________ 

 
      CH3     S 
Methyl Ethyl Sulphide (MES) C3H8S    CH2  CH3 
 

___________________________________ 
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5.5 Possible Chemical Reactions Involving Additives. 
 

The following chemical equations are of interest as given by equations (xxi) to (xxv), 

inclusive, the product contains Fe3O4, which can then react with H2S to form sulphur 

nuclei. 

  

 Glycol [a liquid desiccant] 

2C2H6O2(v) + 3Fe = 2C2H6 + Fe3O4 Log10K0 = 84.834 (xxi) 

 

2C2H6O2(l) + 3Fe = 2C2H6 + Fe3O4 Log10K0 = 76.298 (xxii) 

 

 Propylene Glycol 

2C3H8O2(v) + 3Fe = 2C3H8 + Fe3O4 Log10K0 = 82.793 (xxiii) 

 

2C3H8O2(l) + 3Fe = 2C3H8 + Fe3O4 Log10K0 = 75.688 (xxiv) 

 

 Triethylene Glycol [TEG] 

C6H14O4 + 3Fe = C6H14 + Fe3O4  Log10K0 = 164.442 (xxv) 

 

C6H14O4 + H2S(v) = C6H14 + H2O + SO3     

     Log10K0 = 86.891 (xxvi) 

 Methanol [chemical additive] 

  CH3OH + H2S = CH4 + S(s) + H2O Log10K0 = 15.823 (xxvii) 

 

  CH3OH + Fe = CH4 + FeO  Log10K0 = 24.170 (xxviii) 

 

Note: S(s) denotes formation of rhombic (solid) sulphur. This will tend to be found along the 

pipeline route and within filters upstream of flow meters and pressure reduction facilities.  

 

5.6 Other Potential Chemical Reactions. 
 

Elemental sulphur as the S8 (orthorhombic sulphur) species is thermodynamically stable. As 

referenced, sulphur is a highly reactive element. It is known that the sulphur – sulphur bond  

(S-S bond) can be readily cleaved. According to Roy [34] the S-S bonds can be cleaved by a 

variety of agents such as heat and radiation (equation (a)), free radicals (equation (b)), 

electrophilic agents (equation (c)) and nucleophilic reagents (equation (d)). 

 

RS – SR’ = [heat/radiation] RS’ + R’S* 

(unimolar homolytic cleavage)   eq (a). 
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RS – SR’ + R”* = RS – R” + R’S* 

[bimolecular homolytic cleavage)  eq (b). 

 

RS – SR + A+ = RSA + RS+ 

[electrophilic cleavage]    eq (c). 

 

RS – SR + B- = RSB + RS- 

[nucleophilic cleavage]    eq (d). 

 

It is only the electrophilic and nucleophilic cleavage processes that are of interest in this 

research. Schmitt [35] adds another agent capable of cleaving the S-S bond, that of radicals (R). 

Electrophilic reagents are chemical species that, through chemical reactions, acquire electrons 

or will share in electrons acquired from other molecules or ions. The following chemical 

reactions demonstrate how the reactive polysulphides can be formed: 

 

S8 + NU- = N + S7 + S- 

 

S8 + E+ = E + S7 + S+ 

 

S8 + Ro = R + S7 + So 

 

Table 4 demonstrates the nucleophilicity (n) of some of the more common nucleophilic agents 

according to March [36]. 

 
Nucleophile n 

Hydrogen sulphide anion (HS-) 5.1 
Hydroxyl anion (OH-) 4.2 
Flouride (F-) 2.0 
Water (H2O) 0 
Bromine (Br) 3.5 

 
Table 4. Nucleophilicities of some Common Reagents 

 
 

The polysulphide chains formed due to cleavage are significantly more reactive than the 

relatively stable S8 molecules. By definition a reactant that is electron rich is called a 

nucleophile, whereas a reactant that is electron deficient is termed an electrophile. Examples of 

nucleophiles are H2S, hydrogen sulphide anion (HS-), hydroxyl anion (OH-) and H2O. 

 
H2S is an important accelerator in combination with nucleophiles. Copper (Cu), zinc (Zn) and 

zinc sulphide (ZnS) are active catalysts for the cleavage of S8 molecules. The cleavage of the 

elemental sulphur S-S bonds by an electrophile or nucleophile, hence forming a polysulphide, 
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has been observed to result in considerable corrosion, both within pipeline systems and 

ancillary equipment.  

 

In all cases there was some evidence of a deposit of elemental sulphur, free water and odorant 

– the latter being the source of the reactant.  A possible natural gas pipeline reaction resulting in 

a polysulphide is: 

HS- + S8 = HS + S7 + S-     - (xxix) 

 

_________________________________ 
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CHAPTER 6 
 
THE SULPHUR DESUBLIMATION PROCESS 
 
As already referenced, the most common location for ‘elemental sulphur’ deposition is 

immediately downstream of a pressure reduction facility (point of significant pressure reduction 

in the gas stream). As the solid matter deposition process is observed within the pressure 

control valve cages and in the throat of critical flow nozzles, the particle formation process has 

to be nearly instantaneous, as these are locations of very high gas velocity.  

 
This scenario is indicative of a desublimation process. By definition, desublimation is the 

passage of substance from the gaseous state directly to the solid state. If the natural gas 

contains sulphur vapour in solution, then the given pressure reduction and hence temperature 

quench, provides the mechanism for the sulphur vapour to become supersaturated. This is 

conducive for the sulphur desublimation process to occur. 

 
       Pressure          d 
 
 
       Liquid 
 
    Solid          c 
                Critical 
        b           point 
           Triple point 
       Vapour 
        a   
 
        

Temperature 
 

Figure 9.  Phase Diagram for a Pure Fluid 
[not to scale] 

 
 

Figure 9 is a phase or p-T diagram for a single pure component system. Lines ab, bc and bd 

are called equilibrium lines representing combinations of pressure and temperature at which the 

adjoining phases of solid/vapour, liquid/vapour and solid/liquid are in equilibrium.  

 

The triple point (b) is the only point (p,T) at which all three phases can exist together. For a 

desublimation process, the line ab (referred to as the sublimation curve) is of interest, as the 

pure component phase can change through the addition or subtraction of energy at constant p 

and T. 

 

Figure 10 diagrammatically expands on this desublimation process. Should the sulphur vapour 

in the pipeline follow the given pipeline p,T conditions in the direction of the arrow, then to the 
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right of the sublimation curve the sulphur will exist as vapour, however to the left of the curve 

the sulphur will be solid. The condition of desublimation occurs where the p,T condition for the 

given component crossed the sublimation line. 

 

 
     Pressure     d 
 
        ∆Tgas = [∂T/∂p]H∆p 
 
 
 
 
 
                   c 
 
 
 
 
       a 
 
 
        Temperature 
 

Figure 10.  Expanded Phase Diagram for a Pure Substance 
 
 
A phase envelope diagram is used to characterize the behaviour of a multi-component mixture 

at differing conditions of p and T. Figure 11 is the phase envelope diagram for the natural gas 

composition given in Table 5.  

 
Component Mole percent 
Methane 83.155 
Ethane 7.05 
Propane 3.514 
n-Butane 0.554 
i-Butane 0.412 
n-Pentane 0.048 
i-Pentane 0.074 
n-Hexane 0.012 
Nitrogen 3.106 
Carbon Dioxide 2.075 
  
Molecular Weight 19.4532 kg/kmol 
Density @ MSC 0.825 kg/Sm3 
Relative Density 0.6732 
HHV 40.8047 MJ/Sm3 

 
Table 5.  Natural Gas Composition Applied to Calculations. 

 
Sublimation curve 
 
 
Pipeline p,T 
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Figure 11 has been determined, by the author, for the full composition in accordance with the 

HYSYS version 3.1 software process simulation package. It will be noted that there is a bubble-

point (dark blue curve) and dew point curve (light blue curve) on this diagram. These two curves 

respectively represent the saturation conditions when the given gas composition is entirely 

liquid and entirely gaseous. To ensure there is no liquid formation within the pipeline, a pipeline 

operator would ensure the gas flowing conditions of pressure and temperature remain outside 

the phase envelope and to the right of the dew-point curve.  

 
The area between the two curves represents the vapour-liquid equilibrium domain of the gas. 

The point at which the two curves meet is called the critical point for the gas mixture. The most 

right hand point on the dew-point curve represents the cricondentherm, with the point 

corresponding to the highest pressure – the cricondenbar.  These two points represent the 

maximum temperature and maximum pressure, respectively, at which the gas composition can 

exist as a two-phase mixture. 

 

It is to be noted that the location of the phase envelope is going to reflect the precision of the 

sourced gas composition. The cricondentherm value can change significantly for a small 

change in hexane plus components in the gas stream. 
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Figure 11.  Phase Envelope for Referenced Natural Gas Composition [Table 5]. 

 
 

6.1 The Influence of Retrograde Condensation. 
 
From an inspection of the phase envelope of Figure 11, for the gas mixture given in Table 5, it 

will be noted that the cricondentherm is about 253 K at 5,000 kPa. (actual values 254.21 K at 

4,987 kPa.) For this gas composition under normal pipeline operating conditions it is highly 

unlikely that retrograde condensation would occur. 
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By substituting small amounts of heptane (nC7), octane (nC8), nonane (nC9) and slightly 

increasing the amount of hexane (nC6) in the gas mixture given in Table 5, a significant increase 

in the cricondentherm value can be realized. As an example the following modifications have 

been made to the gas composition: 

 

- hexane increased from 0.00012 to 0.00015 mol fraction, 

- heptane, new addition of 0.0001 mol fraction, 

- octane, new addition of 0.00007 mol fraction, and 

- nonane, new addition of 0.00005 mol fraction. 

 

Total C6+ components added are 0.00025 mol fraction, and the gas mixture composition is then 

normalized. The cricondentherm for this revised gas mixture is calculated as 272.47 K at 3,158 

kPa. It is to be noted that a small inclusion of 0.00025 mol fraction of C6+ components has 

resulted in the increase of the cricondentherm by 291.41 K. This variation is demonstrated in 

Figure 12. 

 

Now apply this gas composition to a pipeline operating condition where a pressure reduction of 

4,000 kPa is required. For upstream conditions of pressure 6,000 kPa at a temperature of 293 

K, the immediate downstream temperature of the pressure cut is determined as 268.82 K. 
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Figure 12.  Phase Envelope for Referenced 

& Modified Natural Gas Composition. 
 

For the upstream conditions, there is not any hydrocarbon liquid formation, however at the 

immediate downstream point of the pressure reduction, a hydrocarbon liquid flow of 0.002415 

Am3/h is determined. Now this may appear to be a negligible amount, however expressed as a 

fraction of the gas flow it is 38 ppmv. Again, this value looks insignificant, however in relation to 

the sub ppm levels of sulphur, the determined value is significant and important for the 

deposition process.  
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6.2 The Pipeline Particle Formation Process. 
 

The following discussion relating to the sulphur particle formation process assumes that the gas 

supply composition comprises of some sulphur vapour. This sulphur vapour is in such quantity 

that it will become supersaturated at a given pressure reduction stage. Figures 15 to 18 

inclusive, provide an indication of the level of sulphur vapour required in the gas solution, 

however it will be at sub ppm levels. 

  

Due to the rapid pressure drop across the control valve cage, or nozzle, as applicable, the 

velocity of the natural gas increases rapidly. This means that a large amount of heat is 

transformed into the kinetic flow energy, resulting in the temperature of the gas being lowered 

rapidly. As the temperature is lowered, a critical supersaturation is reached at some point at 

which nucleation begins. This nucleation process will occur suddenly. It is believed that the 

deposition (desublimation) process for the observed particle matter is through the action of 

simultaneous nucleation, coagulation and/or condensation – with similarities to the gas to 

particle formation process referenced by Wu [37]. This researcher studied condensational growth 

of monodisperse aerosols in a system with limited vapour, concluding that nucleation and 

condensation are the mechanisms for gas to particle formation, and condensation and 

coagulation the particle growth mechanisms.   

 

Nucleation can be classified as being either homogeneous or heterogeneous. The 

investigations undertaken indicate that both classifications can occur within gas transmission 

pipeline systems. Homogeneous nucleation is the nucleation of vapour in the absence of foreign 

substances whereas heterogeneous nucleation is the nucleation on a foreign substance, 

surface, or a solid particle. In addition, nucleation processes can be homomolecular (involving a 

single species) or heteromolecular (involving two or more species), again both processes are 

believed to occur within the pipeline systems. 

 

A definition [38] of nucleation is given as the formation within an unstable, supersaturated 

solution of the first particles of precipitate capable of spontaneous growth into large crystals of a 

more stable solid phase. These first viable particles called nuclei, may either be formed from 

solid particles already present in the system (heterogeneous nucleation), or be generated 

spontaneously by the super saturated solution itself (homogeneous nucleation). 

 

When two or more vapour species are present, neither of which is supersaturated, nucleation 

can still take place as long as the participating vapour species are supersaturated with respect 

to a liquid solution droplet. This means heteromolecular nucleation can occur when a mixture of 

vapours is subsaturated with respect to the pure substances as long as there is supersaturation 

with respect to a solution of these substances. This process may be possible at transmission 

pipeline conditions. 



 56

Figure 13 provides a comparison of the calculated sulphur vapour pressure using data from 

works by Grigoriev (39), as applied throughout this research work, to that predicted by HYSYS 

(Hyprotech Ltd) version 2.4 software process simulation package. The significance to this 

research work of this comparison is demonstrated by the following example. 

 

Comparative examples for sulphur vapour pressure: 
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Grigoriev (CRC Press) 1997 HYSYS Sulphur Vapour (equation)

Grigoriev
1E-02 kPa.
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1E-04 kPa.
1E-05 kPa.
1E-06 kPa.
1E-07 kPa.
1E-08 kPa.

HYSYS
1.97E-02 kPa
3.40E-03 kPa
5.80E-04 kPa
9.80E-05 kPa
1.60E-05 kPa
2.70E-06 kPa
4.50E-07 kPa

Temp (K)
409.7
377.6
350.2
326.5
305.8
287.6
271.4

HYSYS Min T = 444.6 K

 
 

Figure 13: Variations in Sulphur Vapour Pressure – HYSYS vs Recent Research 
 

 

Assume that the commonly used HYSYS software interactive package is extended to 

incorporate a realistic pipeline operating conditions of say 287.6 K (corresponding to 287.6 K in 

Figure 13). It will be noted from the Grigoriev and HYSYS tables in Figure 13 that the respective 

sulphur vapour pressures at 287.6 K are 1.0 x 10-7 and 27.0 x 10-7 kPa, respectively.  

 

Supersaturation, which is necessary for nucleation and particle growth, can be achieved by 

several methods. A gas mixture can be supersaturated by means of the following processes: 

 

- Chemical gas phase reactions, 

- Indirect cooling,  

- Direct cooling, or 

- Cooling as a result of adiabatic expansion. 

 

Figure 14 provides a simplified overview of the supersaturated vapour to particle formation 

process with reference to the two-nucleation categories, namely heterogeneous and 

homogenous. 

 

287.6 K 
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Figure 14. Simplified Thermo-physical Processes within Natural 
Gas Transmission Pipeline System for Particle Formation. 

 
 
It will be noted from Figure 14 that it is suggested that the deposition process is not necessarily 

a localised event. As the gas stream is a turbulent flow there will be velocity gradients. Such 

gradients will result in particles travelling in differing directions and velocities. Gravitational 

forces will also play a part. As there will be the potential for particles to collide, coagulation of 

these particles will occur.  

 
Unfortunately there is another motion force on the particles in suspension in the gas stream, 

namely Brownian motion. Resnick [40] describes this motion as describing the interaction 

between the suspended particle and the molecules of the fluid. It is stated that the suspended 

particles are extremely large compared to the molecules of the fluid and are being continually 

bombarded on all sides by them. If the particles are sufficiently large and the number of 

molecules is sufficiently great, equal numbers of molecules strike the particles on all sides at 
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each instant. For smaller particles and fewer molecules the number of molecules striking 

various sides of the particle at any instant, being merely a matter of chance, may not be equal; 

that is, fluctuations occur. Hence the particle at each instant suffers an unbalanced force 

causing it to have random movements 

 

To further complicate the situation, natural gas is a composition of a number of differing 

components with differing molecular sizes. This means the ability to model the desublimation 

process with precision has not been possible.  

 

Barrett [41] states that the coagulation rate is proportional to the square of the number of 

particles present, it is clear that there may be circumstances where the number of particles 

nucleated is not large enough for significant coagulation to take place. 

  

Small particles may travel for long distances within a transmission pipeline system. Along the 

route there will be potential for collision with other particles in the gas stream, therefore 

coagulation and hence deposition may occur along the pipeline route. 

 

From the author’s review of the ‘elemental sulphur’ samples studied using an environmental 

scanning electron microscopy (ESEM), there appears to be a correlation between the size and 

consistency of the crystals formed and the geometry of the immediate upstream pressure 

reduction nozzle or valve chamber. [A laboratory technician under the direction of the author 

operated the ESEM]. Although further investigations are required, field samples studied tend to 

suggest that the longer the formed particle is subjected to turbulence within a pressure 

reduction chamber, the greater will be the size of the crystal formed. This observation indicates 

that the design of the pressure reduction device may play an influencing role in the formed 

crystal geometry. This criterion has been confirmed through recent research [42] into particle 

formation by desublimation in an adiabatic expanding gas flow. It has been found that if a gas 

mixture is cooled by adiabatic expansion in a nozzle, it is possible to form fine particles of 

effectively the same size (monodisperse particles) continuously. 

 

According to Wagner [43] the gas mixture expands as a result of the pressure gradient set up in 

the flow direction. If the gas mixture is accelerated from a velocity vo measured at the inlet 

cross-section of the nozzle to a velocity v, the energy balance for an adiabatic and constant flow 

leads to the following conclusion: the increase of kinetic flow energy results in the decrease of 

the specific flow enthalpy h. 

   h – ho + ½(v2 – vo
2) = 0    …. (2) 

 

The sulphur particle formation process will not occur until supersaturation in the natural gas 

stream has occurred. This saturation requirement depends on the temperature of the flowing 

gas. The degree of saturation can be calculated from: 
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                         S  = ( )TP
P

s

d        …. (3) 

 

         where S   = Degree of saturation 

        dP   = Partial pressure of vapour (Pa) 

        sP   = Corresponding sublimation pressure (Pa) 

 

The natural gas will be supersaturated with the sulphur vapour when the degree of saturation 

exceeds 1  
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Figure 15. Hydrocarbon Dewpoint for Referenced Natural Gas  
Composition with Added Sulphur Vapour – HYSYS version 3.1 

 
 
The hydrocarbon dewpoint curve for zero inclusion of sulphur vapour is shown in Figure 11. 

 

Figures 15 and 16 demonstrate the ‘sulphur equilibrium map’ developed through this research 

work. Figure 15 provides a number of individual hydrocarbon dewpoint (HCDP) values for given 

sulphur vapour saturation values at given pressure and temperature conditions.  
 

The elemental sulphur equilibrium concentration values have been developed from the results 

of applying a ten component typical natural gas composition (up to and including hexane and 

inerts of carbon dioxide and nitrogen – per Table 5) using independently developed equations 

based on recently published works by Grigoriev [44] on sulphur saturation temperature and 

vapour pressure values. Both HYSYS Peng Robinson equation of state (modified for Grigoriev 

based equations) and Antoine pure component vapour pressure models have been utilized.   
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Figure 16:  Elemental Sulphur Equilibrium Map: (273 - 413 K) 
Concentration of S8 for Given Natural Gas Composition. 

 
 

If the sulphur vapour content of the natural gas is known, then the ‘sulphur vapour equilibrium 

map’ can be applied to have the operating conditions set such as to minimize, or eliminate, the 

sulphur deposition resulting from the pressure reduction across the pressure control valve. 
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Figure 17:  Elemental Sulphur Equilibrium Map: (273 - 343 K) 
Concentration of S8 for Given Natural Gas Composition. 
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With reference to Figure 17, let us assume that the sulphur vapour concentration in the natural 

gas is 0.03 ppmv. The pipeline operating conditions immediately upstream of the pressure 

control valve is 8,000 kPa @ 320.15 K (point A). The contractual supply pressure is 2,000 kPa. 

From HYSYS, the gas temperature immediately downstream of the control valve will be about 

290.65 K (point B). 

 
That is, the operating conditions go from point A directly to point B. Now according to the ‘map’, 

sulphur deposition can be expected, with the deposition being 0.03 – 0.001 ppmv = 0.029 ppmv. 

 

To help reinforce the minute levels of elemental sulphur formed, if we take this elemental 

sulphur deposition value of 0.029 ppmv, expressing the level of 0.029 as 1.0 m3, the actual ratio 

would be 1.0 m3 of elemental sulphur to 34,482,759 m3, at standard conditions, of all remaining 

components in the gas stream.  

 

If a two-stage pressure reduction is introduced with the gas heated between the two stages, 

then by keeping the gas temperature above the sulphur vapour concentration value, 

theoretically there should not be any sulphur deposition.  
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Figure 18:  Simplified Elemental Sulphur Equilibrium Map – 
Concentration of S8 for Given Natural Gas Composition. 

 
 

In this situation the operating variables go from point A to C, then with heating to point D. The 

second pressure cut takes the supply conditions to point E. The ‘sulphur vapour equilibrium 

map’ values are in good agreement with the results derived by Wilkes [45].  
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Figure 18 represents the identical gas composition to that applied to the Figure 17 case study. 

However, for the Figure 18 case study the selected pipeline operating condition is 5,600 kPa at 

302.55 K. These flowing gas conditions happen to be on the 0.01 ppmv sulphur vapour 

equilibrium concentration line (conditions represented by point A). Now if the required flowing 

gas pressure cut is to be 3,000 kPa, the flowing gas temperature will drop to 288.45 K 

according to the HYSYS calculation.  

 

Conveniently, this new operating condition lies on the 0.001 ppmv sulphur vapour equilibrium 

concentration line (conditions represented by point B). Therefore in accordance with the sulphur 

vapour equilibrium map, the amount of elemental sulphur (assuming saturation conditions) that 

will desublimate out of the natural gas vapour will be 0.009 ppmv. 

 

This amount of elemental sulphur appears to be insignificant, however if it is assumed that this 

gas flow rate is the supply to a gas turbine and is being metered by a turbine meter, as shown in 

Figure 2, then over a 12 month period of a continuous natural gas flow rate a reasonable S8 

deposition level could be expected. Now if a gas mass flow rate of 10,000 kg/h  

(240 Tonnes/day) is applied, which would approximate to 11.9 TJ/day based on the gas 

composition given in Table 5, the amount of elemental sulphur that would form over one year 

would be approximately 1.3 kg or 0.000628 m3. This volume would represent a cube with sides 

of 8.56 cm. 

  

From Table 9 it will be noted that the total elemental sulphur actually in the deposited ‘elemental 

sulphur’ samples is just a small fraction. Therefore this determined volume of 0.000628 m3 

would, in reality, be significantly greater.  

 

6.3 Other Sources of Sulphur Vapour. 
 

Sulphur is known to be very soluble in carbon disulphide (CS2), however it is also soluble to a 

lesser extent in other components that may be found in the natural gas stream. Some of these 

components are; hexane, octane, benzene, methanol and toluene. Taking benzene (C6H6), 

(boiling point 353.2 K, freezing point 278.7 K), as an example and utilizing the solubility data 

provided by Schmitt [46], as given in Table 6, an indication of the degree of sulphur that may be 

sourced through solubility in this component is obtained. 

 

Component Temperature 
(K) 

Solubility 
(mass %) 

Benzene 293 1.768 
 373 17.500 

 
Table 6. Solubility of Sulphur in Benzene 
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If it is assumed that the benzene is in the liquid state and is saturated with sulphur, then for a 

pipeline temperature reduction from 303 K to 293 K, and assuming a linear solubility 

relationship with temperature per information in Table 5, the mass percentage of sulphur 

dropping out of solution will be [(17.5 – 1.768)/(100 – 20)] x 10 = 1.97 mass %. Now even if the 

benzene, which will be predominantly in the liquid phase, is at 1 ppmv of the gas stream 

composition (a realistic value), the sulphur drop out will be 0.079 ppm (mass), or 0.048 ppmv of 

the gas stream. With reference to the ‘elemental sulphur’ formation calculations associated with 

Figures 17 and 18, this value of 0.048 ppmv is in considerable excess of the two determined 

sulphur vapour desublimation values. The inclusion of this calculation is not to suggest that this 

is the source of sulphur – it is to demonstrate that this is yet another possible and plausible 

source.  

 

6.4 Particle Dispersion and Deposition 
 
The mathematics required for the modelling of the dispersion and deposition of particles formed 

by a desublimation process in a turbulent flow environment is extremely complex. The majority 

of research performed on the dispersion and deposition of particles has been with a 

homogeneous fluid (gas or liquid) and has involved one only species of particles, generally in a 

controlled and symmetrical chamber or flow restriction such as a nozzle. In most cases the 

particles studied have been spherical, of uniform known size and flow concentration. Also the 

vapour material to be subjected to the desublimation conditions would be of a known and 

steady concentration in the carrier fluid. 

 

Unlike the laboratory desublimation generation situations, the transmission pipeline points of 

desublimation would be subject to varying concentrations of foreign particles within the gas 

stream. These particles would, most likely, be derived from a number of sources and processes 

both within and external to the pipeline environment. As such, the particle sizes would most 

likely also vary significantly.   

 

Wagner [47] has extensively studied particle formation by desublimation in an adiabatic 

expanding gas flow. Some of Wagner’s research findings are referenced in order to 

demonstrate parallels with observations made through this research work into elemental sulphur 

formation.  

 

This researcher’s findings have been based on the following conditions and assumptions: 

 

- The desublimation process is continuous, 

 

- Conditions of pressure, temperature, flow rate and solute concentration are controlled 

and fully known, 
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- Solute is at near saturation conditions prior to gas stream expansion process, 

 

- Agglomeration formation is negligible, 

 

- Gas temperature quench conditions are assumed to be a result of an adiabatic 

expansion of the gas stream in a symmetrical nozzle, 

 

- Particle growth is calculated for conditions applicable to a one dimensional nozzle flow, 

 

- Particles are mono-disperse, spherical and homogeneously distributed in the gas 

mixture, and 

 

- Solute applied is succinic acid (C4H6O4).  

 

The elemental sulphur nucleation process within transmission pipeline systems is most likely to 

be a variable combination of homogeneous and heterogeneous nucleation. As discussed in 

Section 6.6, the homogeneous nucleation rate is highly non-linear, being very dependent on the 

critical ratio of the solute (sulphur vapour) in the gas stream and the prevailing temperature 

conditions. 

 

It is also known that as the number of foreign particles in the gas stream increase, and/or the 

turbulence of the gas stream within the gas expansion chamber (pressure control valve, nozzle) 

increases, so the heterogeneous nucleation rate process will increase. This will of course also 

depend on what is happening to the homogeneous nucleation rate, as both processes are 

essentially in competition. These situations add further complexity to the determination of 

particle formation rate. 

 

Because the actual concentration of sulphur vapour, together with the degree and 

characteristics of foreign particles in the gas stream are unknown, means that the ability to 

determine the particle formation rate and characteristics of the particles formed is unlikely to be 

achieved with any degree of confidence or reproducibility. Add to this situation the ongoing 

variable pressure, temperature and gas flow conditions at the point of desublimation, and the 

task becomes virtually impossible to model. 

 

As already referenced, succinic acid was used by Wagner as the solute. Unlike sulphur, 

succinic acid has only one triple point, which is at temperature of 461.15 K and pressure of 

19.78 kPa. According to Wagner [48] using succinic acid as the solute for the production of fine 

solid particles by desublimation, only the temperature range 420 K to 460 K is relevant. 

Although the pressure and temperature conditions for the desublimation of succinic acid is 
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significantly different to the research works referenced for the generation of elemental sulphur, 

some parallels can be drawn from the results determined for succinic acid. 

 

Note: The numerical values given in Figure 19 represent the respective parameter values at the 

left and right hand ‘y’ axis. 

 
           
    6.0 mm Nozzle            1.0 mm 
 
 
    Capillary tube  

0 0.1 0.2 0.3 0.4 0.5

Axial Coordinate 'x'.

Pressure

Gas Velocity

Gas Temperature

Degree of Saturation

Particle Diameter

168 kPa
103 kPa

1.7 m/s

98.7 m/s

432.15 K

427.36 K

0.95
1.64

 0.05 x 10-6 m

0.79 x 10-6 m

Figure 19. Calculated Axial Gradient of Pressure, Gas Velocity, 
Gas Temperature, Degree of Saturation and Particle Diameter 

in Nozzle and Capillary Tube for Solute of Succinic Acid 
[Adapted from Wagner [49].] 

 

Figure 19 demonstrates the calculated axial gradient of pressure, gas velocity, gas temperature, 

degree of saturation, and particle diameter for the desublimation process generated by the 

experimental apparatus used by Wagner for the formation of fine particles. The actual gas 

expansion equipment used being a nozzle and capillary tube. 
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The results given in Figure 19 have definite parallels, as referenced below, with observation 

made at natural gas transmission pipeline facilities that have been affected by ‘elemental 

sulphur’ formation and deposition. 

  

Although the capillary tube situation does not normally apply to the transmission pipeline 

particle formation situations, a number of case studies have been cited that do indeed fit this 

criteria. The most common example is where increases in ‘sulphur deposition’ have been noted 

along the internal vanes, or tubes, of flow straighteners that have been placed upstream of flow 

meters, such as orifice plates or turbine meters, and immediately downstream of a pressure 

reduction point.  

 

With reference to Figure 19, the reason for the noted increase in deposition along the gas path 

within the vanes is because the gas velocity and degree of saturation (due to the continuing 

decrease in temperature) actually increases along the path length. Therefore, the desublimation 

process will most likely continue to varying degrees along the length of the flow conditioner. No 

doubt, there will also be some transportation of particles along the gas path within the flow 

conditioner. 

 

Another point of significant interest is the increase in particle diameter, both at the point of 

restriction and along the length of the capillary tube. Again this situation has been commonly 

seen during the inspection of pipeline facilities and also in the ESEM and ICP-MS sample 

analysis results. The longer the residence time for particles within the desublimation 

environment, the larger they will grow. This is because of the particle growth mechanism (more 

particles and greater potential for coagulation).  

 

As discussed, many conditions are required for the determination of particle formation by 

desublimation, such as: 

 

- Degree and concentration of the solute (sulphur vapour) in the gas stream, 

 

- Temperature gradient, 

 

- Flow field characteristics (velocity / turbulence), 

 

- Concentration and type of foreign particles in the gas stream, and 

 

- Impact of the physical characteristics of the equipment (valve, nozzle.) 

 

The majority of these conditions are unknown. This has resulted in having to apply averaged, or 

spot (one off), pressure, temperature, gas velocity values to calculation processes, together with 
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the assumption that the sulphur vapour is at a maximum concentration according to the 

corresponding p,T, “sulphur map concentration” results.  

 

6.5 Theoretical Calculations for Nucleation / Particle Formation  
 

The parameters affecting homogeneous nucleation appear to be reasonably well understood, 

however there is still a variation of equations, or models proposed for the determination of 

nucleation rate. This particularly extends to what parameters need to be accounted for in the 

particular models. The following equations demonstrate this situation. 

 

1. The classical Becker-Döring theory for the nucleation rate: 
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         where I   = Homogeneous nucleation rate (cm-3s-1) 

        vP   = Partial pressure of vapour 

        vx   = Mole fraction of vapour 

         k   = Boltzmann’s constant 

        σ   = surface tension of condensed material (g.s-2) 

        m   = Molecular mass (g molecule-1) 
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2. Equation applied by Wagner [50]: 
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           where I   = Nucleation rate (m-3s-1) 

      dM   = Molar mass of desubliming vapour (kg/kmol) 

        σ   = Interfacial tension of the produced nucleus (N/m) 

      AN   = Avogadro’s constant 

       dP   = Partial pressure of the vapour (Pa) 
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     R   = Universal gas constant (J/mol.K) 

         T   = Temperature (K) 

       pρ   = Density of the produced nucleus (kg/m3) 

         S   = Degree of saturation 

 

3. As referenced by Helfgen [51]: 
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      …. (7) 

         J   = Nucleation rate (m-3s-1) 

         Θ   = Non-isothermal factor 

         κ  = Zeldovich non-equilibrium factor 

        cα  = Condensation coefficient 

         sn  = monomer concentration at saturation (m-3) 

        *r  = Critical nucleus radius (m) 

          c  = Mean thermal velocity (ms-1) 

         σ  = Solid-fluid interfacial tension (Nm-1) 

        Bk  = Boltzmann’s constant (J K-1) 

          T  = Temperature (K) 

         sv  = Solid molecular volume (m3) 

          S  = Saturation ratio 

 

As already stated, the value of the saturation value, or level of supersaturation of the solute in 

the expanding gas, is the driving force for the nucleation process.  

 

The saturation ratio is normally expressed as: 

                   S  = ( )TP
P

s

d  (already given as equation (3)) 

 

Helfgen [52] has applied fugacity coefficients to the determination of this ratio, as shown by 

equation (8). Using the respective fugacity coefficients is probably a more accurate way to 

determine the saturation ratio as it accounts for the non-ideality of the solute in the gas mixture.  
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         where Φ   = Fugacity coefficient 

         p   = Pressure (MPa.) 

         T   = Temperature (K) 

        ∗y   = Equilibrium mole fraction  

     ∗
extry   = Equilibrium mole fraction at extraction conditions 

 

The nucleation rate calculations are, in reality, an instantaneous value as many of the 

contributing parameters are highly non-linear. A more meaningful value would be an averaged 

value. According to Lesniewski [53], the average local rate of homogenous nucleation in a 

fluctuating flow can be written as 

 

        I  = ( ) ( ) ,,,,,,,
1
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1

0
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          where I   = Instantaneous nucleation rate 

         cθ   = Instantaneous dimensionless concentration 

        Tθ   = Instantaneous dimensionless temperature 

        OT   = Temperature of gas at nozzle outlet (K) 

        ∞T   = Co-flow temperature (K) 

        Ox   = mole fraction of solute in gas at nozzle outlet 

        ∞x   = mole fraction of solute in air co-flow 

       ( )TcP θθ ,  = Probability density function for the simultaneous appearance of 

concentration and temperature values cθ  and Tθ  

 

The following sets of equations, which have been derived from Helfgen [54] describe the general 

dynamic equation for simultaneous nucleation, condensation and coagulation. 
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          where n   = Particle number density function (m-3) 
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          t   = time (s) 

         J   = Nucleation rate (m-3s-1) 

         v   = Particle volume (m3) 

        ∗v   = Particle volume at equilibrium 

       gG   = Condensation rate (m3s-1) 

 

In equation (10), the term:  

 

(a). 
t
n
∂
∂

represents the change in particle concentration n  in the interval of particle 

volume v  to .dvv +  

 

(b). ( ) ( )∗∗ − vvvJ δ  accounts for the nucleation of particles at nucleation rate J  

combined with the Delta function δ  

 

(c). 
( )

v
nGg

∂

∂
 represents the gain or loss of particle volume by condensation with the 

condensation rate gG  

 

(d). ( ) ( ) ( ) vdtvntvvnvvv
v

,,,
2
1

0

−−∫ β  accounts for a particle gain by coagulation 

of a particle with the volume v  with a particle of the volume vv −  to a particle 

of volume v  

 

(e). ( ) ( ) ( ) vdtvnvvtvn ,,,
0
∫
∞

β accounts for the loss of particles by coagulation of a 

particle of volume v  with any other particle of volume v   

 

The above equations demonstrate the complexity and variability in the determination of 

homogeneous nucleation rate. These equations, although complex, can be relatively 

successfully applied to a controlled nucleation process. However, for a high-pressure natural 

gas pipeline situation, with sulphur vapour at sub ppm levels as the solute, these equations can 

only be applied by estimating the majority of the parameters. The heterogeneous nucleation 

calculation process is not as well understood as the homogeneous case, and is far more 

complex to model.  
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6.6 Homogeneous Nucleation Rate Determination 
 

The homogeneous nucleation case is provided, as it is simpler to model for the determination of 

a nucleation rate than it is for the heterogeneous nucleation case. 

  

The conversion of the sulphur vapour to the particle phase during the homogeneous nucleation 

phase is influenced by pressure, temperature, flow and the supersaturation state of the sulphur 

vapour in suspension in the gas stream. The nucleation rate is the number of nuclei formed per 

unit volume and time and is generally represented by the symbol J. The nucleation rate [55] is 

given by: 

          J  = K exp ⎥⎦
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                      J  = Nucleation rate ( )13 −− scm   

                    K  = Pre-exponential factor ( )13 −− scm  

                              G∆   = Gibbs energy (J) 

                     k   = Boltzmann’s constant (1.38 x 10-23 JK-1) 

                     T   = Temperature (K) 

                     θ   = Non-isothermal factor (= 1 for dilute mixtures) 

                    cα   = Condensation factor (m/s, taken as 0.1) 

                    sv   = Solute molecular volume (solid phase 3m ) 

                    N   = Number of condensable molecules ( )3−cm   

                σ   = Interfacial tension of solute ( )1−Nm  

 

Please note: All calculations performed in SI units (converted from/to CGS units as appropriate). 

 

The gas mixture is supersaturated when the partial pressure of the desubliming component 

exceeds the saturation pressure. 

 

Take the pipeline example given by Figure 18, with gas pressure being reduced from 5,600 kPa 

@ 302.55 K (Point A) to 3,000 kPa @ 288.45 K (Point B). The corresponding sulphur vapour 

equilibrium levels are 0.01 ppmv and 0.001 ppmv, respectively. Therefore the amount of sulphur 

desublimation is 0.009 ppmv. Gas flow is given as 10,000 kg/h. From determined average 

density value, this mass flow rate equates to 262.6747 Am3/h. 
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First, need to determine the interfacial tension for the sulphur. Using the corresponding states 

approach of Brock [56] and modified by Miller [57] 
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                    σ   = Interfacial tension (dyne/cm) 

                   cP   = Critical pressure (atm) 

                   cT   = Critical temperature (K) 
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        bT   = Boiling point temperature ( )K  

 

From the application of equations (13) and (14), the interfacial tension is found as 82.63 

dyne/cm or 0.008263 N/m. Now need to determine N, number of condensable molecules: 

 

        N  = ρM yE NA      …. (15) 

                       where ρM = density of mixture (mol/cm3) 

          yE = solute mole fraction at extraction conditions 

          NA = Avagadro’s number (6.023 x 1023 mol-1) 

 

The density of the mixture is taken as the average value across the pressure reduction stage. 

Using the American Gas Association AGA-8 equation of state titled “Compressibility Factors of 

Natural Gas and Other Related Hydrocarbon Gases”, the average gas density is determined as 

38.0699 kg/m3.  

 

From equation (15), the value of N is determined as 1.06 x 1013 Substituting the given values 

into equations (12) then (11), the nucleation rate is determined as 4.85 x 105 cm-3 s-1.  

 

Now applying given pipeline conditions and taking average flowing density, pressure and 

temperature conditions for pressure reduction stage, with mass flow rate of 10,000 kg/h and gas 

composition per Table 5, it is determined that the total number of nuclei formed is 3.54 x 1010 / 

(cm3 sec). This translates into 6.501 x 1023 nuclei per day. 
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The amount of sulphur that has formed through the desublimation process is determined as: 

 

                   m  = n . M       …. (16) 

           where n = number of moles, 

           M = molar mass, and 

           m = the mass of substance 

 

Now the atomic volume for sulphur is 15.5 cm3/mol = 1.55 x 10-5 m3/mol 

The solute mol. Volume is therefore 2.57 x 10-29 (from atomic volume divided by Avogadro’s 

number) 

         m  = (6.501 x 1023/6.02 x 1023) x 32.06 

   = 34.622 grams per day 

   = 0.0346 Kg per day 

   = 12.637 kg per year. 

 

Note: The above calculation is a guide only as a number of assumptions have had to be made 

with regard to temperature and velocity gradients. Averaged values applied have assumed 

linear conditions; also no allowance has been made for boundary layer conditions. Therefore, 

although values derived are regarded as being realistic, the result is an approximation only.  

 

The derived value of 12.637 kg per year is the mass of the particles that would form using 

equilibrium values of natural gas and solute properties under the given flow conditions. As the 

calculated value is significantly greater than the determined amount of sulphur that is 

desublimated (approximately 1.3 kg at 0.009 ppmv level), this would indicate that given 

conditions would not present an impediment to the determined desublimation level. That is, 

conditions are favourable for the formation of sufficient sulphur nuclei. It must also be 

appreciated that any contribution from heterogeneous nucleation is not accounted for. 

 

6.7 Critical Flow Nozzles. 
 

As referenced in Section 2.3, fine elemental sulphur particles at sub ppmv levels have been 

generated through venting high-pressure natural gas through a small critical flow nozzle.  

 

It is well known in flow measurement that when a gas accelerates through a restriction (nozzle, 

pressure reduction valve), the density of the gas decreases and its velocity increases. As the 

gas exits the restriction and enters the expansion chamber, the gas velocity will decrease. 

Applying this to the case situation, as the gas stream enters the nozzle, it is rapidly accelerated 

due to the narrowing of the cross sectional area.  
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This results in the gas stream being cooled, with the result that the sulphur vapour in 

suspension in the gas stream will become supersaturated. The point of greatest supersaturation 

will clearly be some point immediately downstream of the narrowest point for the gas stream in 

the nozzle. Figure 20 provides an estimate of the situation.  
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Figure 20.  Estimate of Nucleation Rate through a Nozzle, 

together with Axial Pressure Gradient along Nozzle. 
[Adapted from Wagner [58] - Diagram is not to scale] 

 
 

The highest point of the dark blue line in Figure 20 is the point at which the maximum rate of 

nucleation will occur. It is to be noted that this graph is for demonstration purposes only. The 

light blue line represents the pressure drop along the axial flow path of the nozzle.   

 

Clearly the desublimation rate is not only dependent upon the conditions of the solute, solvent 

and the pre-expansion conditions, but also the operating flow rate, pressure and temperature 

conditions across the pressure reduction stage and the geometry of the pressure reduction 

device.  

 

The above conditions result in a peaking situation for the desublimation rate across the 

pressure restriction device. With reference to Figure 13, the variations in sulphur vapour 

pressure, it would be assumed that the nucleation process would be a function of temperature 

only and therefore be at a decreasing rate along the axial path of the pressure reduction / flow 

control device. This brings the importance of calculating the potential nucleation rate, as 

provided by the above calculation process. Unfortunately it is a very complex process, even for 

the process of the rapid expansion of supercritical solutions (RESS) for the formation of fine 

very small particles. The nucleation process, which is far more controlled than the equivalent 
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natural gas pipeline nucleation process, is still regarded as being in early stages of 

understanding [59].  This pronounced peaking highlights the weakness of taking average values 

to calculate nucleation rates using the equations given in Section 6.5 

 

The calculated nucleation rate is actually extremely small when it is compared with rates of  

1013 /cm3s that can be obtained in the generation of fine particles through a small nozzle.  

Naturally, the solubility of the solute in the host fluid is a critical factor. 

 

Using the results of the above nucleation rate example, if the nuclei formed are in a large 

chamber (nozzle or control valve), with little turbulent mixing, then it is probable that the particle 

– particle collisions will be infrequent. This would tend to result in a lot of very fine particles 

being transported downstream within the natural gas stream. Now, for the same operating 

conditions but with a much smaller chamber (again this could be a nozzle or control valve) and 

significant turbulence, the potential for particle-particle collision is significantly increased.  

 

This will result in the final particle size being greater and therefore far more noticeable. Such 

particles will not so readily travel in the gas stream, as will be the case for the very small 

particles. If retrograde condensation has simultaneously occurred as the sulphur desublimation 

process, then there will be added hydrocarbon liquid droplets also in suspension. Therefore, 

there would not just be the sulphur particle – particle collisions but collisions with hydrocarbon 

liquid droplets, and of course any other solid/liquid contaminants in the gas stream.  

 

Therefore, just taking the simple nucleation process and applying differing chamber conditions 

can provide an understanding as to why some sites may have visible ‘elemental sulphur’ 

deposition and other sites may not. In reality, it is possible that more sites are generators of the 

‘elemental sulphur’ particles, however the resulting particle size and mixing with other 

contaminants determines whether the deposition location will be at the point of desublimation or 

somewhere downstream within the transmission network.    

 

_________________________________ 
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CHAPTER 7. 
 
SIMILARITIES WITH OTHER PARTICLE FORMATION PROCESSES. 
 
 
Fine particle formation through the action of nucleation, condensation and coagulation can be 

found in nature’s natural processes, as well as in a small, yet diverse number of man-made 

industrial processes.  

 

In order to further appreciate the very complex natural gas pipeline ‘elemental sulphur’ 

desublimation process, the research and direct observations made into a selected number of 

other nucleation, condensation and coagulation processes are drawn on.  These selected 

examples have permitted further understanding to be made of the particle formation and 

deposition actions that are occurring within transmission pipeline systems. 

 

The relevant parallels between the findings from the research into and understanding of these 

other fine particle formation / application processes to this research work are discussed in this 

section.   

 

The full complexity of fine particle formation through the actions of nucleation, condensation and 

coagulation is now just starting to be fully understood. Although the number of processes that 

have been reasonably well researched, in both terms of practical observations / measurements 

and theoretical studies, are limited, four separate fine particle formation processes have been 

selected for comparative studies with the submitted ‘elemental sulphur’ formation and 

deposition criteria. 

 

The four selected processes are: 

 

 (a). Atmospheric cloud droplet formation, 

 

 (b). Diesel engine particle formation, 

 

 (c). Particle formation in the plume of jet aircraft, and 

 

(d). Controlled generation of very fine particles through the rapid expansion of 

supercritical solutions (RESS process). 

 

Each of the four selected processes is briefly discussed within the following sections. The 

processes are ordered in growing complexity and relevance to the actual desublimation 

conditions for the sulphur vapour within a natural gas stream.  
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7.1 Atmospheric Cloud Droplet Formation. 
  

The formation of cloud droplets has been selected for this comparative study due to the depth, 

breadth and considerable time devoted to direct observation and modelling. This is probably the 

most comprehensively documented, widely understood nucleation, condensation and 

coagulation process. Although arguably somewhat less complex than the referenced natural 

gas pipeline situation, this vital meteorological process is, nonetheless, after well over a century 

of intensive observation and investigation, still subject to ongoing intensive research. It is well 

known that the earth’s atmosphere consists of many very small particles held in suspension. 

These particles include salts derived from the oceans, dust and fine soil particles, particles from 

biomass combustion, particles from naturally occurring events such as volcanoes and particles 

formed in the atmosphere through chemical reactions with natural and man made gaseous 

emissions. 

 

According to Sienfeld [60], such particles, commonly known as atmospheric aerosols, range in 

size from a few tens of angstroms (Ǻ) to several hundred micrometers. 

 

These varied aerosol particles provide the nuclei for cloud droplet formation. Petterssen [61] 

states that observation as well as theory shows that condensation of water vapour into cloud 

droplets takes place on certain particles, or kernels, which have a high affinity to water vapour. 

Such particles are termed condensation nuclei. The important analogy here is the condensation 

of hydrocarbon vapour on the desublimated elemental sulphur particle. In both cases there is a 

prerequisite for a suitable nucleus – without which the respective vapour molecules will not 

collectively join together. 

 

As referenced, the aerosol particles can be generated from chemical reactions occurring within 

the atmosphere. Gorbunov [62] states that binary nucleation of water and sulphuric acid is 

considered to be one of the possible pathways of secondary atmospheric aerosol formation. 

This is of interest as it demonstrates the potential important role of sulphur derivatives in the 

required nucleation process.  

 

There are similarities in the particle growth phases for the formation of raindrops and the 

‘elemental sulphur’ particles. For the rain formation process, the condensation phase is 

essentially the accumulation of the suspended water vapour molecules onto selected 

atmospheric nuclei to form small droplets. The coagulation process for the rain is the 

precipitation process in which the very significant numbers of droplets collide with each other 

due to the atmospheric turbulence and action of gravity. The result of the droplet collision is the 

formation of large water drops that we term rain.  
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As with the ‘elemental sulphur’ deposits, the origin of a raindrop is an extremely small particle. 

Petterssen [63] states that an average raindrop has a radius of about 1000 microns, while the 

average cloud droplet has a radius of rather less than 20 micron. By applying the fact that the 

volume of a spherical raindrop is proportional to the cube of the radius and the data provided by 

Petterssen, it can be quickly calculated that an ordinary raindrop is made up of well over 

100,000 droplets.  

 

Although the growth in ‘elemental sulphur’ deposits is significantly less, the growth mechanism 

will be far more variable due to the potential variety and intensity of the available particles in the 

transmission pipeline system. It must also be appreciated that the observed pipeline deposits 

will most likely diminish in size on the immediate depressurisation of the pipeline due to the 

‘flashing’ of a number of the present hydrocarbon components.  

 

7.2 Diesel Engine Particle Formation 
 

This particle formation process has been selected for the reason that it too has been reasonably 

well researched, both in theoretical terms and with direct observations and measurements. 

 

Of particular note in this particle formation process is the role that sulphur plays.  

Kim [64] states that the particulate matter concentration has been predicted based on the fuel 

sulphur content, fuel to air ratio, exhaust flow rate, and the ambient conditions. This author [65] 

goes on to state that the sulphur, found in the diesel fuels, is oxidized in the combustion 

chamber to give sulphur dioxide vapours, and as the exhaust gases cool in the ambient 

conditions, the sulphur dioxide condenses to form H2SO4 droplets or nuclei particles.  
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Figure 21. The Effect of Relative Humidity on Nucleation Rate at 298 K 

(Adapted from Kim [66]) 
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The formed nuclei particles can then form into larger particles. As for the raindrop formation 

process, there are parallels with the formation of ‘elemental sulphur’ deposits within natural gas 

transmission pipelines. 

 

From the research into the diesel engine particle formation process, an effect of relative 

humidity on the nucleation rate has been quantified. As will be noted from Figure 21, the 

nucleation rate is increased by a high relative humidity. 

 
Kim [67] states that at the higher relative humidity, the bulk phase density of the water molecules 

also increases. This leads to more molecules colliding per unit time. The parallel here is the 

presence and intensity of hydrocarbon vapour molecules within the immediate vicinity of the 

favourable sulphur vapour desublimation conditions within the pipeline.  As with the diesel 

particle formation process, the higher the number of vapour molecules the greater is the 

potential for a more sizeable ‘elemental sulphur’ deposit. 

 

7.3 Particle Formation in the Plume of Jet Aircraft. 
 
Although having a similar particle formation process to that described by the diesel engine, this 

process is referenced due to the very high temperature quench and velocity conditions present 

during the initial particle formation. Rapid temperature quench (pressure reduction) and high 

velocities are features of the ‘elemental sulphur’ desublimation conditions within high-pressure 

natural gas transmission pipelines. 

 

Again sulphur and sulphur derivatives play a dominant role in the particle formation processes. 

Yu [68] states that it is well established that the properties of the ultra-fine aircraft particles are 

influenced by the concentration of H2SO4 vapour in the exhaust. This is further confirmed 

through theoretical studies and measurements made by Karcher [69].  This researcher has 

concluded from his studies that for high (2.7g/kg) fuel sulphur levels, H2SO4 is found to control 

the growth of volatile aerosols. This finding supports previous results from such investigations 

that sulphur dominates particle formation for average and high fuel sulphur contents. 

 

Interestingly, Karcher [70] has suggested that the very high conversion for low fuel sulphur 

contents indicates that species other than H2SO4, likely exhaust hydrocarbons, control particle 

growth in such cases. This presents an interesting parallel with the referenced natural gas 

transmission pipeline situations where various hydrocarbons have been detected in the 

‘elemental sulphur’ deposits. Indeed, the hydrocarbons detected have been the predominant 

components within the observed pipeline deposits, and play a pivotal role in the particle growth 

phase. 

 

The following reactions are relevant in the process of conversion of sulphur in fuel to H2SO4 
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S + O2 = SO2 (combustion process)  Log10K0 = 94.561 

SO2 + 0.5 O2 = SO3    Log10K0 = 12.402 

SO3 + H2O = H2SO4    Log10K0 = 15.838 

 

7.4 Controlled Generation of Very Fine Particles through the Rapid Expansion 
of Supercritical Solutions (RESS process). 

 

The rapid expansion of supercritical solutions (RESS) is a nucleation, condensation and 

coagulation process for the formation and growth of very fine particles. Being a low yield 

process, with the number of particles formed depending upon the solubility of the solute in the 

solvent, pressure and temperature operating conditions and the characteristics of the nozzle, 

the RESS process is more and more being applied to situations where high quality and purity 

fine particles are required such as in pharmaceuticals, food additives and precision electronic 

component manufacture.  

 

As the ratio of solute to solvent is generally less than 1 part in 100, the particle yield is very low 

when compared to other commercial particle formation processes such as grinding, however 

the consistency in particle size is superior.  

 

According to Matson [71], this particle formation phenomenon was first observed more than a 

century ago and continues to attract attention as a powder production method. 

A RESS process requires a solvent and a solute, with the solute being capable of being totally 

dissolved in the selected solvent. The solvent is compressed to a required condition then 

heated to the supercritical extraction temperature. The solute is then added and thoroughly 

mixed. This mixture is then passed through a precision nozzle, exhausting into an expansion 

chamber. With pressure reduction across the nozzle (temperature quench), the solute will 

precipitate with fine solid particles being formed. 

 

For the RESS process, CO2 is a very commonly used solvent due to its accessible critical 

temperature value (Tc = 304.3 K) and relatively low critical pressure (pc = 7.39 MPa). Whether 

the CO2 in a natural gas stream plays a role in the ‘elemental sulphur’ formation process is not 

clear. It is possible that it may assist by acting as a ‘quench’ agent. 

 

The analogy with the ‘elemental sulphur’ formation / deposition phenomenon, which is an 

extremely low yield particle generation process, is that there is a similar high- pressure condition 

existing within the gas stream. The gas stream (the solvent), which has a sub ppm level of 

sulphur vapour (the solute) dissolved in it, encounters a pressure reduction stage (valve, nozzle 

etc) and there is a resulting pressure and associated temperature reduction. Due to this 

temperature reduction, the sulphur desublimates out of the gas stream. The pipeline conditions 

cannot be regarded as being a controlled situation, as distinct from by the RESS process. This 
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is because there is no control over the level of sulphur dissolved within the natural gas; the flow 

rate is most likely variable, as would most likely be the temperature and pressure conditions. 

   
Matson [72] states that the time involved in particle nucleation and growth within the RESS jet is 

estimated to be much less than 10-5 sec. 
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CHAPTER 8 

FIELD AND LABORATORY STUDIES 
 
 
Field observations and pipeline deposition samples have been sourced from a total of nine 

Australian natural gas transmission systems. Support information has also been derived from a 

number of overseas facilities. Laboratory studies have centred on the gas chromatography – 

mass spectrometry and inductively coupled plasma mass spectrometry equipment located at 

the Separation Science and Engineering Laboratory Murdoch University, and the environmental 

scanning electron microscope equipment located at the Western Australian Centre for 

Microscopy and Micro Analysis at the University of Western Australia.  

 

8.1 The Study Arena 
 
With a significant section of the Australian natural gas transmission pipeline system affected 

with the presence of ‘elemental sulphur’ deposition, the majority of the national natural gas 

pipelines have been included in this project. However, the investigations have not been limited 

to transmission pipeline systems.  

 

Other identified ‘elemental sulphur’ impacted areas include:  

 

- End user facilities such as gas turbines used for power generation, 

 

- Natural gas facilities within industrial complexes, mainly where rapid corrosion 

processes have been reported with respect to internal pipe work and equipment, 

 

- Industrial processes where there have been concerns regarding irregular emissions into 

the atmosphere due to natural gas usage, 

 

- Underground natural gas storage facilities, 

 

- Coal seam methane facilities, 

 

- High pressure natural gas flow calibration facilities, 

 

- Natural gas low and medium pressure distribution networks, and 

 

- Natural gas fuel dispensing facilities. 
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The pipelines, processes and facilities investigated have not been limited to the Australian 

arena. Very useful information has been gained from small collaborative assignments involving 

facilities in Hong Kong and the U.K. Information has also been sourced from affected sites in 

New Zealand, U.S.A and Norway. Awareness has also been gained of ‘elemental sulphur’ 

formation and deposition impacting pipelines and other facilities in a number of other countries. 

 

Although the potential source of information appears vast and diverse, a major problem 

experienced has been the ability to get reliable and consistent information as to the exact 

conditions of the ‘elemental sulphur’ formation and deposition. Varying combinations of the 

following issues brings about this difficulty: 

 

- The exact amount of sulphur vapour in the gas stream is unknown. It cannot be reliably 

determined with current technology; 

 

- The natural gas flowing through the point of interest can be a commingled composition 

sourced from a number of gas fields, therefore the potential for swings in the gas 

composition is a reality; 

 

- The observed / extracted ‘elemental sulphur’ samples have formed over a long period of 

time with, in all probability, the formation process being variable; 

 

- Samples are only obtained at nominally standard atmospheric conditions, this may 

result in some composition component variations (Some hydrocarbons flashed off) 

either due to the change in conditions of pressure, temperature and/or density, or the 

exposure to air; 

 

- The formation / deposition processes are subject to many variable conditions, each 

having a differing influence;  

 

- The natural gas in each pipeline is most likely subjected to different dehydration, 

sweetening and general processing conditions; 

 

- Pipeline systems vary in age, operating conditions (both internal and external) and in 

physical configuration (internal coating, type of on-line equipment); 

 

- A number of the contributing components are in trace quantities in the gas stream and 

therefore are not regularly monitored along the pipeline route, if at all; and  

 

- On-line sampling and analysis for most components of interest is just not possible, 

generally due to the unavailability of suitable equipment.  
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8.2 The Analysis Process and Equipment Used. 
 
‘Elemental sulphur’ deposition samples have been obtained from a number of Australian natural 

gas transmission pipelines. In an aid to the understanding of the deposition processes, 

extensive use of environmental scanning electron microscopy (ESEM), gas chromatography – 

mass spectrometry (GC-MS) and inductively coupled plasma mass spectrometry (ICP-MS) have 

been used in the examination and composition determination of the given samples. Equipment 

used is “state of the art”. 

 

The ESEM used for determining the analysis, crystal structure and general characteristics of the 

‘elemental sulphur’ samples was fitted with a gaseous detection device that permitted both 

secondary and backscattered electron images to be produced of the surface of the studied 

samples. This feature was particularly useful in the study of corroded surfaces that had been in 

contact with sulphur compounds within a gas stream. 

 

The GC-MS used was an Agilent 5973 GC-MSD. This instrument was used for the detection of 

hydrocarbons. Sample preparation involved the adding of a small amount of sample to a 2 ml 

glass vial followed by the addition of about 2 ml of ecetone. With the lid on, the vial was shaken 

vigorously for about 30 seconds. After extracting the organic components into the acetone, the 

sample-solvent mixture was filtered and analysed by GC-MS analysis. Table 7 provides details 

of the GC-MS operating conditions. 

 

Injection mode Splitless 
Injection volume 1 µ litre 
Inlet temperature 553 K 
Inlet pressure 55.9 kPa 
Purge time 1 minute 
Carrier gas Helium 

Inlet 

Interface temperature 573 K 
Initial temperature 323 K  
Ramp step 1 20 K/min to 433 K Oven program 
Ramp step 2 5 K/min to 573 K. Hold for 5 min. 
Type Non-polar capillary, HP-5MS 

Column 
Dimensions 30 m x 250 µm x 0.25 µm 
Mass range 40 - 550 

Detector 
Mode Scan 

 

Table 7. The GC-MS Operating Conditions. 
 

The acquired data were processed Enhanced Data Analysis mode and the NIST 98 library used 

for preliminary compound identification and confirmed by the manual comparison between the 

library and the specific sample results.  
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The ICP-MS used was an Agilent 7500a type. Some of the main features of this apparatus 

include: 

- The trace and ultra-trace measurement of more than 70 elements – from lithium (atomic 

number 3) to uranium (atomic number 92), 

- Can measure over a 9 orders linear range (< 1ppt to > 500ppm),  

- Isotope ratio measurement. 

 

8.3 Analysis Results – Electron Microscope Analysis 
 

 
 

  
 

  

S 

Mn 

Figure 22. 

Figure 23. 

Figure 24. 

The sample analysed in 
Figures 22 to 25 inclusive, is 
the “GO” regulator sample 
described in Section 8.9. 
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The images given in Figures 22 to 25 inclusive, represent a sample area with dimensions of 

approximately 340 µm (width) and 175 µm (height). The images are a small, yet representative 

sample of the results from the ESEM and GC-MS studies into the ‘elemental sulphur’ deposits 

sourced from a number of locations on six of the nine Australian natural gas transmission 

systems studied.  

 

These Figures demonstrate the multi-component composition of the so-called ‘elemental 

sulphur’ samples. These electron microscope images support the nucleation, condensation and 

coagulation processes suggested and developed in this report. 

 
Figure 22 is a full ESEM (electron microscope) image of a typical ‘elemental sulphur’ pipeline 

sample. Note the varied crystal structure. This may indicate differing crystal growth rates over a 

period of time. Figure 23 is the same sample as per Figure 22, however the image is for sulphur 

particles only. Note the even concentration of sulphur in the sample. Figure 24 is the same 

sample as for Figure 22, however image is for manganese. Concentration is not as great as for 

sulphur, however reasonably even distribution is again demonstrated. Figure 25 is the image for 

silicon. 

_____________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

Si 

Figure 25. 
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8.4 Analysis Results – GC Total Ion Chromatogram 

 
Figure 26 is the hydrocarbon distribution for commonly used compressor seal oil. Figures 27 

and 28 demonstrate the variations in hydrocarbons to sulphur content noted between samples. 

For Figure 28, the majority of hydrocarbons have a M.W. greater than S8 (> 256).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26: Total Ion Chromatogram of a Typical Compressor Seal Oil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 27: Total Ion Chromatogram of an ‘Elemental Sulphur’ Sample  
having a Low Concentration of Hydrocarbon Contamination. 
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Figure 28: Total Ion Chromatogram of an ‘Elemental Sulphur’ Sample  

having a High Concentration of Hydrocarbon Contamination. 
 

 

8.5 Author’s Observations from Electron Microscope and GC / MS Studies. 
 

The studies have demonstrated the following criteria / characteristics: 

 

- Hydrocarbon liquids are present in many of the samples. This indicates that situations 

of two-phase flow, even for a very short period of time, may have occurred at or near 

the points of particle formation deposition. 

 

- The deposited particle sizes determined from Figure 22 and other similar images 

demonstrate a correlation with the gas mass flow rate.  This is probably explained by a 

high mass flow rate having a shorter period within the pressure control valve chamber, 

or nozzle throat, and hence resulting in a reduced particle growth time when compared 

with a low mass flow rate gas. However, this does not infer a lower rate of deposition, 

as the coagulation rate is proportional to the square of the number of particles present. 

Please refer to Section 18.4 for further details. 

 

- There appears to be a strong connection between the so-called “black dust” problem 

and the ‘elemental sulphur’ deposition processes. The “black dust” is likely to be the 

most common particle matter within a transmission pipeline. Being sulphur based, the 
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“black dust’ has the potential to both mechanically and chemically react with other 

particles in the coagulation / agglomeration processes at pressure reduction facilities.  

The pipeline black dust is primarily iron and sulphur in molecular combination.  

 

8.6 Conclusions from Author’s Field Observations. 
 

- The rate of nucleation plays a significant part in the characteristics of the deposited 

materials. 

 

- The particle formation and deposition process may also be influenced by the degree of 

mixing / turbulence within the pressure reduction chamber. This will be due to the 

potential for additional particles to form through collisions of particles. For example near 

obstructions and/or walls, the gas flow path will be disrupted resulting in the greater 

potential for particle collision due to impinging and rebounding particles. This suggests 

that the characteristics / design of the pressure reduction mechanism play an important 

role in the particle formation and deposition process. 

 

- The mechanisms for particle formation are nucleation and condensation, whereas 

condensation and coagulation are the growth mechanisms that determine the deposited 

particle characteristics. The nucleation process will increase the particle number 

concentration with a corresponding volume concentration increase. For a pure 

condensation process, the total particle volume increases but the number of particles 

will stay constant. Coagulation, however, will reduce the number of particles.  

 

- That contaminants within the gas stream, together with carry-over processing agents, 

and some gas conditioning processes, can all have an impact on the formation of 

elemental sulphur, either directly or indirectly. 

 

- Sulphur, and its derivate compounds, can under favourable conditions; all play a major 

part in the internal pipeline corrosion processes. 

 

- The potential chemical reactions within a natural gas transmission pipeline system can 

be many and varied. A significant number can originate from compounds that are in 

ppm quantities in the gas stream. 

 

- Particle formation may also occur when two, or more, volatile and non-condensable 

vapour species react to form a product with a very low vapour pressure. 

 

- That the composition of the gas stream can influence the desublimation process.  
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- With respect to pipeline operating conditions, the higher the gas pressure and lower the 

gas temperature upstream of the pre pressure reduction point, the greater the gas 

density and hence potential for high gas velocity through the pressure reduction point. 

However, this will also generally be more conducive for liquid formation due to 

retrograde condensation. 

 

- The presence of hydrogen sulphide in the gas stream plays a pivotal role in the particle 

formation process. However, other forms of sulphur such as mercaptans, sulphates and 

thiols can be contributing factors under the right conditions. 

 

- Investigations into contaminants in natural gas fuel for supplies to gas turbines have 

indicated that small particles in the order of 5 to 10 µm diameter can cause physical 

damage to the equipment. Due to contaminants in the fuel supply, the gas turbine’s 

performance can be adversely affected.  

 

8.7 Detailed Analysis. 
 
The analysis of ‘elemental sulphur’ deposition samples via the GC-MS has confirmed the 

presence of hydrocarbons in the reviewed deposits. 

 

Common Name Formula MW CASRN # Occurrence 
Hexadecane C16H34 226.45 544-76-3 6 
Octadecane C18H38 254.50 593-45-3 6 
Nonadecane C19H40 268.53 629-92-5 6 
Octadecane, 2-methyl C19H40 268.53 1560-88-9 6 
Eicosane C20H42 282.55 112-95-8 6 
Heneicosane C21H44 296.58 629-94-7 6 
Docosane C22H46 310.61 629-97-0 6 
Tricosane C23H48 324.63 638-67-5 6 
Tetracosane C24H60 338.66 646-31-1 6 
Hexacosane C26H54 366.71 630-01-3 6 
Cyclotriacontane C30H60 420 297-35-8 6 
Butylated Hydroxytoluene C15H24O 220 128-37-0 5 
Heptadecane C17H36 240.47 629-78-7 5 
Heptadecane, 2-methyl C18H38 254.50 1560-89-0 5 
9-Tricosene (Z) C23H46 322 27519-02-4 5 
Pentacosane C25H52 352.69 629-99-2 5 
Heptacosane C27H56 380.74 593-49-7 5 
Triacontane C30H62 422.82 638-68-6 5 

 
Note 1: Occurrence is the number of samples registering the referenced hydrocarbon in a  
sample size of 6 

 
Table 8.  Most Common Hydrocarbon Components in 

Compressor Lubrication Oil Samples. 
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Note 1:  
Reference is made in Table 8 and 9, together with other places within this report, to CASRN 
numbers (CASRN #). CASRN is an abbreviation for Chemical Abstract Service with Registry 
Number, sometimes also referenced as CAS #.  

 
Note 2:   
Occurrence is the number of samples registering the referenced hydrocarbon in a  
sample size of 10. 

 
Table 9.   Most Common Components from 10 Randomly Selected 

 ICP- MS Results of ‘Elemental Sulphur’ Samples. 
 

Complex hydrocarbon profiles were noted to be present in the majority of the samples analysed. 

From the author’s discussion with pipeline operators, the source of these complex hydrocarbons 

was, in every case, given as being compressor lubrication or seal oil. Investigations were made 

to confirm this theory. 

 
The investigations involved the collection of pipeline and gas processing plant compressor 

lubrication oils and analysing them. Typical analysis results are given in Table 8. Of note is the 

number of paraffins present. Table 9 provides a similar set of results to Table 8, however the 

analysis has been derived from averaging the components derived from ten randomly selected 

results of actual ‘elemental sulphur’ and ‘black-dust’ samples. 

 

Common Name Formula MW CASRN #[1] Occurrence[2]

Undecane C11H24 156.31 1120-21-4 10 
Dodecane C12H26 170.34 112-40-3 10 
Tridecane C13H28 184.37 629-50-5 10 
Tetradecane C14H30 198.39 629-59-4 10 
Cyclic Octoatomic Sulphur S8 256.53 10544-50-0 10 
Tricosane C23H48 324.63 638-67-5 9 
Naphthalene, 2-methyl C11H10 142.20 91-57-6 8 
Naphthalene, 1-methyl C11H10 142.20 90-12-0 7 
Octadecane C18H38 254.50 593-45-3 6 
Eicosane C20H42 282.55 112-95-8 6 
Heneicosane C21H44 296.58 629-94-7 6 
Docosane C22H46 310.61 629-97-0 6 
Nonadecane C19H40 268.53 629-92-5 5 
Tetracosane C24H60 338.66 646-31-1 5 
Heptacosane C27H56 380.74 593-49-7 5 
Hexadecane C16H34 226.45 544-76-3 4 
Heptadecane C17H36 240.47 629-78-7 4 
Nonadecane, 1-chloro C19H39Cl 302.97 62016-76-6 4 
1-Hexacosane C26H52 364.70 18835-33-1 4 
Hexacosane C26H54 366.71 630-01-3 4 
Octadecane, 3-methyl C19H40 268.53 6561-44-0 3 
Heneicosane, 3-methyl C22H46 310 6418-47-9 3 
Pentacosane C25H52 352.69 629-99-2 3 
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The components highlighted in green on Table 9 are common with the results in Table 8. This 

gives credibility to the assumption that compressor seal oil, or like oils, can contribute to the 

deposition processes. The match of the used compressor oil compositions to the hydrocarbon 

compounds in the “elemental sulphur” samples is considered to be of significant interest. 

 

Also of interest is the fact that for every sample, the paraffins of undecane, dodecane, tridecane 

and tetradecane are present. In some cases, such as the “GO” regulator case study as shown 

in Figure 4, the presence of light hydrocarbons is clearly demonstrated. For the “GO” regulator 

such deposits became obvious when the regulator was dismantled permitting the inspection of 

the valve chamber. However, the hydrocarbons present were noted to quickly ‘flash-off’ when 

the opened chamber was exposed to the prevailing atmospheric conditions.  

 

Through the electron microscope studies it was ascertained that elemental sulphur was not the 

only element in the observed in pipeline deposits. Table 10 provides details of the most 

abundant elements in seven randomly selected analyzed samples. Of particular interest is the 

predominance of both sulphur and iron.  

 

The samples selected consist of two ‘black-dust’ samples, namely C and E. Results given are in 

ppm. 

 
Element Sample 

A 
Sample 

B 
Sample 

C[1] 
Sample 

D 
Sample 

E[1] 
Sample 

F 
Sample 

G 
Fe 7235 10471 375135 311 26377 117 509
Li 0.97 2.2 4.67 0.14 10 0.1 0.41
Mg 24 47 428 6.1 7896 16.7 13
Al 68 465 967 8.4 11997 37.9 97
Si 33 128 423 488 1133 173 33
Ca 14 73 621 26.8 7681 10.4 12
Ti 12.8 8.6 270 3.0 3700 7.2 8.6
Cr 499 21.4 2799 13.6 379 7.1 34.1
Mn 78 66 4500 8.2 1700 12.3 11.8
Ni 120 14.6 1500 9.1 200 17.8 32.6
Cu 92 25.5 100 1.4 1100 4.6 47.8
Zn 25.9 100 119 7.7 8099 26.9 57
Cd 0.04 0.11 2.2 0.8 1.7 0.1 1.2
Ba 1.6 5.2 0 1.5 170 1.3 9.9
Pb 1.71 3 120 62 1600 4.6 11.9
S 10267 5798 0 6617 61091 6239 4484
Totals 18473 17228.6 386989 7564.7 133135 6676 5363.3

 
Note [1]: Denotes ‘black dust’ sample 
 

Table 10: Detected Elements (ppm) in Selected ‘Elemental Sulphur’ Deposits. 
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As already referenced, the ‘black-powder’ is primarily iron and sulphur in molecular 

combination, although a few samples have been noted to contain Fe only. FeS has both a 

chemical and microbial source in pipelines; it can also exist in a number of different forms. 

According to Baldwin [73] one of two mechanisms creates iron sulphides: 

 
- Chemical reaction of constituents present in the pipeline, usually hydrogen sulphide 

 

- Microbial assimilation of chemical constituents in the pipe and the production of both 

iron sulphides and pipe-wall pitting. 

 

It will be noted that the breakdown of the sixteen most common elements detected in the 

‘elemental sulphur’ samples, as given in Table 10, vary significantly. These samples have been 

derived from differing gas transmission pipeline systems, with some pipelines being internally 

coated and others not. Also some of the source material came from pipeline systems that have 

known ‘black-dust’ deposits. Another feature is the variation in gas composition between the 

transmission systems and in their operating conditions. No doubt the location at which the 

sample was taken from the particular pipeline system would also have some influence on the 

sample composition.  

 
The origin of some of the detected elements may be from a variety of sources and processes, 

however if the composition of soil and crustal rock is studied, it will be noted that there are some 

parallels within the listed elements and those provided by Table 11. This table supplies an 

average composition of soils and crustal rock material according to Warneck (74). 

 
Element Abundance 

(ppm by mass) Element 
Soil Crustal Rock 

Silicon (Si) 330,000 311,000 
Aluminium (Al) 71,300 77,400 
Iron (Fe) 38,000 34,300 
Calcium (Ca) 13,700 25,700 
Magnesium (Mg) 6,300 33,000 
Sodium (Na) 6,300 31,900 
Potassium (K) 13,600 29,500 
Titanium (Ti) 4,600 4,400 
Manganese (Mn) 850 670 
Chromium (Cr) 200 48 
Vanadium (V) 100 98 
Cobalt (Co) 8 12 

 Source: Warneck (1988). 
 

Table 11:  Average Abundance of Major Elements in Soil and Crustal Rock. 
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Sample D, as given in Table 10, has originated from an internally coated natural gas 

transmission pipeline system. In this case the total exposed internal steel wall area is less than 

that for an equivalent uncoated internal pipeline, therefore Fe deposits would be anticipated not 

to be high – as is the case.  It is to be noted that an internally coated pipeline will still have 

significant lengths of ‘uncoated’ pipe. 

 
If the abundance of the ten most common soil elements, as given in Table 11, is compared with 

the corresponding element abundance from the analysis results of sample D, per Table 10, a 

parallel can be obtained between the two sets of results, as provided by Figure 29. It is known 

within the pipeline industry that soil samples can be entrapped in pipelines, mainly from the 

construction and pipe laying operations. These soil deposits have to be regarded as a potential 

contributing source to the foreign particle contaminations observed within the “elemental 

sulphur” samples. Note that the comparison of element abundance in Figure 29 is expressed as 

a logarithmic scale in terms of ppm. 
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Figure 29: Comparison between the 10 Most Common Soil Elements  

and the Abundance of these Elements in a Pipeline Sample 
 
 

8.8 Field Study Example – Turbine Meter 
 

A number of ‘elemental sulphur’ samples have been obtained from varying locations 

downstream of the pressure reduction stages at metering/pressure reduction stations on natural 

gas transmission pipeline systems. Table 12 provides the analysis results from two ‘elemental 

sulphur’ samples from such a metering/pressure regulation station. For this case, one sample 

was taken immediately upstream of an in-line turbine meter, with the second sample taken 

immediately downstream of the meter. For this referenced site the turbine meter is located 

downstream of the station pressure regulation facility. The total pressure cut was some  

5.5 MPa.  
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It is to be noted that the flowing natural gas pressure and temperature conditions immediately 

upstream of the turbine meter will be nearly the same as the downstream conditions of the 

meter. However, there will be a gas velocity variation with the immediate exit velocity from the 

turbine meter being greater than the immediate upstream velocity.  

 

Both Table 12 samples were taken at the time of the removal of the turbine meter from the 

metering pipework. This meter was removed for inspection due to the persistent over-registering 

of gas flow due to the deposition of “elemental sulphur” on meter internals. The referenced 

samples were taken under the same conditions and time. The elements referenced are the 

actual elements found within the samples, with a small group of ‘other’ elements also present. 

 

Element Upstream 
(ppm) 

Downstream 
(ppm) 

Sulphur (S) 849.0 1027.0 
Lead (Pb) 13.0 200.0 
Aluminium (Al) 10.0 437.0 
Calcium (Ca) 19.0 48.0 
Copper (Cu) 271.0 406.0 
Zinc (Zn) 23.0 48.0 
Manganese (Mg) 8.5 310.0 
Nickel (Ni) 27.0 499.0 
Other  41.0 79.7 
Total 1261.5 3054.6 

 
Table 12.  Comparison of ‘Elemental Sulphur’ Elements Sourced Upstream and 
Downstream of a Turbine Meter Situated Downstream of a Pressure Reduction. 

 

From Table 12 it will be noted that the total upstream particle count of the defined elements in 

the ‘elemental sulphur’ sample is considerably less than that for the downstream sample.  

 

Element Upstream 
(ppm) 

Downstream 
(ppm) 

Sulphur (S) 2055.8 1027.0 
Lead (Pb) 31.5 200.0 
Aluminium (Al) 24.2 437.0 
Calcium (Ca) 46.0 48.0 
Copper (Cu) 656.2 406.0 
Zinc (Zn) 55.7 48.0 
Manganese (Mg) 20.6 310.0 
Nickel (Ni) 65.4 499.0 
Other  99.3 79.7 
Total 3054.6 3054.6 

 
Table 13.  ‘Normalised’ Comparison of Results – per Table 12. 
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By normalising both sets of results (by making the two summated sets of elements equal by 

adjusting the upstream values), the following comparison is made, as given in Table 13. Note 

that the remaining composition of the ‘elemental sulphur’ samples comprises of hydrocarbon 

fluids and compounds.   

 
Table 13 provides a ‘normalised’ upstream and downstream element abundance count, whilst 

Figure 29 provides a graphical illustration with the abundance level of all elements expressed as 

the natural logarithm of the respective element ppm readings. As expected, the upstream 

elemental sulphur level is higher than the downstream value. This is because the element 

sulphur count will be higher closer to the source of the desublimation mechanism – namely the 

pressure reduction point.  

 

8.9 Field Study Example – Gas Chromatograph 
 

This case study involved the sample gas supply to a dual on-line process gas chromatograph 

system associated with a significant gas supply input to a major Australian natural gas 

transmission pipeline system. The gas chromatograph system is situated in a remote location 

subject to cyclonic weather conditions, and significant swings in the diurnal temperature. 

 

The particular piece of equipment involved was a “GO” type pressure regulator, as shown in 

Figures 4 and 30. The function of this regulator is to reduce the gas chromatograph natural gas 

sample line pressure from the actual line pressure of the pipeline, being some 7,000 kPa gauge, 

to the actual required sampling pressure requirement of the gas chromatographs, being some 

110 kPa gauge. 

 

Both gas chromatographs are in constant operation, with one unit being the actual operational 

unit and the other being in ‘hot’ standby operation. Each unit samples two individual gas 

streams, the inlet stream to the pipeline and the commingled gas stream downstream of the 

injection point. 

 

On the 18th March 2002, it was noted that the operational gas chromatograph system had failed. 

Subsequent investigations noted that the stand-by unit had also failed, but according to the 

alarm printout, this had occurred on the 3rd March. Although only one of the two sampling 

streams was affected, the loss of the sample gas supply caused the gas chromatograph system 

to shut down. 

 

The site investigators noted that the “GO” regulator had failed. It was also noted that there was 

not gas pressure (flow) from the outlet of the regulator. On removal of this regulator and its 

subsequent dismantle, it was noted by the author that there were ‘elemental sulphur’ deposits 

around the diaphragm.   
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A sample of the ‘elemental sulphur’ deposits was taken together with a photograph of the 

regulator diaphragm housing, as provided by Figures 4 and 30. The sample line from the 

pipeline to the regulator was subsequently removed and inspected. The initial sample line is 6 

mm diameter, reducing to 3 mm diameter. Significant deposits of ‘black powder’ (iron sulphide 

and derivatives) were noted to be in the 6 mm sample line inlet.  

 

These deposits were not significant enough to stop the gas flow in the sample line. ‘Black 

powder’ deposits were not visually noted to be in the regulator diaphragm housing, however, on 

dismantling the regulator housing it was noted that what appeared to be condensate was also 

present with the ‘elemental sulphur’ deposits. Unfortunately, due to the prevailing atmospheric 

conditions (hot, humid weather), the condensate deposits quickly ‘flashed-off’ on the 

diaphragm’s chamber exposure to the atmosphere. 

 

 
 

Figure 30. View of “Elemental Sulphur’ Deposits in “GO” Regulator. 
 
 

As will be noted in Figure 30, the ‘elemental sulphur’ deposits are fine and distinctly yellow in 

colour. The interesting feature of this pressure reduction facility is that it is a continuous 

operation with a reasonably consistent pressure reduction of around 6,000 kPa gauge. The 

period of deposition was unknown, however this observation had provided an ideal observation 

of a near constant pressure reduction and constant flow. It is to be noted that the deposits 

around the diaphragm shaft would be disturbed during the dismantling operations. This means 

that the loose particles observed to be in the regulator chamber, as shown in Figure 30, would 

have been around the diaphragm shaft.  

 

A new regulator was fitted with the following operating characteristics noted: 
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 Inlet pressure to regulator: approximately 7,000 kPag 

 Pressure reduction:  outlet set to 110 kPag 

 Gas chromatograph rotameters: 

 

  Unit number 5010: 50 % and 58 % respectively 

  Unit number 5011: 70 % and 58 % respectively 

 

  Rotameter for stream # 2 flow range:  0 to 1,180 cc/m. 

  Rotameter for stream # 3 flow range:  0 to 472 cc/m. 

 

  Both identical gas chromatographs, both operational. 

 

 Regulator chamber dimensions: 

 

  Inner diameter of chamber: approx 40 mm 

  Diaphragm shaft diameter: approx 3 mm. 

 

 Total flow requirement: 

   = (1180 x 0.5 + 472 x 0.58) + (1180 x 0.7 + 472 x 0.58) 

   = 1,964 Acm3/m 

   = 2.827 Am3/day  

 

Now pressure at rotameter inlet is approximately 100 kPag, with temperature at near 

ambient conditions. Taking a mean daily temperature of 298 K, and typical inlet gas 

composition, the gas density at the given conditions is computed as: 

 

Gas quality information: 

 

 Calorific value:  40.6627 MJ/m3 

 Base density:  0.8210 kg/m3 

 Relative density: 0.6700 

 Molar mass:  19.3585 kg/kmol 

 

Gas density at operating conditions, per AGA-8 calculation: 

 

 Line density:  1.5699 kg/m3 

 

Mass flow of gas: 

  = 2.827 x 1.5699 kg/day 

  = 4.438 kg/day. 
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This replacement regulator failed on the 12th September 2002. Although the thesis author was 

not present at this time, the site technicians were requested to remove and dismantle the 

regulator and note if there was any ‘elemental sulphur’ deposits within the regulator diaphragm 

housing. This proved to be the case. Also noted was the initial presence of a light oily film on 

the diaphragm internal housing.  

 

From the observations made, the ‘elemental sulphur’ deposits around the diaphragm shaft were 

the cause of the regulator failure, with the deposition conditions being similar. Unfortunately, this 

regulator had to be cleaned and returned to service pending the receipt of a replacement unit; 

therefore further analysis could not be undertaken. However, from subsequent investigations, it 

is considered reasonable to assume that the deposition process and volume would be similar to 

that observed on the 18th March 2002.  

 

From a later investigation of site and maintenance records by the author, it was noted that the 

catalyst for the sulphur desublimation process would have been the failure of the regulator 

heater. The purpose of this heater element is to maintain the gas flow within the diaphragm 

chamber well above the gas cricondentherm value to ensure that there is no hydrocarbon liquid 

formation. As this heater temperature is set at about 308 K, if operational, this temperature 

condition would not be conducive to ‘elemental sulphur’ formation.   

 

Now without the heating of the gas flow, the following temperature conditions would be 

approximated across the diaphragm: 

 

 Gas inlet temperature:  Approximately 293 K (average condition) 

 Gas outlet condition:  Pressure reduction of approximately 6,900 kPa 

     would result in an approximate value of 258 K 

 

Investigations also noted that this replacement regulator failed the day after installation (19th 

March 2002) due to a power supply fuse failure. Apparently from an inspection of the regulator it 

was noted that there had been ingress of water into the heater element housing. This moisture 

was due to the heavy rain experienced at the site on the evening of the 18th March. The housing 

was subsequently dried out and the fuse replaced. The regulator was then noted to be 

operating satisfactorily and returned to service. Unfortunately, a check was not made on the 

operation of the heater element. 

 

In view of the above situation, it is reasonable to assume that the heater ceased to be 

operational on the 19th March; therefore the regulator had been in operation for some 177 days.  
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This situation has provided an exceptional opportunity to determine the level of sulphur 

deposition under conditions of a known flow rate and reasonably consistent operating 

conditions. 

 

Based on a daily flow of 4.438 kg of natural gas going through the regulator, the amount of gas 

required for the period of operation, namely 18 March to 12 September, would be 785.5 kg. 

Now clearly, there would have been some level of degradation of the sample gas stream to the 

gas chromatographs over this period of operation. The regulator would have partially 

compensated for the ‘elemental sulphur’ deposition around the regulator orifice / diaphragm 

shaft, by opening up the orifice area more fully to permit the passage of the required gas flow 

rate. However, there would still be some decay in the gas flow rate experienced at the gas 

chromatograph. 

 

With knowledge of the operation of the gas chromatograph sampling system, together with the 

operation of the regulator, a reduced total flow figure of 600 kg, or 382 Am3 is considered 

realistic.  

 

From the observations made of the regulator diaphragm chamber and the ‘elemental sulphur’ 

deposits on the 18th March 2002, the following is an estimate of the volume of the ‘elemental 

sulphur’ material formed for the period 18th March to 12th September 2002, inclusive: 

 

An unknown portion of the nucleating particles will have flowed through the regulator 

orifice in the gas stream. The volume of material actually deposited is determined as the 

volume of a ring with the following dimensions: 

 

Inner diameter:  3 mm (diameter of diaphragm shaft) 

Outer diameter:  10 mm (approximate mean diameter) 

Inner thickness:  3 mm (build-up against shaft) 

Outer thickness: 0 mm (tapered build-up) 

 

Total volume:   = [(π x (5)2 x 1.5) – (π x (1.5)2 x 1.5)] 

   = 107.2 cc3 

   = 107.2 x 10-9 m3 

   

Expressed as a volume fraction of the gas flow, this represents 0.000281 ppmv, or one part 

deposition material to 3.56 x 109 parts gas. 

 

The above calculations and observations produce some differing results with respect to the 

possible amount of ‘elemental sulphur’ deposited. This case study is of interest as the number 

of particles (nuclei) forming per unit time will be small and therefore the condensation and 
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coagulation processes will be limited. The velocity of the gas will be high, by design, as it is 

important that the gas sample analyzed by a transmission pipeline gas chromatograph is at as 

near real time as possible. This means that the gas retention time in the sampling lines is kept 

to a minimum. 

 
Now from an inspection of the sulphur equilibrium map, as given by Figure 17, and applying the 

pressure and temperature conditions across the regulator, it will be noted that the sulphur 

saturation level will go from approximately 8 x 10-9 to probably near 10 x 10-12, giving a total 

maximum level of sulphur deposition of approximately 1 part in 12.5 x 109 parts of gas. This is to 

be compared with the estimate above of 1 in 3.56 x 109 parts. This is better than an order of 

magnitude in agreement and provides re-assurance that the calculation approach based on the 

‘sulphur equilibrium map’ equations is a good estimator. The fact that the estimate is higher 

than the observed amount is also re-assuring, as what percentage of the formed particles 

passed through the regulator is unknown.    

 

The sulphur equilibrium map indicates that the amount of sulphur that could desublimate from 

the gas stream, for the period under investigation, is approximately 1 part in 12.5 x 109 parts of 

gas. However, the size of the observed deposit indicates that the amount of deposition material 

is one part to 3.56 x 109 parts gas – this is assuming that the total deposit is sulphur. The results 

from the ICP-MS analysis demonstrate that the “GO” regulator sample is predominantly 

hydrocarbons. The discrepancy between the sulphur equilibrium map and calculated amount of 

sulphur from the deposit size is most likely due to: 

 

(a). The formed nuclei having been generated at a low rate with the resulting condensation 

and coagulation process is limited. This is demonstrated by the fine and reasonably 

consistent crystal structures given in Figure 32. Due to this factor there is no doubt that 

much of the formed material, due to the desublimation of the sulphur vapour, would 

have traveled in the gas stream through the regulator. The vena-contracta is 

downstream of the maximum flow restriction – this being the point of maximum 

desublimation. 

 

(b). It is highly unlikely that the natural gas stream will be completely saturated with sulphur 

vapour at the flowing conditions immediately upstream of a pressure reduction facility. It 

must be appreciated that the sulphur equilibrium map determines the maximum sulphur 

vapour level in the gas stream. 

 

(c). The sampling probe location in the gas supply pipeline. It is unlikely that existing 

hydrocarbon liquid, or other liquid deposits already in the mainline gas stream would 

enter the sample line. This means that any agglomeration processes that could result 

from such deposits would be extremely unlikely in the gas sampling system. Such 

processes would be far more likely to occur in the actual pipeline gas stream. 
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This exercise clearly demonstrates that the level of desublimated sulphur required for the 

deposition process is extremely small – well and truly at sub ppm levels. It also confirms why 

deposits have been noted within transmission pipeline systems many kilometers downstream of 

pressure reduction facilities. Figure 38 is an example of this situation. The coalescing filter is 

collecting the ‘elemental sulphur’ most likely formed by homogenous and heterogeneous 

nucleation processes occurring over many prior kilometers of pipeline. 

 

8.10 Microscopic and Analytical Results for the “GO” Regulator Example. 
 

From the ICP-MS analysis performed on both the ‘elemental sulphur’ sample taken from within 

the regulator diaphragm housing and the ‘black-powder’ deposit at the inlet to the sampling line, 

the following spectra were obtained and leads to Table 14. 

 

Note: For Table 14, with the exception of the iron (Fe) values, all readings are in ppmv. Fe is in 

percent of total sample composition. 

 

Element ‘Elemental 
Sulphur’ ‘Black Powder’ 

Fe (%) 0.066 >40 

Li 0.08 0.22 

Mg 5.8 13998 

Al 8.3 2642 

Si 258 3080 

Ca 25 1388 

Ti 1.8 125 

Cr 9 107 

Mn 4.3 65000 

Ni 16 2499 

Cu 0 3946 

Zn 18 25 

Cd 6.8 0.06 

Ba 0.58 8.4 

Pb 0.92 3.5 

S 702 5920 
 

Table 14.  ICP-MS Results of “GO” Regulator Contamination Deposits. 
 

 

With respect to the ICP-MS results given in Table 14, it is interesting to note that the given 

elements make up nearly one half of the ‘black-powder’ sample, with Fe being by far the most 

predominant element. These results are consistent with the observation of a black gritty powder. 
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Although the sulphur count is high, it must be appreciated that the black powder is mainly made 

up of FeS and derivatives. For the ‘elemental sulphur’ deposit analysis results it can be seen 

that ratio of iron to sulphur is greatly reduced, however Fe is still the most dominant element. 

The main constituent of the sample is hydrocarbons. Due to the very significant pressure 

reduction, and subsequent temperature quench conditions across the regulator, it is expected 

that there would be a reasonable level of hydrocarbon liquid formation. This example clearly 

demonstrates the nucleation, condensation and coagulation processes occur at points of 

significant pressure reduction.  

 

Despite the above analysis, the ‘elemental sulphur’ sample still maintains a distinct yellow 

colour, as demonstrated by Figures 4 and 30. Unfortunately due to the initial sample volume for 

the ‘elemental sulphur’ deposit and the sampling requirements of the ESEM and ICP-MS, it was 

not possible to obtain a total ion chromatogram. However, this was not the case for the ‘black-

powder’ sample, the total ion chromatogram for which is given in Figure 31. 
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Figure 31.   Total ion chromatogram of ‘Black-Powder’ Deposits 
at Inlet of Sampling Line to “GO” Regulator. 

 
 

From Figure 31 it can be noted that the majority of the hydrocarbon components present have 

molecular mass values greater than that of elemental sulphur (greater than 256). Table 13 

provides the ICP-MS analysis of the composition of the particle matter within the ‘elemental 

sulphur’ contamination deposit taken from the “GO” regulator. As will be noted, a considerable 

number of trace elements together with heavy hydrocarbon components (MW greater than 256) 

form the contamination deposit.   

Sulphur 
M.W. = 256
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The electron microscope view of the ‘elemental sulphur’ sample taken from the diaphragm of 

the “GO” regulator is given in Figure 32. Note the reasonably consistent and fine crystal 

structure. The loose structure is indicative of the presence of hydrocarbon deposits. 

 

 
 

Figure 32. Electron Microscope View of the 
‘Elemental Sulphur’ Sample from the ”GO” Regulator. 

 
 

8.11 Potential Sources for Observed Particles. 
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Figure 33. Normalised Comparison of Results per Table 12 – Element  
Abundance Expressed as the Natural Logarithm (LN) of Given Values. 
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An excellent example for this investigation has been the turbine meter upstream and 

downstream analysis results, as provided in Table 12 and Figure 33. 

 
What is of interest in this comparison is the substantial increase in abundance of lead, 

aluminium, manganese and nickel for the downstream sample. With the normalised 

downstream elemental sulphur level approximately half that of the upstream level, the remaining 

elements proportionally taken up this difference (Ca: - 4.3%, Cu: 38.1 %, Zn: 13.8 %, other: 

19.7 %) with the exception of the Pb: - 534.9 %, Al: - 1705.8 %, Mg: - 1404.9 % and Ni: - 663 %.  

 
The reason for the significantly higher levels of lead, aluminium, manganese and nickel could 

be due to a number of separate sources and/or chemical reactions. The following sources for 

these metals, although hypothetical, are considered plausible for a natural gas transmission 

pipeline system. It is highly likely that lubricating greases and anti-seize compounds are the 

source of these elements. It is also highly likely that retrograde condensation in the region of 

pressure and temperature quenching has liberated and subsequently transported the material to 

the coagulation / conglomeration process forming centres. 

 

Lead and manganese: – These metals may be derived from lithium-based grease with an 8-

hydroxyquinoline complex containing either lead or manganese. 8-hydroxyquinoline has a 

chemical formula of C9H7NO and can form a series of complexes with ions of metals such as 

lead and manganese. According to Sulek (75) the addition of a metal 8-hydroxyquinoline complex 

to a lubricant improves the motion resistance and anti-wear properties of the lubricant. Such 

lubricants are used on pipeline systems.  

 

Should lead be used as the metal additive to the 8-hydroxyquinoline complex, then the following 

reaction will occur: 

2C9H7NO + Pb = C18H12N2O2Pb + H2   - (xxx) 

 

The 8-hydroxyquinoline lead complex formed from this reaction becomes the active property in 

the grease with respect to the improvement of motion resistance and anti-wear properties. This 

additive has the following chemical structure: 

 
 
                
            ----O       N 
 
 
                            
            N   O___  

 
 

 
Figure 34. 

Chemical Structure of 8-Hydroxyquinoline Lead Additive used in Lubricants. 

Pb
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If some of this lubricant had been absorbed within the downstream ‘elemental sulphur’ sample 

this would provide a lead reading in the GC-MS analysis. Alternatively, a compound of lead 

could be deposited through a chemical reaction: 

 

C18H12N2O2Pb + H2S = 2C9H7NO + PbS   - (xxxi) 

 

Sulek (76) provides another potential source for the metals in his statement that; “grease is a 

mixture of a fluid lubricant (usually oil) and a thickener dispersed in oil. The most popular 

thickeners are soaps of calcium, lithium, lead and aluminium”. 

 

Aluminium: As already referenced, aluminium is used as a thickener (soap of aluminium) in 

grease. Although a significant part of turbine meter internals are made from aluminium, the 

aluminium surfaces in contact with the gas stream will be protected by a film of aluminium oxide 

(Al2O3). The Al2O3 provides a protective coating for the aluminium. Any reaction with the 

aluminium surfaces by a known corrosive element within the gas stream, such as H2S, CS2, 

COS, is unlikely, or would occur very slowly, as the standard-state equilibrium constant for such 

reactions are considerably negative.  

 

  Al2O3 + 3H2S = Al2S3 + 3H2O  Log10K0 = - 57.88 - (xxxii) 

 

However, should the aluminium surface be damaged through some mechanical action, such as 

an abrasive action or impact of a solid particle travelling in the gas stream, then the exposed 

aluminium (Al) surface is extremely prone to chemical reaction from corrosive elements and 

moisture in the gas stream. For example:  

 

  2Al + 3H2S = Al2S3 + 3H2  Log10K0 = 94.69  - (xxxiii) 

 

  2Al + 3H2O = Al2O3 + 3H2  Log10K0 = 157.06 - (xxxiv) 

 

As the standard-state equilibrium constant for such reactions are highly positive, the two given 

reactions would occur very quickly and completely. 

 

Therefore, any aluminium contribution from the turbine meter internals would be expected to be 

limited to the result from mechanical damage. The aluminium deposition process in the 

‘elemental sulphur’ sample could be either through direct deposition of aluminium particle(s) 

from the mechanical damage, or through chemical reaction on the exposed surface (due to 

mechanical damage) and resulting disbonding from the surface of the reaction product. 

 

Nickel: This element is used in anti-seize compounds that are usually applied to the gasket 

faces to provide a seal between pipe flanges and flange/valve; flange/meter faces on natural 
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gas transmission pipelines. Therefore it would be expected that such gaskets would be located 

at the interface of the turbine meter upstream and downstream faces with the pipe work. No 

doubt, some of this nickel/graphite paste would come into contact with the flowing gas stream 

and have the potential to be transported downstream and hence become part of the ‘elemental 

sulphur’ sample due to the process of coagulation. 

 

In summary, the possible sources of the additional contribution for the four identified metals 

suggest the presence of lubricants, as can be used in a natural gas transmission pipeline 

system. Mechanical damage also needs to be considered in the case of aluminium. Again, this 

indicates the need to minimize the potential for any carry-over of lubricants, oils, hydrocarbon 

and other fluids within the pipeline system. 

 

8.12 Hydrocarbon Impregnation of ‘Elemental Sulphur’ Deposits. 
 

It was not until the ESEM studies of ‘elemental sulphur’ samples commenced that it was 

confirmed that hydrocarbon elements are a major component of the “elemental sulphur’ gas 

transmission pipeline deposits. Although suspected as being the ‘binding agent’ of the deposits 

prior to the commencement of the ESEM studies, the behaviour of the samples during the set-

up phase of the ESEM alerted that there was a transition occurring within the studied samples. 

It was noted that the crystalline structure of the samples would change shape and ‘clarity’ as the 

stability of the ESEM vacuum condition was being reached. Subsequent investigation of this 

observed behaviour became the catalyst for scrutinizing the role that hydrocarbon based 

compounds found within transmission pipeline systems may play in the deposition process.  

 

What was being observed was the further flashing of some hydrocarbon components within the 

sample as vacuum conditions were being reached by the ESEM. 

 

This observation led to the requirement to perform further studies of the pipeline samples using 

the ICP-MS and GC-MS. From these studies the depth and complexity of the involvement of 

hydrocarbon based compounds became clearly evident. This proved to be a major milestone in 

the quest to understand the particle formation and deposition processes. 

   

Figures 35 and 36 demonstrate the difference between samples that have a high and a low 

hydrocarbon impregnation. The Figure 35 sample, which has high paraffin content, does not 

have a clear, sharp boundary for the crystals, as demonstrated in Figure 36. The Figure 35 

sample had a dull, uneven olive colour, whereas the Figure 36 sample displays a distinctive 

clear yellow colour. [Note: The presented ESEM Figures are monochromatic and therefore do 

not display the referenced colours]. The differences between Figures 35 and 36 provide an 

indication as to what was being observed during the ESEM set-up phase. What was initially 

seen as a group of crystals with relatively indistinct boundaries would change to have more 
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distinct boundaries and, in some cases, other crystals would become evident. The change in 

colour of the samples also confirms the flashing of the hydrocarbon components.  

 

 
Figure 35: Electron Microscope View of High Hydrocarbon 

impregnated ‘Elemental Sulphur Sample. 
 

 
Figure 36: Electron Microscope View of Low Hydrocarbon 

Impregnated ‘Elemental Sulphur’ Sample. 
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Figure 35 displays a greater proportion of ‘dark’ areas in comparison to Figure 36. These ‘dark’ 

areas are the referenced hydrocarbons. The crystal structure in Figure 36 is more compact. 
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Figure 37: Temperatures at which Solidification occurs for given Paraffins. 

 
 

Figure 37, which has been developed from the NIST Standard Reference Database 4, 

demonstrates the temperature at which given paraffins will commence to solidify. As this 

information is for the pure components, it must be used as a guide only for the interpretation of 

conditions within a natural gas pipeline. In the majority of cases the reference paraffins will be 

present as a mixture of varying hydrocarbon components. This means the phase characteristics 

of the mixture will have some unique characteristics.  

 
Figure 38 demonstrates ‘elemental sulphur’ deposits in an in-line coalescing filter. These 

deposits had obviously been transported a considerable distance within the transmission 

system, as the nearest point of considerable pressure / temperature variation is some 

140 km upstream of the coalescing filter facility. It may also be possible that some of the 

particles deposited in this coalescing filter may have formed at various points along the pipeline 

that were not subjected to a significant pressure reduction situation. Typically, such particles 

could be FeS derived from the internal pipe walls.  
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Figure 38: ‘Elemental Sulphur’ Deposition in a Coalescing Filter. 
 

_________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 111

CHAPTER 9 
 
THE ROLE OF HYDROGEN SULPHIDE 
 
 
A number of the chemical reactions given in Chapter 5 show how H2S can play a major role in 

the formation of elemental sulphur and other sulphur derivatives. It is known [77] that the growth 

of sulphate reducing bacteria (SRB) in hydrocarbon reservoirs is primarily caused by an 

increase in H2S. 

 

This poisonous, foul smelling gas not only occurs as a free gas in the oil and gas field, but due 

to its high solubility it can be in solution with the oil and associated brine. H2S is highly corrosive 

to steel and will readily attack field production and transportation equipment it comes in contact 

with. 

 

Tissot [78] states that the existence of H2S together with SO4
2- contained in rocks at great depth 

and high temperatures often result in formation of free sulphur. Free sulphur and H2S together 

may form polysulphides, which in turn destroy methane and generate H2S. According to  

Selley [79], H2S can be formed by sulphate-reducing bacteria working on metallic sulphates, 

principally iron, according to the following reaction: 

 

2C + MeSO4 + H2O = MeCO3 + CO2 + H2S   - (xxxv) 

where Me = metal 

 

As ‘elemental sulphur’ deposits have also been found in pressure regulation equipment 

associated with the outlet of natural underground gas storage facilities, the reference Selley 

makes to the formation of H2S from anhydrite (CaSO4) is of particular interest. Anhydrite is a 

natural mineral and can be found in salt plugs and domes. Salt cavities are a common 

underground storage facility for natural gas. This author states that anhydrite, in the presence of 

organic matter, may be converted to calcite with the reaction leading to the generation of H2S. 

The chemical equation being: 

 

CaSO4 + 2CH2O = CaCO3 + H2O + CO2 + H2S   - (xxxvi) 

where 2CH2O = organic matter 

 

H2S is normally a very small component within the pipeline natural gas composition, generally in 

the order of parts per million (ppm). However, due to the solubility of sulphur within H2S, and the 

reactive characteristics of it, the role this compound plays in the pipeline deposition processes 

cannot be ignored.  
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As there is a need to be able to predict the sulphur vapour equilibrium levels within natural gas 

compositions, so there is also a need to understand and predict the solubility of sulphur in H2S 

under differing conditions of pressure and temperature. Unfortunately little published data is 

available on this topic. However, some valuable information has been sourced from the studies 

of Gu [80] into the phase behaviour of high H2S content natural gas mixtures. 

 

Table 15 summarises the results from Gu with respect to the solubility of sulphur in pure H2S. 

Figure 39 provides a comparison between the solubility levels measured by Gu with predictions 

based on the sulphur equilibrium map developed in Chapter 6, with full technical details given in 

Chapter 18. By replacing the natural gas composition components with H2S, the sulphur 

equilibrium map sulphur vapour solubility in H2S is obtained. Figure 39 provides a plot of the 

locus of the p,T points that give rise to a solubility of 0.0048mole fraction of sulphur vapour in 

H2S. Very good agreement, at 363.15 K, between the experimental values of Gu (psat =11,380 

kPa) and the prediction (psat = 11,218 kPa) from this research is demonstrated. The agreement 

(within 6 %) provides added confidence that the derivation in Chapter 6 is valid.  

 

It will be noted from Table 15, that the solubility of sulphur in H2S increases with pressure.  

 
Pressure 

(kPa.) 
Temperature 

(K) 
Solubility 

(mole fraction) 
11,830 363.15 4.832E-03 

14,790 363.15 5.081E-03 

19,140 363.15 7.313E-03 

25,860 363.15 8.053E-03 

31,030 363.15 9.523E-03 

36,210 363.15 1.054E-02 
 

Table 15. Solubility of Sulphur in Hydrogen Sulphide 
(adapted from Gu [81]) 

 
 

It is interesting to note that for the studied gas composition, the ‘sulphur vapour equilibrium map’ 

values at normal pipeline operating conditions, are very similar to the results that can be derived 

from Figure 39 for the solubility of sulphur in H2S. For example, for the equilibrium curve of 

5.0E-02 ppmv on Figure17, the pressure value of 6,000 kPa has a temperature of 319 K, 

whereas from Figure 39, for the pressure value of 6,000 kPa, the temperature value is 315 K. 

Hydrogen sulphide can react with pipe scale to give iron sulphide according to the reaction: 

 

Fe2O3 + 3H2S = 2FeS + 3H2O + S Log10K0 = 12.598 - (xxxvii) 

 

Fe3O4 + 4H2S = 3FeS + 4H2O + S Log10K0 = 18.184 - (xxxviii) 
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It will be noted from Table 8 that alkenes, also referred to as olefins, are present in the studied 

compressor lubrication oil deposits. An alkene is an unsaturated hydrocarbon of the ethene 

series and has the general formula CnH2n. One common example found is cyclotriacontane 

(C30H60).  
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Figure 39. Solubility of Sulphur in Hydrogen Sulphide 

 
It would appear that alkenes might react with H2S to form a paraffin (CnH2n+2) and sulphur. The 

paraffin triacontane (C30H62) is found in the analysis results, however this does not mean it has 

been derived from the following reaction. 

 

  C30H60 + H2S = C30H62 + S     - (xxxix) 

 

Unfortunately reliable information on the enthalpy of formation and entropy for cyclotriacontane 

and triacontane could not be located, therefore it is unknown if this reaction favours the 

products. However, through the investigation of the potential for lower order olefins to react with 

H2S, the following has been determined: 

 

  C4H8 + H2S = C4H10 + S   Log10K0 = 9.388  - (xl) 

  Butene + hydrogen sulphide = n-butane + sulphur 

 

  C8H16 + H2S = C8H18 + S  Log10K0 = 9.336  - (xli) 

  Octene + hydrogen sulphide = n-octane + sulphur 
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Likewise, there is also the potential for mercaptans to form a paraffin plus sulphur. The catalyst 

for this reaction is unknown; however for the following elements at 298.15 K, the following 

reaction is likely to occur under the relevant conditions: 

 

  C4H9SH = C4H10 + S   Log10K0 = 3.091  - (xlii) 

  Tert-butyl mercaptan = n-butane + sulphur 

  

Although olefins (alkenes) may be present in a natural gas stream in very small quantities, the 

potential contribution to the elemental sulphur formation process through the chemical reaction 

of this category of hydrocarbons with H2S cannot be ignored.  This also applies to the possibility 

of a mercaptan being converted to a paraffin and sulphur under some catalytic condition. 

 

An interesting observation made with respect to the results of measurement of H2S levels at 

selected points along natural gas transmission pipelines has been the noted deviation in such 

readings. It has been found that a reading made immediately downstream of a gas treatment 

facility will indicate a very low level of H2S, however at a point many kilometres downstream, a 

much higher level of H2S is detected. This is believed to be due to the conversion of COS to 

H2S in the presence of water vapour according to the reaction: 

 

COS + H2O = CO2 + H2S 

 

This observation supports the sulphur ‘transportation’ process.  

 

The question is raised as to what should be the allowable maximum content of H2S in the gas 

stream. Clearly the answer to this question is going to be a balance of what can be tolerably 

sustained for safe and economical pipeline operations, the gas consumer expectations, and 

what the gas producer/processing facility can achieve reliably, consistently and economically. 

From a review of appropriate literature, the long-standing ¼ grain per 100 SCF appears to still 

be the criterion. This is because many gas processing facilities, due to the technology being 

used, cannot realistically meet a lower specification. This specification equates to 5.72 mg/Sm3 

or approximately 4 ppm.  

 

_________________________________ 
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CHAPTER 10 
 
THE ROLE OF CARBONYL SULPHIDE 
 
 
Carbonyl sulphide (COS) is a naturally occurring compound in natural gas. Because natural gas 

is usually saturated with water at the wellhead much of the COS is hydrolysed to H2S before 

processing. This can be represented by the following reaction: 

 

H2S + CO2 = COS + H2O   - (i) 

  

Interestingly due to the natural gas dehydration process the adsorbents used will, through the 

removal of the water in the gas stream, tend to drive the reaction towards the formation of COS. 

This is particularly the case with molecular sieves, which are the strongest dehydration agent. 

The potential for COS formation can be controlled by modifying the molecular sieve through 

having a higher residual water level on the mol sieve. This will reduce the degree of dryness of 

the processed gas and thus reduce the driving force to form COS. 

 

COS is usually found in the propane (C3H8) fraction, as both components have a similar boiling 

temperature (231.05 K for C3H8 and 222.95 K for COS). Since essentially all the COS formed is 

concentrated in the liquid propane it is obvious that a low propane concentration in the feed will 

require a very low COS concentrations in the mol sieve drier effluent. For example, if the inlet 

gas is 3.514 mol % propane (per Table 5) then the effluent from the mol sieve beds must be 

reasonably less than 0.2 ppmv COS in order to make a 5 ppmv COS spec in the liquid propane. 

 

Through extended natural gas sampling analysis, it has been reported [83] that the frequency of 

COS being identified in facilities downstream of gas processing plants has been on the rise. 

Indeed Lutz [84] states that COS is formed to a high extent on all A-type zeolite molecular sieves 

after sorption periods amounting to 20 h or more. This issue is discussed further in Section 13.2 

on molecular sieves. 

 

COS will react with OH- (the hydroxyl anion) to form HS- (hydrogen sulphide anion) and CO2, 

according to the reaction:  

 

  OH- + COS = HS- + CO2  Log10K0 = 34.359  - (xliii) 

 

As the Standard-state equilibrium constant (Log10K0) is considerably positive, this indicates that 

the formation of the products is very much favoured by the reaction and that the reaction will be 

complete and fast.  
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Therefore, although mechanisms may be in place in the gas-processing phase to remove an 

unwanted sulphur component such as H2S, there are effective chemical reactions that occur 

across the processing phase that will permit the regeneration of the sulphur downstream of the 

gas processing facility.  

 

COS may also react with H2S to form CS2 

 

COS + H2S = H2O(l) + CS2  Log10K0 = 6.790  - (xliv) 

 

______________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117

CHAPTER 11 
 
THE CONTRIBUTION FROM OILS & OTHER HYDROCARBON BASED 
FLUIDS. 
 
 
As highlighted in Chapter 8, oils and other complex hydrocarbon components have been found 

to be a common element of the studied ‘elemental sulphur’ deposition samples. The source of 

these hydrocarbon fluid contaminants may be from within the pipeline system, however they 

can also be derived from the interfacing gas processing plants. 

 

It has been determined [85] that the average sulphur content of crude oils, based on 9347 

samples, is 0.65 % 

 

A natural gas transmission system requires a variety of oils and greases for the extensive range 

of lubrication requirements associated with its ongoing operation and maintenance. These 

lubrication requirements may cover rotating equipment (on-line compressors), valves, gaskets, 

measurement systems and moving/removable parts in pressure vessels. The oil usage rate for 

compressor seals in good order could be expected to be of the order of 0.5 litres/hour.    

 

Retrograde condensation due to pipeline gas transportation operations is no doubt another 

source of hydrocarbon liquids, as is carry-over of some additives from gas processing plants 

operations. Glycol, used as a gas dehydration agent, is an example of such a carry-over 

substance.  

 

The ICP-MS and GC-MS studies have demonstrated that the majority of the hydrocarbon liquids 

found have been of a straight, saturated chain structure. However, more complex molecular 

structures have also been detected. The study of the impact of these oil stocks, which can 

collectively have a very broad range of molecular size, composition and structure, has been 

important in the understanding of the ‘elemental sulphur’ formation and deposition processes.  

 

The lubricants used in natural gas processing plants and on transmission pipeline systems can 

be broadly categorized as coming from two stock sources, namely: 

 

- mineral oil based, and  

- synthetic oil based. 

 

Both categories of oils appear to have a direct influence on the ‘elemental sulphur’ formation 

and deposition process. However due to the unique differences in the properties of mineral and 

synthetic oils, the reaction processes do differ. Mineral oils, due to their cost, are probably still 

the most widely used base stock although synthetic oil based stock is rapidly gaining ground 
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due to an overall superior performance. Mineral oils are usually a complex mixture of paraffinic, 

naphthenic and aromatic compounds.  

 

The mineral oils are based on crude oil stock. According to Streitwiesser [86] all crude oils 

contain sulphur in one or several forms including elemental sulphur, hydrogen sulphide and 

carbonyl sulphide. 

 

Of particular interest to these studies is the variety of additives that can be found in lubricating 

oils, greases, anti-seize compounds and other hydrocarbon based fluids that are used on 

natural gas transmission pipeline systems. To understand why these additives are used, an 

appreciation of the properties of base stock, which is generally mineral oil, together with the end 

performance requirements for such lubricants is required. 

 

The higher hydrocarbons that can be introduced into the pipeline system through the lubricating 

oils and greases can react with any H2S, mercaptans (RSH) and COS that may be in the gas 

stream to form additional dense and insoluble deposits. Such deposits not only have the 

potential to form an agglomerate deposit with the ‘elemental sulphur’ deposits, but also 

adversely impact any rotating plant using the contaminated gas as a fuel or, alternatively 

adversely impact the proper operation of ball valves and other control equipment in the pipeline. 

 

Although the requirements for lubricants will vary according to the application, the performance 

requirements will generally include: 

 

- A high viscosity index, 

- A low pour point (low wax content), 

- Long life, 

- Low cost, 

- Good anti-wear properties, 

- Low vapour pressure, and 

- Good overall lubrication qualities. 

 

Additives that may be found in lubricating oils are: 

 

- Corrosion inhibitors – to protect surfaces against chemical attack from contaminants 

which may collect in the lubricant, 

  

- Friction modifying agents – to minimize wear between surfaces, generally by forming a 

protective film on contact surfaces, 
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- Oxidation inhibitors – to increase resistance to oxidation and therefore increase 

operating life of oil (of particular interest as sulphur compounds are commonly used to 

provide natural antioxidant properties), 

 

- Foam inhibitors – to reduce the formation of foam, 

 

- Detergents – generally for combustion engines to help neutralize acidic contaminants 

(such additives are not expected to be found in the natural gas stream – therefore will 

not be further considered for investigation), 

 

- Pour point depressants – to reduce the pour point temperature of the lubricant 

(generally will only apply to very low operating temperature requirements – therefore will 

not be further considered for investigation), 

 

- Rust inhibitors – to provide additional protection for iron and steel components from 

rusting, and 

 

- Viscosity index improver – to make the oil’s viscosity less sensitive to temperature 

changes. 

 

The above details on additives have been adapted from O’Neill [87]. 

 
Mineral oil 

type Structure Viscosity index Density Pour 
point 

Paraffinic 
High number 
of saturated 

chains 

High – generally 
above 80 Low High 

Naphthenic High number of 
saturated rings 

Low to medium – 
generally 
30 to 80 

High Low 

Aromatic 
High number 
of conjugated 

rings 

Very low – 
generally 
below 30 

Very high Very 
low 

 
Table 16. Basic Characteristic of Mineral Oils. 

 
 

Table 16 lists some of the basic characteristics of mineral oils. As already referenced, mineral 

oils are usually a complex mixture of paraffinic, naphthenic and aromatic compounds.  

 
Mineral oils typically contain a significant amount of tertiary hydrogens and have a broad range 

of molecular sizes and structures. Tertiary hydrogens react with radicals at a significantly faster 

rate than secondary hydrogens. Song [88] quotes a reaction rate for tertiary hydrogens of more 

than ten times faster than for secondary hydrogens. The presence of tertiary hydrogen in a 

molecule favours the process of oxidation. This results in mineral oils tending to have relatively 
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poor oxidation stability. If a mineral oil were to be the base stock for a lubricant, then the ideal 

characteristics of the oil would be: 

 

- A high viscosity index, that is having few aromatics and a high proportion of chains, 

 

- Low pour point (little wax content), and 

 

- Sufficient sulphur compound to provide natural antioxidant properties. 

 

Lubrication oils at high-pressure conditions are required to maintain an adhesive thin film on the 

metal (steel) contact surface. Such thin films are usually based on either oxygen or sulphur 

based compounds. Batchelor [89] has found that elemental sulphur is superior over oxygen as 

the base additive for the thin film applications. It is reported that this is due to an extremely rapid 

growth in the sulphide films over that of oxide films under the lubricating conditions. Therefore, 

there are sound technical reasons for the selection of lubricating compounds that have sulphur 

additives. 

 

The following structure represents an ester that typically may be found in synthetic oils. Note the 

presence of oxygen and the bonding arrangement. The double bonded oxygen and the single 

bonded oxygen may be ‘liberated’ if the ester is cleaved. Sulphur containing compounds in the 

gas stream may then readily react with the unbonded oxygen to form elemental sulphur.  

 

 
                  O          O 
 װ          װ       

C8H17 – O – C – C8H16 – C – O C8H17 
 

____________________________________ 
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CHAPTER 12 
 
THE CONTIBUTION FROM OTHER POTENTIAL CONTAMINANTS IN THE 
GAS STREAM. 
 
 
In consideration that it is sub-ppm levels of sulphur in the gas stream that result in the identified 

deposition problems, the impact of other impurities that may be in the gas stream, again even if 

also at sub-ppm levels, are considered important enough to warrant investigation. 

 

Kohl [90] has identified the following gas phase impurities that are required to be removed by 

various gas purification processes in order to meet specifications: 

 

- Hydrogen sulphide, 

- Carbon dioxide, 

- Water vapour, 

- Sulphur dioxide, 

- Nitrogen oxides, 

- Volatile organic compounds (VOCs), 

- Volatile chlorine compounds (e.g., HCl, Cl2), 

- Volatile fluorine compounds (e.g., HF, SiF4), 

- Basic nitrogen compounds, 

- Carbon monoxide, 

- Carbonyl sulphide, 

- Carbon disulphide, 

- Organic sulphur compounds, and 

- Hydrogen cyanide. 

 

The major gas impurities identified in the above list are addressed in more detail elsewhere in 

this report. Although a number of the identified compounds do not play any part in the 

‘elemental sulphur’ formation process, some impact in the deposition processes may occur. This 

is due to the vigorous reaction that some of the compounds have with water and/or their highly 

corrosive reaction on metals, particularly the volatile compounds. 

 

It is not only the trace amounts of some of these impurities in the gas stream that makes them 

difficult to detect, but also their volatility and difficulty presented to sampling and analysis. For 

example, it is well known that the volatile sulphur compounds will tend to adsorb into the 

materials that are commonly used for the taking of field samples of natural gas. This situation 

can also apply to analysis equipment particularly valves, tubing and sample bottles. However, if 

the exposed metal surfaces are covered with polytetrafluoroethene (PTFE), or its newer 

derivatives, sampling for most compounds can be successfully carried out. 
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Although PTFE can be used successfully for sampling most compounds. Recent research [91] 

has shown that FEP PTFE, which is fluorinated ethylene propylene PTFE, exhibits the smallest 

losses for volatile sulphur compounds. However, it was noted that SO2 and the metal sulphides 

still showed large wall losses on the FEP PTFE.  

 

The following chemical equations demonstrate some potential reactions within a transmission 

pipeline system due to the presence of volatile chlorine and fluorine compounds. 

 

4HF(g) + SiO2(s) = F4Si(g) + 2H2O(l) Log10K0 = 15.606 -(xlv) 

  Hydrogen fluoride + silicon oxide = silicon tetrafluoride + water 

 

2HCl(g) + Fe(s) = H2 + FeCl2(s)  Log10K0 = 19.614 - (xlvi) 

  Hydrogen chloride + iron = hydrogen + ferric di-chloride 

 

Other chemical reactions of potential interest are:   

 

2SO2 + CH4 = S2 + CO2 + 2H2O(l) Log10K0 = 38.048 - (xlvii) 

 

2H2S + SO2 = 3S + 2H2O(l)  Log10K0 = 18.808 - (xlviii) 

 

______________________________ 
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CHAPTER 13 
 
THE CONTRIBUTION FROM NATURAL GAS DEHYDRATION PROCESSES. 
 
 
13.1 Natural Gas Dehydration. 
 

Although there are a number of gas dehydration processes, and variations on types, the 

discussion given in this section will be limited to the gas dehydration processes of specific 

interest, that is having a potential impact on the ‘elemental sulphur’ deposition process. 

 

The removal of moisture from a natural gas stream is extremely important for a number of 

reasons. The principal reasons are: 

 

- To ensure hydrates do not form in the transmission pipeline system, 

 

- To assist in the prevention of internal pipeline corrosion, and 

 

- To meet gas quality specifications and other transportation/contractual requirements. 

 

The dehydration of natural gas can be performed through a number of techniques. The volume 

of gas requiring dehydration will, to some extent, determine the dehydration method. There are 

three main absorption methods, being: 

 

- Application of a solid desiccant (e.g. molecular sieve), 

 

- Application of a liquid desiccant (e.g. glycols), and 

 

- Condensation based on expansion refrigeration. 

 

Chemical inhibitors, such as methanol (CH3OH), can be added to the gas stream to prevent 

hydrate formation by reducing the water content in the natural gas stream. From chemical 

equation:  

 

CH3OH + H2S = CH4 + S(s) + H2O  Log10K0 = 15.823 (xxvii) 

 

it is noted that methanol can react with hydrogen sulphide to form sulphur. The careful control of 

the flowing gas temperature and/or pressure conditions in the pipeline system can also be used 

as a means to minimize the prospects of hydrate formation. 
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13.2 Solid Desiccants. 
 

The molecular sieves are known to be the most effective dehydration agent as they provide the 

lowest dew point. However, compared to other solid desiccants they are expensive. Molecular 

sieves also form a dual role in that they can very effectively remove the acid gas components. 

Therefore, in addition to their use for dehydration, the molecular-sieve adsorbents are also used 

for gas purification requirements. Molecular sieves show a high adsorptive selectivity for polar 

and unsaturated compounds. A polar molecule has an uneven charge distribution. Examples of 

polar compounds that can be found in a natural gas stream are water, H2S, SO2, CS2 and the 

mercaptans. These components are strongly adsorbed and therefore effectively removed from 

the natural gas stream. Natural gas is a non-polar compound.  

 

Basic type 
Nominal 
pore dia. 

(Angstroms) 

Bulk density 
of pellets 
(kg/m3)(1) 

H2O 
capacity 
(% wt)(2) 

Molecules 
adsorbed 
(typical)(3) 

3A 3 2.93 20 H2O, NH3 

4A 4 2.81 22 
H2S, CO2, 
SO2, C2H4, 
C2H6, C3H6 

5A 5 2.68 21.5 n-C4H9OH 

13X 10 2.37 28.5 Di-n-propyl 
-amine 

 
Basic type Molecules excluded Typical applications 

3A Ethane and larger Dehydration of 
unsaturated hydrocarbons 

4A Propane and larger Drying saturated 
hydrocarbons 

5A Iso compounds, 4 carbon 
rings and larger 

Separates n-paraffins 
from branched and 
cyclic hydrocarbons 

13X (C4F9)3N and larger Co-adsorption of H2O, 
H2S and CO2 

Notes: 
(1).   Bulk density for 3.2 mm pellets. 
(2).   Kg H2O/100 kg activated adsorbent at 17.5 mm partial pressure and 298.15 K         
adsorbent in pellet form. 
(3).   Each type adsorbs listed compounds plus those of all preceding types. 
 

 
Table 17. Basic Types of Commercial Molecular Sieves. 

[Adapted from Table 12-8 Kohl [92]] 
 

Speight [93] describes molecular sieves as crystalline alumino-silicates that contain relatively 

large cavities that are accessible to adsorbate species through relatively narrow pore mouth 

dimensions. Alumino-silicates are generally more commonly referred to as zeolites. The 
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molecular sieve adsorbents can also be made from other materials and generally can be 

regenerated. 

 

An understanding of the operation of the molecular sieve is important to appreciate how it can 

contribute to the ‘elemental sulphur’ formation process. To quote from Arnold [94] – “The 

molecular sieve process uses synthetically manufactured crystalline solids in a dry bed to 

remove gas impurities. The crystalline structure of the solids provides a very porous material 

with all the pores exactly the same size. Within the pores the crystal structure creates a large 

number of localized polar charges called active sites”. 

  

Polar gas molecules, such as H2S and water that enter the pores form weak ionic bonds at the 

active sites. Non-polar molecules such as paraffin hydrocarbons will not bond to the active sites. 

Thus, molecular sieve units will “dehydrate” the gas (remove water vapour) as well as sweeten 

the gas stream.  

 

As shown in Table 17, molecular sieves are available with a number of pore sizes. The 

molecular sieves differ in operation to the other adsorbents as they can adsorb small molecules 

yet exclude larger ones. The pore size selected will be dependent on the size of the particular 

molecules to be removed from the gas stream. For normal natural gas streams, the components 

to be removed are water and H2S, however it is important that the heavy hydrocarbons do not 

get trapped in the pores.   

 

As with any system, there are some disadvantages associated with the application of a 

molecular sieve for gas dehydration. They can be fouled by impurities in the gas stream such as 

liquid hydrocarbons. CO2 in the gas stream can also be a complicating factor, as the CO2 

molecules are of similar size to the H2S molecules required to be removed from the gas stream. 

Although CO2 is non-polar, the CO2 molecules may still enter the pores. This means that some 

of the CO2 will also be removed. If the CO2 content in the gas stream is high it could have an 

adverse impact on the effectiveness of the pores. To help overcome this potential degradation 

problem, the molecular sieve beds are sized to the particular gas stream composition, as well 

as the dehydration and acid gas removal requirements. 

 

It has been reported [95] that the use of molecular sieves helps to achieve simultaneous water 

and acid gas removal down to very low water contents such as 0.1 ppmv.  

 

It is interesting to note that molecular sieves can be poisoned by traces of glycol, glycol 

degradation products or absorption oils. Although the natural gas supply to a transmission 

pipeline may have been conditioned by a molecular sieve at the gas processing plant, at the 

gas source wellhead a glycol plant maybe in operation, therefore glycol carry-over may be in the 
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gas stream to the molecular sieve. This can be the case for offshore gas that has to be 

transported through a long trunkline to the onshore gas processing facility.  

 

If there are traces of oxygen in the gas supply then the adsorbed H2S in the molecular sieve 

may react with the oxygen to form elemental sulphur according to the following reaction: 

 

2H2S + O2 = 2S + 2H2O  Log10K0 = 68.410 - (x) 

 

As the Standard-state equilibrium constant (Log10K0) is highly positive in equation (x), this 

indicates that the formation of the product is very much favoured by the reaction and that the 

reaction will be complete and fast.  

 

After water, the mercaptans (RSH) are the next most strongly adsorbed compounds in 

molecular sieves, however the mercaptans are generally more strongly adsorbed than H2S. 

Therefore, following on from the H2S / O2 reaction, the question is raised would an adsorbed 

mercaptan also react with the oxygen to form elemental sulphur. From the ICP-MS results it is 

noted that ethylene glycol has been detected. Now ethylene glycol has the chemical formula 

C2H6O2. If the O2 molecule is displaced with an S molecule C2H6S is obtained, which is dimethyl 

sulphide – a mercaptan. Expressing this reaction in chemical symbols: 

 

C2H6S + O2 = C2H6O2 + S Log10K0 = 53.572 - (xlix) 

 

Therefore, it is highly feasible that any entrapped mercaptan in the molecular sieve could also 

react with any oxygen to form elemental sulphur. The above is given as an example only and is 

not inferring that the detected ethylene glycol was derived this way. As for the H2S / O2 case 

study, the Standard-state equilibrium constant (Log10K0) is highly positive. If making a 

comparison between the two equations and the derived Standard-state equilibrium constants, 

then a more meaningful set of equations would be: 

 

    H2S + ½O2 = S + H2O  Log10K0 = 34.205 - (l) 

 

    and C2H6S + O2 = C2H6O2 + S Log10K0 = 53.572 - (li) 

 

As already referenced, molecular sieves can act as a catalyst for the formation of COS. This is 

due to the large surface area of the molecular sieve bed together with the high concentration of 

basic cations in the crystalline structure which collectively add up to act as a catalyst for the 

COS formation. This reaction is further accelerated by the adsorption of H2S and CO2 by the 

molecular sieve resulting in localised areas of increased concentration. This in turn increases 

the rate of COS formation.  
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From a review of literature on the operation and selection of molecular sieve materials, it would 

appear that the four materials referenced in Table 17, namely 3A, 4A, 5A and 13X, all behave 

differently with respect to the formation of COS. The basic 4A molecular sieve is reported as 

being the one that will have the most rapid generation of COS, although it does remove H2S. 

However the 3A, 5A and 13X materials have minimal formation of COS. 

 

With reference to Figure 40 it can be seen that a molecular sieve bed can be divided into a 

number of adsorption zones. It will be noted that the water equilibrium section is at the left hand 

side of the diagram – this position representing the inlet to the bed. Water holds this place as it 

is adsorbed more strongly than the other compounds in the gas stream. Therefore, the water 

will initially concentrate at the inlet section of the bed displacing other unwanted components 

that may have been adsorbed prior to any water molecules being adsorbed. Effectively, the 

displaced components are forced further along the molecular sieve bed (further displaced to the 

right in the diagram).  
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Figure 40. Adsorption Zones in a Molecular Sieve Bed 

[Adapted from Kohl [96] – not to scale] 

 
As the adsorbent material nearest the inlet becomes saturated with water, the zone of water 

adsorption moves along the bed (to the right) and ultimately will progress through the entire 

bed. This water adsorption progression is termed an “adsorptive wave”. Should this “adsorptive 

wave” reach the outlet of the bed of the molecular sieve then, of course, the water content of the 

gas entering the pipeline system will increase, and probably increase rapidly. However, this 

“wave” will be pushing the other adsorbed components out of the bed first. This means the 

adsorbed sulphur components will be released into the pipeline system before the rapid 

increase in water content is noted.   
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After water, the mercaptans are the next most strongly adsorbed compounds, and then H2S 

followed by CO2. However, there may be some selection in the mercaptans depending upon the 

type of molecular sieve material in use. The type of molecular sieve adsorbent will determine 

what gas stream components, based on their molecular size, will be removed. Poisoning of the 

adsorbent material or complete saturation could make the molecular sieve inoperative. Such a 

condition may not be known about until an anomaly is detected in the composition of the outlet 

gas stream.   

 
From Table 17, it will be noted that if a range of sulphur compounds were required to be 

removed from the gas stream, then the 13X type adsorbent material would be specified.   
 
13.3 Liquid Desiccants. 
 

The glycols, which are used as a natural gas dehydration agent, dominate the liquid desiccant 

group and are by far the most commonly used dehydration agent, especially in medium to small 

gas processing facilities. Glycol is of specific interest to this research work due to the fact that 

hydrogen sulphide, carbon dioxide and the lower paraffins such as methane, ethane and 

propane, are soluble to varying degrees in glycol. 

 

From the glycol dehydration process there is potential for glycol carry-over into the conditioned 

gas stream. It is not uncommon to find small quantities of glycol at metering/pressure reduction 

facilities many hundreds of kilometres downstream of the gas processing plant using the glycol.  

 

Regenerated glycols, when contaminated with water can support corrosion. The more common 

glycols are: 

o Ethylene glycol   C2H6O2 

o Propylene glycol  C3H8O2, 

o Diethylene glycol  C4H10O3, 

o Triethylene glycol  C6H14O4, and 

o Tetraethylene glycol  C8H18O4 

 
Triethylene glycol, more commonly referred to as TEG, is probably the most widely used liquid 

desiccant in the Australian gas industry. 

 

Jou [97] has performed investigations into the solubility of hydrogen sulphide, carbon dioxide and 

the lower paraffins in TEG. Although the works of this author suggest lower solubility 

concentrations for the referenced natural gas components to some other published data, the 

importance of this issue for the ‘elemental sulphur’ formation/deposition studies is that this is 

another potential source of H2S in the gas stream. Figures 41 and 42 and Tables 18 and 19 

have been derived from the data by Jou [98]. 
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Figure 41. Solubility of Hydrogen Sulphide in Triethylene Glycol 
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Figure 42. Solubility of Carbon Dioxide in Triethylene Glycol 

 
 
To appreciate the potential impact of the solubility of H2S in TEG on the ‘elemental sulphur’ 

formation process, a hypothetical yet realistic case study is given. Take the example of a small 

processing plant supplying natural gas into a transmission system. Assume that the gas coming 

from the gas field will be saturated with water vapour. The gas plant uses TEG as the sole 

dehydration agent. 

 

Plant conditions: 

 

Gas pressure:   8,000 kPa abs 

Gas temperature from field: 303 K 

Gas flow (steady): 10,000 kg/hr. [12,121 Sm3/hr – Table 5 gas composition] 
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Gas composition:  As given in Table 5. 

Gas real relative density: 0.6732   

Gas hydrate temperature: 292 K [Per HYSYS version 3.1 using full gas composition given 

in Table 5] 

Depression required: 292 K 

 

(a). Need to determine the water content of the gas at 303.15 K and at 273.15 K. From 

HYSYS version 3.1 gas composition phase information and subsequent calculations, the water 

content is determined as: 

 

303.15 K 512.3 mg/m3. 

   273.15 K 83.5 mg/m3.   

Difference: 428.8 mg/m3 

 

There is 10,000 kg/h of natural gas to be processed. The amount of water condensed and to be 

handled by the TEG: 

   = 428.8 x 10-6 x 10,000 kg/h 

   = 4.3 kg/h.  

 

To determine the concentration of the TEG using the Hammerschmidt equation: 

 

                       d = 2222w / (100M – Mw)     …. (17) 

 

                      where d = required depression (OC) 

                     w = weight % of final TEG concentration 

                     M = MW of TEG   

 

  18.85  = 2222w / (100 x 150 – 150 x w)  

                      5,049.5w = 282,750 

                      w = 56 % total concentration 

 

To solve for TEG balance (TEG required “x” kg/h): 

 

                       x = 0.56(x + 4.3) 

                       x = 5.47 kg/h 

 

Now if it assumed that the TEG carry-over into the transmission system is 1.5 %, then of the 

10,000 kg/h of gas entering the transmission pipeline, 82 grams/h will be TEG solution. This 

represents 8.2 ppm (mass), or approximately 0.6 ml/1000 Sm3 TEG to the mass of natural gas. 

The 1.5 % carry-over is very reasonable as the SI Engineering Data Book [99] states “Total glycol 
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losses, exclusive of spillage, range from 0.0067L/1000 m3 for high pressure low-temperature 

gases to as much as 0.04 L/1000 m3 for low-pressure high-temperature gases”. 

 

From the H2S solubility in TEG data, as presented in Figure 41 and Table 18, it would be 

reasonable to assume that a gas delivered into a transmission system at 8,000 kPa @ 303 K 

could have a solubility of 1 mole fraction in TEG. Should this gas then be subjected to a 6,000 

kPa pressure reduction at a gas custody transfer point, it is again reasonable to assume that the 

solubility reduction will be at least 0.5 mole fraction (H2S below saturation solubility level in TEG 

based on a linear extrapolation of the data in Figure 41). 

 

Temperature 298.15 K Temperature 323.15 K 

Pressure (kPa) Solubility 
(Mole fraction) Pressure (kPa) Solubility 

(Mole fraction) 
0.373 0.00308 6.57 0.00283 

5.12 0.03657 60.4 0.0225 

112 0.07131 261 0.09328 

432 0.2436 1,009 0.3107 

969 0.4701 1,949 0.5122 

1,452 0.6412 2,468 0.6244 

1,794 0.8089 3,178 0.8009 

1,919 0.8958 3,452 0.9303 

1,958 0.9426  
 

Table 18. Experimental Solubility Data – H2S in Triethylene Glycol 
 
 
For 0.5 mole fraction of H2S in TEG solution, the mass of H2S will be: 

 

  = 0.5 x 34.082 (molar mass of H2S kg/kmol) 

  = 17.04 gm/l. 

 

This represents 15.2 ppm (mass) of H2S in TEG. For the given level of H2S that will come out of 

solution, the (additional) H2S in the gas stream will be 0.17E-03 ppm (mass). Note this 

calculation assumes ‘constant average’ conditions which normally will not be the case. The 

value of 0.17E-03 ppm may appear to be an extremely low level of H2S, however with reference 

to the developed elemental sulphur equilibrium map (Figure 17), it will be noted that elemental 

sulphur vapour saturation concentrations could be expected to be at this level at a pressure 

reduction facility.    

 
In an actual pipeline operating environment it would be unlikely that the carry-over TEG would 

be transported in the pipeline system having a constant liquid-vapour ratio with the natural gas. 
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In reality, the TEG would “pool” at a low point in the pipeline system and be further transported 

through the pipeline during high gas flow periods. This would mean that there would be peaks 

and troughs in the TEG at downstream pipeline facilities such as metering and pressure 

reduction facilities. 

 

Therefore, this potential source of H2S would be intermittent, with the probability of much higher 

concentrations over short periods. Observations made on transmission systems of the 

‘elemental sulphur’ deposition indicate that the formation and deposition processes are subject 

to variable conditions and, in all probability, are not continuous processes at the majority of 

locations. 

 

The soluble hydrogen sulphide in glycols must therefore be considered as a source of elemental 

sulphur.  

 

Temperature 298.15 K Temperature 323.15 K 

Pressure (kPa) Solubility 
(Mole fraction) Pressure (kPa) Solubility 

(Mole fraction) 
0.467 0.04084 105 0.0651 

1,420 0.1152 709 0.04063 

3,210 0.2464 2,560 0.1367 

4,870 0.3511 5,710 0.2611 

6,510 0.4338 7,840 0.3305 

10,420 0.4531 10,720 0.3906 
 

Table 19. Experimental Solubility Data – CO2 in Triethylene Glycol 
 

______________________________ 
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CHAPTER 14 
 
THE CONTRIBUTION FROM PIPELINE SYSTEM DESIGN & OPERATING 
CONDITIONS. 
 
 
As for the more common ‘black-dust’ problem, the ‘elemental sulphur’ deposition mechanism 

also has demonstrated that there can be preferential site conditions. That is, at certain locations 

along a given transmission pipeline system, a metering / pressure regulation site ‘A’ may be 

known to be a location for ‘elemental sulphur’ deposition, yet a similar facility ‘B’ on the same 

pipeline receiving the same natural gas at near identical flowing pressure and temperature 

conditions will not be impacted, or be minimally impacted, by the elemental sulphur deposition 

phenomena.  

 

Studies undertaken during the course of this research project into these observed situations 

have identified two possible explanations. This selective site situation is known to impact 

several Australian transmission pipelines. As theoretical studies have only been undertaken, the 

results are not conclusive and further investigations are required. The two identified 

explanations, both of which are considered plausible for the field case situations, are: 

 

- The generation of a pipeline section liquid hold-up profile, and  

 

- The dynamics associated with fluid mixing at pipeline ‘T’- junctions. 

 

 
 

Figure 43. Upstream View to Pressure Regulator 
[Note clear indication of liquid (hydrocarbon) flow] 
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14.1 Pipeline Section Liquid Hold-up Profile. 
 

From the basic modelling of a typical transmission pipeline section, with inlet to the section fed 

from a gas processing plant or an on-line pipeline compressor, an estimate has been made of 

the liquid drop-out profile along the pipeline section. The model assumes warm gas enters the 

inlet section, at between 308 and 313 K. The gas enters at pressure P1 and exits at pressure P2. 

P1 is always greater than P2.  

 
The differential pressure value between P1 and P2 is due to the overall pipeline friction factor 

along the pipeline section, and is a function of flow rate. It is assumed that the temperature of 

the warm gas entering the pipeline section will decay at an inverse natural logarithmic rate 

function to very near the mean ground temperature along the pipeline section. 

 

The gas composition, as given in Table 5 has been used for the modelling exercise. However, 

to produce a situation for retrograde condensation at the given pipeline condition, the gas 

composition was “spiked” with small quantities of heavier hydrocarbons. 

 

Figure 44 gives an indication of the position of the liquid hold-up profile for a given flow and gas 

composition. The liquid hold-up is expressed in Sm3/h. Compositional changes to the Table 5 

gas composition have been deliberately made to increase the retrograde condensation. Added 

are 0.0025 mol fraction n-Heptane (nC7), 0.0015 mol fraction n-Octane (nC8) and 0.0010 mol 

fraction n-Nonane (nC9).  

 

The change in the gas composition has been normalised on the methane content. This revised 

gas quality still represents a very realistic transmission pipeline gas composition. 
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Figure 44. Pipeline Segment Liquid Hold-up Profile 
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The quoted mass flow rate of 540,000 kg/h equates to a daily gas energy flow rate of 641 

TJ/day, using the Table 5 gas composition. This would approximately represent the daily flow 

rate within the two largest throughput natural gas transmission pipelines in Australia. 

 

The liquid hold-up profile will be dependent on the gas flow rate, gas composition and operating 

pressure and temperature conditions. The shape of the curve is a function of the components 

that are subject to retrograde condensation. The finite number of points generated for the graph 

is probably also a factor in the curve shape. 

 

Taking the gas flow conditions, as given in Figure 44, then during the transition period of the 

flowing gas stream going from the warm 313 K to near the ground temperature conditions 

(example taken as 293 K), there is the potential for sulphur vapour in solution to become 

supersaturated and hence desublimate out as elemental sulphur.  Therefore for the given 

scenario of the liquid hold-up profile, not only will there be selective retrograde condensation 

within the pipeline segment, but also the possibility of concurrent elemental sulphur formation. 

Should both the hydrocarbon liquid and elemental sulphur formation occur concurrently, then 

depending upon the flow ratios and gas velocities at the junctions between any laterals and/or 

off-takes and the mainline, the liquid/elemental sulphur agglomerate will selectively travel along 

one of the pipeline systems.  

 

14.2 The Dynamics Associated with Fluid Mixing at Pipeline ‘T’ Junctions’. 
 

Results derived from this research project have demonstrated that hydrocarbon liquids and 

derivatives are present in natural gas transmission pipeline systems. The diversity of the 

hydrocarbon liquids present plus the potential quantity under certain conditions has exceeded 

general expectations. Retrograde condensation would, no doubt, be a major contributing factor. 

 

It is quite feasible in certain locations on pipeline systems for there to be a two-phase 

hydrocarbon flow. However it must be appreciated that the ratio of liquid to gas flow volume will 

be extremely low. This two-phase flow behaviour is of particular interest at mainline-lateral or ‘T’ 

junctions on natural gas transmission pipelines. 

 

Research [100] into this phenomenon has demonstrated that if a certain fraction of the gas phase 

is being extracted into a lateral, it is uncommon for the liquid component fraction to remain the 

same as in the upstream mainline section. What occurs is an uneven ‘phase splitting’ between 

the two resulting downstream flows of the pipeline junction node. Further, it has been found that 

any variations in the pipeline operating conditions can significantly alter the preferred route for 

the liquid flow. 
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The gas/liquid flow in the mainline and lateral in the vicinity of the pipeline junction node can be 

modelled in accordance with Bernoulli’s equation. Obviously the upstream gas velocity in the 

mainline will be greater than the downstream gas velocity, assuming the pipe diameter remains 

constant. This ∆v will result in a static pressure increase in the mainline and a static pressure 

decrease in the lateral entry due to friction. The pressure difference between the mainline and 

the lateral will be the deciding factor for the path of the liquids. The resulting pressure difference 

will be dependent on flow velocities, the liquid/gas ratio and the physical characteristics of the 

pipeline junction node. 

 

This is clearly an important criterion for the understanding of why there are selective sites for 

the ‘elemental sulphur’ formation and deposition processes.  

 

___________________________________ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 137

CHAPTER 15 
 
THE ‘BLACK- POWDER’ CRITERIA. 
 

Within natural gas transmission pipelines, a more common contaminant can be found - the so 

called “black-dust’ or “black-powder”. This unwanted contaminant is a mixture of various forms 

of ferric sulphide (FeS), other elements, sand and hydrocarbons. Although referred to as a 

powder, such deposits can also be found in a form of a non-Newtonian fluid. 

 

Baldwin [101] states that after an initial industry survey, it was determined that “Black Powder” is 

the least understood and most prominent contamination problem in pipelines and their 

compression equipment. This author also states that once sulphide enters the pipeline at any 

point, conversion to iron sulphide is prompt. 

 

The following chemical equations demonstrate how FeS (plus other equations given in Section 

5.4) can be formed within a natural gas pipeline system: 

 

COS + Fe = FeS + CO  Log10K0 = 14.309 - (lii) 

 

NiS + Fe = FeS + Ni  Log10K0 = 2.938  - (liii) 

    

FeS has both a chemical and microbial source in pipelines; it can also exist in a number of 

different forms. When combined with deposited hydrocarbon fluids and greases, a sticky, thick 

black coagulation results. Such deposits can adversely impact flow meters; especially orifice 

plates as they are very susceptible to contamination build up on the upstream and downstream 

plate faces as well as the orifice bore. 

 

The FeS formation processes have been identified, investigated and presented within Chapter 5 

of this thesis, however the next step – the potential contribution to the formation of ‘elemental 

sulphur’ has not been addressed. The following chemical equations involving FeS (and 

derivatives) with oxygen or water indicate this potential contribution. The equations demonstrate 

viable, very reactive reactions, which result in the formation of elemental sulphur. These 

presented chemical equations are just a sample of a number of potential reactions. 

 

FeS + ½ O2 = S + FeO   Log10K0 = 24.51  - (liv) 

 

2FeS + 1½ O2 = 2S + Fe2O3  Log10K0 = 94.506 - (lv) 

 

3FeS + 2O2 = 3S + Fe3O4  Log10K0 = 124.621 - (lvi) 

 

3FeS + 4H2O = 3S + Fe3O4 + 4H2 Log10K0 = 65.902 - (lvii) 
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The chemical reactions represented by equations (liv) to (lvii) form elemental sulphur with iron 

monoxide (FeO), haematite (Fe2O3), and magnetite (Fe3O4), respectively. 

 

15.1 The Parallels 
 
With reference to the paper written by Baldwin [102], the parallels between the ‘black powder’ and 

‘elemental sulphur’ formation and deposition processes can be summarized as: 

 

- A number of forms of sulphur, and its derivatives, are vital ingredients,   

 

- Both can substantially collect within the pipeline system and adversely impact the 

efficiency of rotating plant, flow meters, thermowells, flow conditioners and general gas 

flow, 

 

- Both can accumulate around, and even block, instrumentation lines, 

 

- Both can cause wear in valve seats and impact their proper operation, 

 

- Both can have variable texture, from very fine powder to gritty coarse structure to a 

thick wax like material, 

 

- Both can be chemically or physically combined with a significant number of pipeline 

contaminants such as liquid hydrocarbons, water, soil particles, pipeline and gas 

enhancement chemicals etc., 

 

- Through the iron sulphide formation processes, both ‘black powder’ and ‘elemental 

sulphur” can trace their formation to chemical and microbial sources, either from within 

the pipeline or upstream of the pipeline, 

 

- Both can be very selective as to sites that are impacted, 

 

- For neither process is there a “quick fix”. 

 

15.2 Microbiologically Influenced Corrosion ‘Black Powder’ and H2S. 
 

According to Baldwin [103] microbiologically influenced corrosion (MIC) is a serious form of 

corrosion that can occur in pipelines and produce black powder or iron sulphide.  

 

The general telltale sign of MIC in a pipeline system is pitting of the pipe wall. This pitting is a 

result of the affected area being selected as a habitat for the micro-organisms that have 
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attacked the pipe wall material. The microbes that cause pipe corrosion are basically two 

families, namely: 

 

- Sulphate reducing bacteria (SRB), and  

- Acid producing bacteria (APB). 

 

The characteristics and part that these two families of bacteria may play within a natural gas 

pipeline system are now discussed in more detail. 

 

15.3 Sulphate Reducing Bacteria.  
 

Sulphate reducers probably cause more serious problems in oilfield injection systems than any 

other bacteria. They reduce sulphate ions in the water to sulphide ions resulting in H2S as a by-

product. They cause corrosion, and the iron sulphide produced as a product of the corrosion 

reaction is an excellent plugging material. 

 

Sulphate reducing bacteria (SRB’s) live in groups, or colonies on the pipe wall with pits 

occurring in the pipe wall where they reside. Bacteria find it much easier to colonize on the pipe 

wall than within the fluid stream. Should bacteria be found in any liquid within the pipeline, then 

this will suggest that there are considerably more securely attached to the walls of the piping. 

 

SRB’s are anaerobic bacteria. However, they are quite capable of thriving in oxygenated 

systems, provided that they can find some scale or sludge to congregate under, here they can 

usually find a sufficient oxygen free environment to sustain growth. Bacteria shielded as such 

are very difficult to kill and have to be dosed with biocide on a regular basis. 

 

For SRB to develop a metal, or metals must be present. Barton [104] states that the principle end 

product of SRB are H2S and CO2 at a ratio of 1:2 respectively, and that several species of SRB 

have been shown to reduce Fe(III) to magnetite (Fe3O4) or siderite (FeCO3). The generation of 

Fe3O4 is of interest due to the potential for the formation of sulphur through the reaction with 

H2S according to: 

 

Fe3O4 + 4H2S = 3FeS + 3H2O + S(s) Log10K0 = 18.184 - (vi) 

 

As demonstrated by chemical equations (xiv) to (xix) as given in Section 5.4 of Chapter 5, the 

low molecular weight mercaptans may form iron sulphide (FeS). Interestingly this conversion 

can be through the action of SRB, although the SRB will directly produce H2S and not the FeS, 

the conversion from H2S to FeS will be quick and direct at the location of the iron. 
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The SRB corrosion process within a natural gas pipeline system occurs under anaerobic 

conditions, that is the absence of oxygen. Barton [105] has reviewed the findings and theories of 

a number of researchers on the issue of the mechanisms for anaerobic microbial corrosion. This 

review is presented in the following summary format. For brevity, only the relevant information 

has been presented.   

 

Hypothesis 1.  

The classical cathodic depolarisation hypothesis given by von Wolzogen Kuhr and van 

der Vlight, 1934 [106]. 

 

In this scheme it is envisaged that in the absence of oxygen and under acid conditions, 

protons act as the cathodic electron acceptor with the formation of first atomic, then 

molecular hydrogen. 

2H+ + 2e = 2H = H2 

 

This reaction sequence, and consequently the overall corrosion process, is inhibited by 

the polarisation of an accumulated film of molecular hydrogen at the metal surface. The 

oxidation of this hydrogen by hydrogenous-positive SRB is then considered to result in 

cathodic depolarisation with a consequent marked stimulation of metal dissolution at the 

anode. 

 

Hypothesis 2. 

 Costello (1974) [107]. 

 

This proposal submits that at neutral pH values hydrogen sulphide is the electron 

acceptor, again with hydrogen as the key cathodic product. 

2H2S + 2e = 2HS- + H2 

 

This proposal and that given in hypothesis 1, have in common cathodic stimulation, and 

the production of metal sulphide as a corrosion product. 

4H2 + SO4
2- = 4H2O + S2- 

 

M2+ + S2- = MS [M = metal] 

 

It has been found that the iron sulphide generated through the corrosion process can 

exist in a number of different forms depending upon the Fe to S composition and 

properties. Through the action of SRB mackinawite (tetragonal FeS1-x), ferrous sulphide 

(cubic, FeS), triolite (hexagonal, FeS), pyrrhotite (hexagonal, Fe1-xS), pyrite (cubic, 

FeS2) have been detected. 
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Hypothesis 3. 

 The involvement of elemental sulphur [108]. 

 

Although not itself a direct product of SRB metabolism, elemental sulphur (S) can be 

derived from the oxidation of sulphide consequent to oxygen exposure, and its 

presence has been noted around the periphery of corrosion pits in several instances of 

SRB microbial corrosion. In a number of studies, it has been directly demonstrated that 

sulphur is extremely corrosive to mild steel, with evidence of shallow pitting and 

calculated corrosion rates of 2mm/year. 

 

Five reaction steps have been recognised; 

 

1. sulphur disproportion in water: 

4S + 4H2O = 3H2S + H2SO4 

 

2. formation of iron sulphide film on steel: 

Fe + H2S = FeS + H2 

 

3. sulphur as cathodic electron acceptor: 

S + H2O + 2e = HS- + OH- 

 

4. anodic metal dissolution: 

Fe = Fe2+ + 2e 

 

5. chemical formation of iron sulphides: 

Fe2+ + HS- + OH- = FeS + H2O 

 

It has been suggested that the reaction sequence might proceed in two stages. First, 

the iron sulphide on the steel surface may be a protective film of mackinawite exerting 

anodic control on the metal dissolution by limiting ferrous iron diffusion through the 

sulphide film. Subsequently, breakdown of this protective film will create an 

electrochemical cell (unreacted steel as anode, iron sulphide as cathode) with sulphur 

as the electron acceptor stimulating cathodic depolarisation. 

 

The SRB corrosion process is extensive and a detailed discussion is beyond the scope of this 

thesis, however the important features of SRB activity to this research work is that: 

 

- The SRB action produces sulphides that react with the pipe wall and other Fe surfaces 

to produce a range of iron sulphides, 
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- It would appear that the given operating conditions within the pipeline are very 

influential in the SRB process, and 

 

- Any interaction with oxygen will accelerate the generation of elemental sulphur.  

 

15.4 Acid Producing Bacteria 
 

The acid producing bacteria (APB) are considered to be of little interest to this research project. 

However, APB can support SRB. This support is due to the ability of APB to generate short 

chain volatile fatty acids (CnH2nO2). These acids will be consumed by the SRB as a carbon 

source. Therefore there is some dependence by the SRB on the APB. 

 

Should it be possible for the short chain volatile fatty acids to get into the transmission system 

from the production reservoir, from where they are known to be able to readily exist, then the 

following reaction could occur in the pipeline system: 

 

Taking valeric acid (C5H10O2) as an example of a short chain volatile fatty acid. 

 

C5H10O2 + 2H2S = 2S + 2H2O + C5H10  Log10K0 = 3.29  - (lviii)  

 

The analysis work performed has not detected any evidence of such short chain volatile fatty 

acids in the ‘elemental sulphur’ samples reviewed. However, this cannot be taken that they do 

not exist within the gas stream. Should such fatty acids exist, then they would most likely be in 

sub ppm numbers. 

 

Baldwin [109] clearly demonstrates the importance in not neglecting small quantities of 

compounds in the gas stream that may contribute to the formation of sulphur or sulphur 

derivatives. This author states that it is well known in technical circles that sulphur, hydrogen 

sulphide, oxygen, and water vapour, some in part per million, can be important in the formation 

of iron sulphide and other corrosion products. The presence of these components in very small 

quantities can provide: 

 

- The constituents for chemical formation of iron sulphide, 

 

- The environment for growth of sulphate reducing bacteria and acid producing bacteria 

whose metabolic processes result in the production of iron sulphide, and 

 

- Direct corrosion of steel by oxygen, carbon dioxide, or combinations of the two. 

 

________________________________ 
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CHAPTER 16 
 
CORROSION 
 
 
16.1 The Corrosion Processes Assisting ‘Elemental Sulphur’ Formation. 
 
Natural gas transmission pipelines can be either internally lined or unlined. For an internally 

lined pipeline system, there will still be small sections of internal pipeline that are not lined, for 

example small laterals and above ground facilities. Most non-internally coated pipe would have 

been subjected to corrosive processes prior to commissioning the pipeline. 

 

The corrosion of steel usually produces goethite, FeO(OH), which is more commonly referred to 

as rust. Common pipeline rust is formed according to the following equation: 

 

  4Fe + 3O2 + 2H2O(l) = 4FeO(OH)    - (lix) 

 

Therefore, even before first gas travels down a pipeline system there is a potential source of 

oxygen bonded to the pipe walls. As a source of oxygen, any chemical reactions with the 

goethite and sulphur compounds within the pipeline are of interest. Walker [110] has shown that 

goethite will react with H2S, per the following equation: 

 

  2FeO(OH) + 3H2S = 2FeS + S + 4H2O    - (lx) 

 

Unfortunately reliable information on the enthalpy of formation and entropy for goethite does not 

appear to be available. This means the Standard state equilibrium constant (Log10K0) cannot be 

determined with traceability. However an approximation can be made using equations (lix) and 

(lx). From equation (lix) [4Fe + 3O2 + 2H2O(l) = 4FeO(OH)], we know that goethite is readily 

formed, therefore it is reasonable to assume that the overall equation will have a positive 

standard state equilibrium constant (K0). 

 

Now the left hand side of equation (lxiv) has a combined (pseudo) standard state equilibrium 

constant of -145.308. If the statement that equation (lxiv) has a positive K0 value, then the 

(pseudo) K0 value for the goethite must be equal, or greater than 145.308. For convenience, let 

us assume the value is 160 for 4FeO(OH). 

 

With reference to equation (lx) [2FeO(OH) + 3H2S = 2FeS + S + 4H2O], with the goethite 

removed, the (pseudo) K0 for the remaining equation is 215.510. If 4FeO(OH) has a (pseudo) K0 

value of 160, then 2FeO(OH) will have a K0 value of 80. Substituting this value back into 

equation (lx), the overall K0 value will be:  
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  - 80 + 215.510 = 135.51, or 

 

½FeO(OH) + ¾H2S = ½FeS + ¼S + H2O  Log10K0 = 33.88  - (lx)(a) 

 

The above approximate calculations suggest that the reaction strongly favours the products, 

that is, Log10K0 is very positive.  Therefore, the reaction of FeO(OH) and H2S is considered as 

another potential source of sulphur within the transmission pipeline system. The pipeline 

chemical reactions involving FeO(OH) within transmission pipelines led to the author 

investigating the phenomena of why does odorant take such a long time to traverse through a 

new pipeline, especially one that is not internally lined. 

 

Odorants are usually a blend of the differing commercially available odorising mixtures, the 

example below uses just one odorant type, namely tertiary butyl mercaptan (TBM) with chemical 

formula of C4H10S.  

 

  FeO(OH) + C4H10S + 1.5H2 = FeS + C4H10 + 2H2O  - (lxi) 

 

The Standard state equilibrium constant, although approximated, indicates this reaction is more 

favourable to the formation of the products than the equation given by Walker [111].  

This helps explain why the odorant ‘gets adsorbed by the pipe walls’. 

 

However, it is to be noted that not all transmission pipeline systems transport odorised gas. 

Another chemical reaction of potential interest is: 

 

  2FeO(OH) + CS2 = FeS + CO2 + 2H2O    - (lxii)  

 

Of particular interest is the formation of water in the products of reaction. 

 

16.2 Corrosion Processes within Natural Gas Transmission Pipelines. 
 

A rupture in high-pressure natural gas pipeline that has been in service for less than a decade 

has been reported on [112]. The analysis results of the failure indicated stress oriented hydrogen 

induced cracking (SOHIC) in a corrosive environment composed of triethylene glycol, small 

quantities of water, NaCl, elemental sulphur, H2S and CO2. Although the failure mechanism was 

not fully understood, the presence of elemental sulphur, water and chloride were regarded as 

prime factors in the failure. 

 

Generally before the natural gas enters the transmission pipeline system it is treated to reduce, 

or possibly avoid corrosion occurring. However, the internals of the transmission pipeline are 

exposed to the potentially corrosive constituents inherently present in the produced gas. These 
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are primarily CO2 and H2S but other components may also be present in quantities sufficient to 

enhance the corrosion rate. These may include traces of organic acids and contaminants such 

as oxygen. The effects can be direct or indirect through reactions with other chemical species in 

the gas to produce new, harmful substances. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 45. Corrosion Products of Iron. 
[Adapted from Heitz [113] 

 
 
Free water or water vapour is normally a prerequisite for a corrosion process to occur. There 

are also other liquids that are known to cause problems, some of which are virtually impossible 

to keep out of the pipeline system, such as glycols and compressor seal oils.  

 

Figure 45 provides a basic representation of the end products of reaction of Fe with sulphur / 

H2S and O2. The H2S corrosion of steel is represented by the reaction: 

 

   Fe + H2S = FeS + H2.  Log10K0 = 12.034 - (lxiii)  

 

The FeS formed in this reaction is mackinawite, which is unstable and is transformed to other 

more stable products such as greigite, pyrite and marcasite. 

 
3FeS + S2- = Fe3S4 (greigite) 

 

Pyrite 
FeS2 

Marcasite 
FeS2 

Greigite 
Fe3S4 

Mackinawite 
FeS1-x 

Iron 
Fe 

Siderite 
FeCO3 

Iron Hydroxide   
Fe(OH)2 

Goethite 
α-FeO(OH) 

Lepidocrocite 
γ-FeO(OH) 
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FeS + So = FeS2 (marcasite) 

 

FeS + S2- = FeS2 (pyrite) 

 

16.3 Corrosion Case Studies Associated with Natural Gas Pipeline Systems 
 

Over the period of this research work, a number of current internal natural gas pipeline internal 

corrosion problems had been brought to the attention of this report author for investigation. Two 

of the case studies are referenced here to highlight the complexity of the problems, and also 

demonstrate that corrosion situations can occur within a short span of time. Notifications of both 

corrosion situations were received ‘after the event’ and when the relevant pipeline/equipment 

owners ‘in-house’ investigations had failed to explain the situations. This unfortunately meant 

that some information and/or samples were lost/not obtained. The case studies involve the 

following situations: 

 

- A new high pressure lateral supplying sweet, dry natural gas from an existing 

transmission pipeline system to a major industrial gas consumer, and 

 

- A high-pressure natural gas compression facility, which sources gas from a medium 

pressure gas distribution system.  

 

The investigations and conclusions made with respect to the two corrosion case studies draw 

on the information, observations, results and conclusions provided in other sections of this 

thesis. 

 

16.4 High Pressure Lateral Case Study. 
 

This case study was of particular interest as it was the first time an internal pipe corrosion 

situation had been reported on the particular extensive transmission system. As referenced, the 

gas transported within the pipeline is dry, sweet gas with measured moisture levels within the 

gas stream well within tolerance (approximately 3.0 mg/m3 which is well within the normal 

transmission pipeline maximum allowable moisture content of 48 mg/m3). The normal operating 

conditions of the gas stream at the point of corrosion was noted to be considerably above, by at 

least 298 K, of the determined average gas composition cricondentherm. 

 

The observed corrosion was discovered shortly after the commissioning of the industrial facility 

sourcing gas from the new lateral. This discovery was accidentally made due to the need to 

dismantle part of the pipe-work for further modifications. On inspection of the removed pipe, it 

was noted that corrosion had occurred on the bottom section of the pipe. It was noted that an 

approximate 1 mm of wall thickness had been lost to the corrosion process. This corrosion rate 
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is particularly high considering the period that the facility was “gassed-up” was just over four 

months. Also noted within the inspected pipe spool were deposits of what was believed to be 

sulphur, plus a small quantity of liquid.  

 

It is to be appreciated that this corrosion process appears to have been a ‘one-off’ event, as 

subsequent pipeline inspections have not discovered any further corrosion problems. 

 

Tests conducted on a sample of the deposited material confirmed the presence of sulphur, 

however there was no subsequent analysis for the presence of other elements within the 

sample. The deposited material was also noted to have a pH level of 2.5 – this meaning it was 

highly acidic. The point at which the deposits were noted was downstream of a pressure 

reduction point, however the magnitude of the pressure reduction was well within the range of 

other pressure reduction points on the transmission pipeline system. Therefore, no 

extraordinary desublimation conditions existed for the sulphur vapour within the gas stream.  

 

The pipe material used was noted to be standard grade, internally uncoated steel pipe, 

therefore it was fit for purpose. Now elemental sulphur alone would be stable at the particular 

pipeline operating conditions, therefore some other mechanisms had to be in operation for at 

least part of the lateral commissioning stage for the corrosion to occur. Clearly, the presence of 

the liquid had to be regarded as a contributing factor, especially because of the reported pH 

level. Subsequent investigations pointed to two probable contributing factors, namely: 

 

- Residual moisture within the lateral due to hydro-testing operations on the lateral, and 

 

- The possible presence of high local concentrations of odorant.  

 

It is a pipeline code requirement for high-pressure pipelines to be hydro-tested prior to 

commissioning. Treated water is used for this test. On completion of satisfactory testing, the 

pipeline is de-watered and supposedly thoroughly dried by forcing hot, dry compressed air 

through the pipeline. As this particular lateral’s route is through undulating country, it is possible 

that not all the water was removed during the drying operations. In such a situation any residual 

water will deposit in the pipeline low points and may stay there until the high velocity, high 

pressure natural gas supply flows over it. Free water, or water vapour collected by the flowing 

gas supply may then be deposited at a downstream location in the pipeline or associated 

facilities.  

 

As the deposits were located downstream of a pressure, and hence temperature reduction 

point, it could be expected that any water vapour that may have been in suspension would 

dropout as possible free water at the referenced location. Although speculative, this situation 

provides a credible source of moisture for the corrosion activities.  
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It is possible that other sulphur derivatives, such as H2S, COS and mercaptans (RSH) could 

have contributed to the elemental sulphur deposits provided there was a source of free water 

available and/or O2. An example of a chemical reaction that could occur if such elements were 

present would be: 

2H2S + O2 = 2S + 2H2O   Log10K0 = 68.41 

 

As natural gas supplies to end users must be odorized, and it is a known fact that odorant will 

be absorbed by new uncoated steel pipeline walls, it is a necessary and common practice to 

inject additional odorant into new pipelines until an acceptable odorant level is obtained at the 

delivery facility. A small temporary portable odorant facility was installed at the inlet to the lateral 

for this purpose. In most cases, the odorant facility injects the odorant at a fixed and generally 

constant pre-determined rate. Now if the gas flow rate varies during this additional odorant 

injection process, then there may be the potential for the odorant to form high concentrations 

and possibly “puddle” within the pipeline.  

 

Investigations defined that the gas supply to the industrial facility did vary, with considerable 

periods of ‘no-flow’. Therefore, the potential may have existed for small quantities of odorant in 

liquid form to exist within sections of the lateral. Assuming that odorant ‘puddling’ did occur and 

a small portion co-existed with some free water at the point at which the corrosion was noted, 

then the following reaction is considered most likely: 

 

  C4H10S + H2O + 2e = C4H10 + HS- + HO-   Log10K0 = 19.133 

where C4H10S is tetrahydrothiophene (THT), a common pipeline odorant. 

 

Now from the above equation, the hydroxyl and hydrogen sulphide anions (OH- and HS-) have 

been formed. With reference to Table 4 it will be noted that both of these elements are active 

nucleophiles. Both the hydroxyl anion (HO-) and the hydrogen Sulphide anion (HS-) are capable 

of attacking the pipe wall iron.  

 

Becker [114] states, with reference to the effect of scale and corrosion on metal surfaces 

transporting petroleum fluids, that if a close examination of the interface between the metal and 

the metallic scale deposit is performed it will be noted that under acidic conditions, the iron of 

the mild steel undergoes proton attack by the hydronium ions present in the aqueous (water 

based) solution. 

 

By applying Arrhenius theory [115], which states that an acid is a substance that produces 

hydrogen ions in water, it can be seen how the hydronium ion can be formed, as per the 

following reaction: 

H2O + H2S = H3O+ + HS- 
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Note: The hydronium ion may also be referenced as the hydroxonium ion. By definition it is the 

hydrogen ion that is normally present in hydrated form as H3O+. The hydrogen ions formed in 

aqueous solutions may also be represented as H+, H+(aq). 

 

The reaction proposed by Becker [116] would take the following form: 

 

2H2O + Fe + 2e- = Fe2+ + 2OH- + 2H2
↑ 

 

Now the Fe2+ formed in this reaction is capable of further oxidation to form the ferric iron cation, 

as shown in the following equation: 

 

Fe2+ + 3H2O + e- = Fe3+ + 3OH- + 3H2
↑ 

  

As already discussed, the elemental sulphur S - S bonds are readily cleaved by nucleophiles, 

electrophiles and radicals. Taking the case of a nucleophilic reaction on the stable S8 deposits, a 

reactive polysulphide is formed, as demonstrated by the following equation: 

 

S8 + HS- = HS + S7 + S- 

 

The above equations are presented as possible examples. As will be noted the necessary 

conditions for an active corrosion site have been identified, such as: 

 

- mechanism for sulphur desublimation, 

- source of moisture, 

- possible nucleophilic reagent, and 

- generation of a reactive corrosive polysulphide. 

 

As this case study was investigated some ten months after the event, full details of some of the 

referenced conditions / events could not be confirmed. However, the hypothesis presented is 

considered realistic and can fully explain the observed corrosion of the internal pipe wall. 

 

16.5 Natural Gas Recompression Facility Case Study 
 

The second case study is the corrosion of nickel-plated rupture disks in a compressed natural 

gas fuel supply storage system. The natural gas source for this high-pressure storage facility is 

again an odorized gas supply. However, unlike the lateral case study above, the gas is supplied 

from a medium pressure distribution system with a normally higher odorant dosage level. 
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Figures 46, 47 and 48 provide very distinct ESEM details of the resulting corrosion process. 

 

The images given in Figures 46 to 48 inclusive, represent a sample area with dimensions of 

approximately 340 µm (width) and 175 µm (height). 

 

Low and medium pressure gas distribution systems will tend to have much higher moisture 

concentrations within the pipeline system than will be the case for a transmission system. This 

is because such systems will more easily permit the ingress of water /moisture from the soil due 

to the much lower internal pipe pressures and due to the construction materials and design of 

such facilities. Investigations into the operating conditions of the medium pressure gas supply 

line determined that a reasonable quantity of water had entered the upstream gas mains due to 

repair activities some ten months prior to the first burst disk failure. Therefore, a source of 

S 

Ni 

Figure 46: ESEM images of 
corrosion studies on a nickel 
coated disk. Corrosion resulted 
from the presence of an elemental 
sulphur deposit combined with 
moisture and a nucleophilic agent 
within the pipeline system. 
Smooth area is the non-corroded 
area of disk.   

Figure 47: Same sample as for 
Figure 46, however image is for 
nickel concentration. Note that 
nickel is still present in ‘non-
corroded’ area, but absent in 
‘corroded’ area of disk. 

Figure 48: As for Figure 46, 
however image is for sulphur. 
Note reverse image – this 
clearly demonstrates impact of 
sulphur deposits on corrosion 
process. 
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additional moisture was identified. Another possible contributing factor was the recent prior 

commissioning of a new transmission line feeding additional natural gas into the reticulation 

system.  

 

As for the high-pressure lateral gas study, this new transmission pipeline, which is not internally 

coated, would have required high levels of initial odorant dosage to ensure the gas receipt 

points have sufficient odorant smell. This may have resulted in higher than normal levels of 

odorant in the storage facility feeder gas pipes. 

 

Although sulphur vapour may have been in the gas stream, additional sources of elemental 

sulphur were investigated. Due to the probability that some free water may have been present, 

together with higher than normal levels of odorant, the conditions may have been favourable for 

the following chemical reactions to take place: 

 

2H2S + O2 = 2S(s) + 2H2O   Log10K0 = 68.410 

 

Fe2O3(s) + 2H2S(g) = 2FeS(s) + 3H2O(l) + S(s) Log10K0 = 12.598 

 

The opportunity was provided to inspect the surface of a rupture disk using the ESEM (electron 

microscope). It was noted that besides there being sulphur deposits, copper, zinc and zinc 

sulphide were also present. Interestingly, the latter referenced elements are all active catalysts 

for the cleavage of the S8 molecule  

   

As the burst disks are situated in a ‘dead’ elbow of a regulator valve manifold, it is possible that 

water and elemental sulphur were deposited on the disk surface. Now the following reaction is 

noted to be very slow at normal operations conditions, yet it does occur: 

 

4S(s) + 4H2O(l) = 3H2S(l) + H2SO4(v) 

 

If the solid sulphur is in contact with water on the nickel surface of the rupture disk, a further 

reaction may also occur:  

Ni + H2S = NiS + H2    Log10K0 = 9.096  

 

Such operating conditions are favourable for a nucleophilic reaction and hence the generation 

of a polysulphide on the disk surface. Although elemental sulphur is relatively stable at normal 

pipeline operating conditions, the S8 molecules can be subject to attack by nucleophilic and/or 

electrophilic agents. For example, a nucleophilic agent can cleave the cyclic structure of the S8 

molecule, resulting in a far more reactive polysulphide. Hydrogen sulphide can be an important 

accelerator to such a reaction.  
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(area 1) 
 

 
(area 1) 
 

 
(area 2) 
 

 
(area 2) 
 

Areas of low Ni concentration 

Areas of high S concentration 

Note: Ni deposits are ‘masked’  
by hydrocarbon deposits 

Area of high S deposits 

Note: S deposits are ‘masked’  
by hydrocarbon deposits 

Figure 52. Nickel Map 

Area of low Ni Concentration 

Figure 49. Sulphur Map 

Figure 50. Nickel Map 

Figure 51. Sulphur Map 
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The images given in Figures 49 to 53 inclusive, represent a sample area with dimensions of 

approximately 340 µm (width) and 175 µm (height). 

 
For example, a nucleophilic agent can cleave the cyclic structure of the S8 molecule, resulting in 

a far more reactive polysulphide. Hydrogen sulphide can be an important accelerator to such a 

reaction.   

 

The electron microscope results demonstrate the pronounced corrosion on the disk surface, as 

indicated by Figures 46 to 53, inclusive. These ESEM results are for three separate disks, with 

Figures 49 to 53 being an extension of Figures 46 to 48. The referenced ESEM results for disk 

number 1 very clearly demonstrate the presence of sulphur (reference Figures 46 and 48) on 

the corroded areas, with the absence of sulphur on the non-corroded areas of the disk 

confirmed by Figures 46 and 47. The other corroded disks, comprehensively studied with the 

aid of the ESEM, provide very similar results. Although the exact reaction mechanism that made 

the rupture disk corrode was not absolutely identified, the presence of elemental sulphur was 

undoubtedly instrumental in the corrosion process. All the identified key elements required to 

assist in the described corrosion process were noted as being present. 

 

The investigations and subsequent outcomes made by the author into this rupture disk 

corrosion problem have been instrumental in important operational and design modifications 

being made to the equipment and monitoring of the gas supply.    

 

16.6 Corrosion Inhibitors 
 
According to Son [117], corrosion inhibitors are delicate blends of film formers, film enhancers, 

surfactants, demulsifiers and oxygen scavengers. From a review of the components that make 

up some of the typical pipeline corrosion inhibitors, many of the components are nitrogen based 

however there can also be components that contain sulphur, oxygen and phosphorus. 

 

Figure 53. Total Composition Map 

Natural score? 

Pronounced Corrosion Areas 
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As polar radicals containing nitrogen and oxygen adhere well to metal surfaces, they are 

commonly found in the film former components. From a study of the composition of typical 

hydrocarbon pipeline corrosion inhibitors, it is noted that the ingredients consist of probably two 

compounds with a general chemical formula of CnH2n+2O2 plus what is termed an imidazoline 

salt. A typical imidazoline could have a chemical formula C3H6N2, combined in five-member ring 

containing two nitrogen atoms. Of note is the potential source of oxygen. Interestingly, a number 

of components with the general chemical formula CnH2n+2O2 have been noted to be in the 

‘elemental sulphur’ deposition material studied. 

 

16.7 Potential Impact of Aromatics. 
 
The investigations made into the ‘elemental sulphur’ formation and deposition process have 

extended to a number of overseas natural gas transmission pipelines, hydrocarbon processing 

plants and industrial facilities using natural gas as a fuel or feedstock. A request had been 

received by the author to comment on ‘elemental sulphur’ deposits being experienced in 

pipework at a U.K. based natural gas re-injection facility using an underground natural cavity for 

storage of the natural gas. The design and operation of the re-injection facility was reviewed, 

together with the gas composition and geological features of the storage cavity. 

 

Although common features with other ‘elemental sulphur’ sites were noted, one interesting 

aspect observed was that this facility experienced the ‘elemental sulphur’ deposition problem at 

relatively low (283 to 288 K) operating temperature conditions. As already discussed, the 

majority of affected transmission pipelines operate in temperate to hot climatic conditions. 

Another issue of note from the subsequent investigations was that of the composition of the 

natural gas, which contained slightly less than 0.01 mole percentage of benzene and 

approximately 0.001 mole percentage of toluene (both aromatics).  

 

Figure 54 depicts the condition of the internal natural gas pipeline wall after the ‘elemental 

sulphur’ deposits had been ‘scaped off’. Two items are of interest from this photograph, namely: 

 

- The force obviously required to remove the deposits, and 

 

- The reddish colour of the exposed pipe wall on which the ‘elemental sulphur’ deposits 

had bonded.  

 

Moisture within the pipeline system could not be discounted by the operator, therefore the 

presence of moisture, together with the desublimated elemental sulphur, may explain the 

aggressive corrosion process on the internal walls of the pipe. Unfortunately samples of the 

deposited material could not be obtained for further analysis. Interestingly, the aromatics of both 
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benzene and toluene were found in the analysed gas composition. The potential contribution of 

these compounds to the corrosion process is unknown. 

 

This case study further confirms the complexity of this particle formation and deposition 

processes within natural gas high-pressure pipeline systems and facilities. 

 

 
 

Figure 54. Corrosion of Pipeline under ‘Elemental Sulphur’ Deposits 
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CHAPTER 17 
 
CONCLUSION & RECOMMENDATIONS. 
 
 
The extensive studies detailed in this thesis into the complex phenomena of ‘elemental sulphur’ 

deposition in natural gas pipelines are still ongoing. However, it is now believed that the 

principles and mechanisms associated with these formation/deposition processes have been 

identified. Further analysis is still required. Clearly this costly and inconvenient problem for 

natural gas pipelines, and associated infrastructures, can be minimized through the careful 

control of pressure reduction processes and ensuring that pipeline contaminants are kept to an 

absolute minimum. The role of alkanes and other hydrocarbon fluids, sulphur vapour, hydrogen 

sulphide and associated compounds, moisture, electrophiles and nucleophiles all have varying 

degrees of influence on the observed ‘elemental sulphur’ formation and deposition processes.  

 

The saturation level of sulphur vapour in a natural gas composition is a function of pressure and 

temperature, with temperature being the dominating influence. The sulphur vapour saturation 

level increases at an exponential rate to the gas temperature increase. This will mean that the 

resulting elemental sulphur desublimation rate will be greater the higher the inlet gas 

temperature is into a transmission pipeline system. This of course assumes that the inlet gas is 

at, or near, supersaturation conditions for the sulphur vapour in the gas stream. 

 

This saturation condition can be extended to the transmission pipeline where, for a given 

pressure reduction at a metering / pressure regulation station, the higher the inlet gas 

temperature to the station, the greater will be the elemental sulphur desublimation rate. This 

statement assumes that there will be minimal pressure and temperature variation between the 

transmission inlet gas conditions and the referenced metering / regulation station. 

 

Unfortunately, the amount of sulphur vapour in the gas stream is an unknown quantity, and it is 

unlikely that with present analytic techniques it can be measured “on-line” as the levels are so 

low. This research work has demonstrated that processes within the natural gas transmission 

pipeline system have the potential to add to the sulphur vapour and / or directly to the formation 

of elemental sulphur. 

 

Of significant importance for this deposition phenomenon is the very significant contribution 

from liquid hydrocarbons, which have most likely been generated through a combination of 

retrograde condensation, and the lubricating oils, greases, gas conditioning agents, pipeline rust 

inhibitors, and other introduced compounds. Having solid particle matter in the gas stream also 

is shown to contribute to the ‘elemental sulphur’ deposition process. The analysis of the 

deposited materials has consistently shown that the amount of elemental sulphur in the deposits 
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is just a small fraction of the total. Hydrocarbon based liquids and solids are by far the dominant 

contributors in the observed samples. 

 

Clearly the presence of H2S plays a very significant, yet very diverse role in the formation of 

elemental sulphur. The presence of water / water vapour and oxygen are also important 

contributing factors.  

 

Once the supersaturation level for the sulphur vapour has been attained in the gas mixture, the 

nucleation phase quickly becomes established. However, the number of nuclei formed is very 

small which means the sulphur nuclei condensation / coagulation processes are going to be 

very limited without the presence of other particles within the gas stream. If the gas stream at 

the point of desublimation (pressure control valve) is subjected to very high turbulence then the 

particle – particle collision rate will be significantly enhanced. This means that the design of the 

pressure regulator cage housing is also a factor in the desublimation process. 

 

The natural gas composition and the p, T conditions at the pressure reduction point will 

influence the conditions conducive for retrograde condensation. From investigations made into 

the operating conditions and gas composition at effected sites, a significant number 

demonstrated a very high probability of experiencing retrograde condensation. This, therefore, 

means that the potential exists at these sites for the concurrent processes of desublimation and 

retrograde condensation. As most affected sites have ball valves and other equipment that 

requires the regular application of greases and other compounds, there is the potential for 

additional foreign material in the gas stream. Collectively, these materials will greatly enhance 

the coagulation / agglomeration processes.  

 

The presence of ‘elemental sulphur’ deposits is not only a concern for the transmission pipeline 

operators – it is a total industry problem. Such deposits in a pipeline system can be just a 

nuisance value, or can have serious consequences. Unfortunately, some of the greater threats 

from ‘elemental sulphur’ deposition are seen to be in downstream facilities. As transmission 

pipeline operating pressures increase, so the occurrence and intensity of the deposition 

problem will increase without remedial action.   

 

17.1 Recommendations for Current Pipeline Operations. 
 
Table 20 summarises the many contributing factors to the formation and deposition processes 

that have been identified through this research project. A number of the listed contributing 

factors are indirect, and may be in very small quantities in the gas stream. 

 

 

 



 158

Contributing Factor Potential Result Controlling Factor 

Sulphur vapour Elemental sulphur Desublimation process 

Retrograde condensation Hydrocarbon liquids and 
coagulation material 

Phase envelope 
characteristics 

Hydrogen sulphide Generation of sulphur Quantity of H2S in  
gas stream 

Oxygen Generation of free sulphur 
from sulphur compounds 

Quantity of O2 in  
gas stream 

Moisture (water) Generation of free sulphur 
from sulphur compounds 

Quantity of water in  
gas stream 

Pressure reduction / 
temperature quench 

Supersaturation 
conditions for sulphur 
vapour desublimation 

Temperature of gas 
stream. Size of  

pressure reduction 

Aromatics Generation of free sulphur 
from sulphur compounds 

Quantity of H2S in  
gas stream 

Mercaptans Reaction with Fe to form 
H2S – then potentially S 

Quantity 
[Control of dosage rates – 
do not permit ‘puddling’] 

Glycols 
Reaction with Fe to form 
Fe3O4 – then potentially 
reaction with H2S to S. 

Quantity 
[Minimize glycol carry  
over into gas stream]  

Methanol Reaction with H2S to 
form S 

Quantity 
[Minimize methanol carry 

over into gas stream] 

Carbonyl sulphide Potential for conversion 
to H2S 

Quantity of CS2 in  
gas stream 

Sulphur dioxide Reaction with mercaptans 
(CH4) to form S 

Quantity of SO2 in  
gas stream 

Carbon dioxide Reaction with H2S to 
form COS 

Quantity of H2S in  
gas stream 

Solid contaminants in  
gas stream Coagulation material Quantity in  

gas stream 

Lubricants 

Formation of metal 
sulphides through 
reaction with H2S. 

Possibility of MeS to S 

Quantity  
[Use sparingly on 

transmission system] 

Solid contaminants in  
gas stream Coagulation material Quantity in  

gas stream 

Metal particles 

Formation of metal 
sulphides through 
reaction with H2S. 

Possibility of MeS to S 

Quantity 
[Minimize] 

Goethite (rust) Reaction with H2S  
to form S 

Condition of internal  
pipe walls 

Hydrocarbons C7+ Liquid generation – 
coagulation potential 

Quantity 
[Minimize % composition 
of heavy hydrocarbons] 

Design of pressure 
reduction equipment 

High particle – particle 
collision rate. 

Degree of turbulence 
in valve housing 
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Contributing Factor Potential Result Controlling Factor 

Oils – compressor 
and other 

Coagulation with S 
particles and other 

Quantity 
[Minimize carry over 

into gas stream] 
Sulphate Reducing 

Bacteria (SRB) Generation of H2S Favourable pipeline 
conditions 

Nucleophiles  
electrophiles 

Reaction with sulphur and 
compounds to produce 
corrosive environment 

Quantity 
Favourable chemical 
reaction conditions 

Volatile organic, chlorine 
and fluorine compounds Rapid corrosion Quantity 

Mill scale in pipeline Generation of S(s) 
Presence of mill scale  

and H2S in pipeline 
 
Table 20. Elements and Processes that Impact the ‘Elemental Sulphur’ Formation / 

Deposition Rate in a Transmission Pipeline System. 
 
 
17.2 Steps to Minimize Threat. 
 

Clearly it is just not practical, or economically feasible to eliminate all sources of sulphur and 

sulphur compounds, together with the identified contributing / enhancement factors, from a 

natural gas transmission pipeline system. The following list provides some means to minimize 

the ‘elemental sulphur’ formation / deposition process. The items are not presented in any 

ordered form. 

 

 When a large pressure reduction is required use a dual stage pressure cut. Due to the 

potential for temperature recovery between stages, a much lower temperature gradient 

at each stage, and lower retrograde condensation rate (if applicable) will decrease the 

overall nucleation, condensation and coagulation rates. 

 

 Where possible, avoid the application of labyrinth type pressure control / regulation 

valves.  

 

 Reduce the potential for retrograde condensation occurring at a pressure reduction 

facility. 

 

 Minimize the entry and transmission of liquids and solid particles in the gas stream.  

 

 Minimize the sources of water (moisture) and oxygen that can enter the gas stream. 

 

 Ensure carry-over from glycol processing plants is kept to a minimum. 
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 At commissioning of new pipelines ensure dewatering processes are complete and 

thorough. Do not permit ‘puddling’ of odorants or other like additives. Make sure pipe 

work is free of particle matter. 

 

 Review type of material used in molecular sieve beds does not favour the conversion of 

H2S to COS. 

 

 Minimize H2S levels. 4.0 ppm is seen as a realistic target taking into account the 

economic / technical requirements for gas producers / processors and the transmission 

pipeline operator. However, a lower level is more preferable. 

 

 Minimize site conditions suitable for the colonization and maintenance of SRB. 

 

 Try to minimize large temperature excursions along pipeline route. 

 

 Maintain flowing gas temperature as high as practically possible. This will not only help 

maintain the sulphur gaseous form and hence in solution, but will also assist in the 

minimization of retrograde condensation. 

 

 Care needs to be exercised in the interpretation of on-line and wellhead analysis 

results. This may be due to sampling techniques, absorption of components by the 

sampling apparatus (tubing, valving and container), or due to the variations between 

sampling and analysis pressures (and temperatures). 

 

 Take care when applying commercial models to gas processing, transportation 

conditions. Ensure all gas component parameters are within the specified design criteria 

of the model. 

 

 Minimize pipeline pigging operations and maintain pig speeds at realistic controlled 

levels. Pigging operations are a cause of oxygen ingress. Such operations also have 

the potential to transport a slug of liquid down the pipeline to pressure reduction 

facilities. High speed pigging operations, due to the result of the Joule-Thomson effect, 

can actually result in heavier hydrocarbons condensing. 

 
17.3 Recommendations for Further Research. 
 
 
This research work has demonstrated that the ‘elemental sulphur’ formation and deposition 

process is very complex. Although it is believed that most of the contributing factors to the 

particle formation and deposition processes have been investigated, further in depth 
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investigations could probably be applied to most of the topics referenced. Items particularly 

identified for further research consideration are: 

 

 The dynamics associated with fluid mixing at pipeline ‘T’ junctions, 

 

 The ‘sulphur transportation process’, particularly from well-head to pipeline customer 

custody transfer point, 

 

 Confirmation of possible chemical reactions, 

 

 The design of pressure reduction valves, 

 

 Further studies on the inter relation of “black-powder” and “elemental sulphur”, 

 

 Further analysis on the impact of gas processing plant gas sweetening and dehydration 

processes, and 

 

 The impact on transmission pipeline downstream facilities of ‘elemental sulphur’ 

deposition. 

 

_________________________________ 
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CHAPTER 18 
 
SUPPORT INFORMATION 
 
 
18.1 Sulphur ‘Equilibrium Map’ Technical Details 
 

In order to understand the ‘elemental sulphur’ formation and deposition processes, it has been 

an important feature of this research to determine the appropriate level of vapour that will 

desublimate at given pipeline operating conditions. 

 

Unfortunately sulphur vapour pressure details at natural gas transmission pipeline conditions 

were found, through literature review, to be very limited with considerable variations in the data 

presented. From correlations made on the available data, the information provided by  

Grigoriev [118] was selected for application to this work. The sulphur vapour pressure details 

provided by Grigoriev were found to be in agreement with other recently published data, and are 

reasonably extensive. An equation of fit was generated from the Grigoriev data to enable 

pipeline pressure and temperature conditions to be accommodated within this research work. 

 

Although the HYSYS version 3.1 interactive program has been applied to determine the sulphur 

equilibrium map conditions, it is noted that the HYSYS sulphur vapour pressure information is 

only claimed to be valid within the temperature range of 325.0 to 550.0 K. Figure 13 

demonstrates the deviation in extending HYSYS sulphur vapour pressure values to pipeline 

operating conditions with the corresponding results obtained by the Grigoriev data. 

 

The results obtained must be taken as being indicative only. This is because of the many 

assumptions made in the calculation process such as: 

 

• That the natural gas composition is saturated with sulphur vapour, 

 

• That the pipeline operating conditions have been constant throughout the elemental sulphur 

formation process, 

 

• That the desublimation threshold level is continually achieved, and 

 

• That the ‘elemental sulphur’ condensation and coagulation processes are constant. 

 

In reality, all of the above conditions will vary. 

 

The pressure and temperature conditions at which the sulphur commences to desublimate is 

analogous to the determination of dew points for hydrocarbon mixtures. The hydrocarbon 
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dewpoint for a natural gas composition can be calculated through the application of an 

appropriate equation of state (EOS) vapour-liquid equilibrium (VLE) algorithm. 

 

The Peng-Robinson EOS has been selected due to its wide acceptance within the petroleum 

industry for the determination of natural gas properties.  

 

To achieve the observed levels of ‘elemental sulphur’ contamination within a pipeline system, 

the sulphur vapour desublimation process has to be in operation for periods ranging from a 

number of weeks to many months. This ‘elemental sulphur’ deposition period is going to be 

dependent upon some, if not all of the following items: 

 

• The operating pressure and temperature conditions, 

 

• The rate of change of pressure, 

 

• The composition of the natural gas, 

 

• The extent of any retrograde condensation simultaneously occurring with the sulphur 

desublimation process, 

 

• The amount and type of other fine particle matter that is being transported in the gas 

stream, 

 

• The gas flow rate, 

 

• The variations in operating conditions, 

 

• The geometry of the pressure reduction device, 

 

• The presence of other contaminants in the gas stream, and in particular volatile 

compounds. 

 

With reference to Katz [119] the five parameter Peng-Robinson EOS expressed in terms of P is:  

 

        P  = 
bv

RT
−

 - 
)()(

)(
bvbbvv

Ta
−++

     …. (18) 

 

This equation can be rewritten in terms of the compressibility factor, Z as: 
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( ) ( ) ( ) 0221 32223 =−−−−−+−− BBABZBBAZBZ  …. (19) 
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For a common transmission pipeline composition: 
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                            where  Z  = Compressibility factor 

   aR = Universal gas constant 

    v  = Volume 

   ω  = Acentric factor 

   rT  = Reduced temperature 

   cT  = Critical temperature  

   cP  = Critical pressure 

   ijk  = Cubic EOS interaction parameter 

 

Table 24 provides details of the critical temperature, critical pressure and accentric factor values 

used in the applied equations. Table 25 provides details of the binary interaction parameters for 

the applied Peng-Robinson EOS. The applied binary interactive parameters for sulphur have 

had to be referenced from another source, as per details given in Table 26. All sets of binary 

interactive parameters did not include the required sulphur and sulphur derivatives values, 

hence the need to develop a hybrid table of interactive parameters.   

 

Now equation 19 will yield one or three roots, depending upon the number of phases in the 

pipeline system. In the two-phase region, the largest root is for the compressibility factor of the 

vapour and the smallest positive root is the compressibility factor for the liquid. 

 

The solution of the cubic equation 19, which has the form: 

 

32
2

1
3 aZaZaZ +++  = 0     …. (31) 

 

        where 1a   = - )( B+1  

        2a  = 332 BBA −−  

                    3a   = - ( )32 BBAB −−  

   

The roots for the cubic equation are: 
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Although the sulphur equilibrium map conditions generated are for standard transmission 

pipeline gas composition quality criteria, which is the total composition in gas phase, a check 

process has been developed to ensure that the root selected for the gas compressibility value is 

the correct one. This check process is based on the equation used by the AGA Report No. 8 [120] 

 

The AGA-8 full compositional analysis method applies the following EOS for compressibility 

factor: 

       Z  = ( ) ( )2
2

2
2

2
1

532 exp11 dAdAdAEdDdCdBd −++++++  …. (35) 

 

          where Z  = Compressibility factor 

         d   = Molar density of gas 

        1A   = }  

        2A   = } 

         B   = } Coefficients which are functions 

         C   = } of temperature and composition 

         D   = } 

         E   = } 

 

And the EOS for pressure is: 

 

       P  = +++++ 6432 ERTdDRTdCRTdBRTdTRd  

   ( ) ( )2
2

2
2

3 exp11 dAdARTdA −+   …. (36) 

 

          where P  = Absolute pressure 

         R  = Universal gas constant 
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         T   = Absolute temperature 

 

The gas mixture second virial coefficient B  is related to the gas composition and the interaction 

second virial coefficient ijB  by the equation: 

 

       B  = ( ) NNnNNNN BxxBxxBxBxBx ,1)1(1221
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22
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                      where B   = Gas mixture second virial coefficient 

         ix   = Mole fraction of component ''i  in gas mixture 

        ijB   = Interaction second virial coefficient for gas species i and j   

         N  = Number of components in gas mixture 

 

The interaction second virial coefficients ijB  are calculated using the following equation: 
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        where ka   = Constants ( )etck ,2,1=  

         ijt  = Dimensionless binary temperature quantity 

        ijγ   = Binary orientation parameter 

           iσ   = Characteristic size parameter for thi component 

 

The dimensionless binary temperature quantity ift  per equation A.17 is determined using the 

equations: 

 

       
ij

ij e
Tt =         …. (40) 

      ( )2
1

jiijij we εε=        …. (41) 

 

where ijε   = Characteristic binary energy parameter for second virial coefficient 
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           ijw   = Binary temperature interaction parameter 

            iε   = Characteristic energy parameter for the thi  component 

 

The values for the characteristic energy, size and orientation parameters ( ,iε ,iσ and )iγ  are 

given in Table 27. The values for the generalized EOS parameters ( )ka  are given in Table 28, 

with the binary interaction parameter values given in Table 29. 

 

The binary orientation parameter ijγ  in equation 39 is calculated using the relation: 

 

        ( )jiij γγγ += 5.0        …. (42) 

       where ijγ   = Binary orientation parameter 

         iγ  = Orientation parameter for the thi  component 

 

Coefficients C, D, E, A1 and A2 

 

The coefficients given in equation 35 are determined according to the following: 
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         E  = ( )[ ] 151
26

3
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1
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       A1  = ( )[ ] 63
27

3
18 σγ −− + rr TaTa      …. (46) 

 

       A2  = [ ] 6
19 σa        …. (47) 

 

        where ka  = Constants ( ).,10,9 etck =  

       rT  = Mixture dimensionless temperature 

        γ  = Mixture orientation parameter 

       σ  = Mixture size parameter 
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To solve for the coefficients C, D, E, A1 and A2, the mixture orientation parameter ,γ  and the 

mixture size parameter ,σ  must be solved using the following relationships: 
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       where iju   = Binary interaction parameter 

        ijγ   = Binary orientation parameter 

 

In determining the vapour-liquid equilibrium conditions through the application of the Peng 

Robinson EOS, the following conditions must be satisfied: 

 

      VT  = LT         …. (54) 

     VP  = LP         …. (55) 

     V
if  = L

if         …. (56) 

 

           where T  = Temperature 

          P  = Pressure 

         if   = Fugacity of component i in the mixture 

 

[The superscripts V and L refer to the vapour and liquid phases 

respectively] 
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To satisfy the above conditions, it is necessary to determine the fugacity of the thi  component, 

if  for both the natural gas and sulphur phases. According to Starling [121] the fugacity of the thi  

component in a fluid mixture if  is related to the equation of state by the following relation: 
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           where ix  = mole fraction of the ith component 

         P = pressure 

        V  = volume 

        ρ  = density 

        in  = number of moles of component ‘i’ in phase 

        R  = Universal gas constant 

 

The new term is introduced, that of the equilibrium vapourization ratio, or K  value. This is the 

ratio of the mole fraction i  in the liquid phase ( )ix  to the mole fraction of the same component 

in the vapour phase ( )iy . Therefore: 

      iK  = 
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       where 0
Li

f   = fugacity of component i in the pure liquid state 

      0
Vi

f  = fugacity of component i in the pure vapour state 

Fugacity is a thermodynamic property that is related mathematically to Vp,  and .T  For 

convenience, fugacity coefficientsφ , are frequently used where: 

        iφ  = 
py

f

i

i         …. (60) 

        where iφ  = vapour phase fugacity coefficient of component i   
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At equilibrium 
LV ii ff = so:  
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In the operation of natural gas transmission pipeline systems, the hydrocarbon dewpoint 

(HCDP) is of interest, as the pipeline operator wants to ensure that the natural gas being 

transported is going to remain in the gaseous state. Indeed, the HCDP is an important 

parameter for both the maintenance of pipeline and gas sales contracts quality criteria. As 

shown in Figure 11, the hydrocarbon dewpoint and bubble point curves form the phase 

envelope for the particular gas composition. The phase envelope is constructed from given 

pressure and temperature conditions for the gas mixture.  

 

Now, the above conditions and requirements have been combined to determine the sulphur 

vapour equilibrium map, with fugacity coefficient for the liquid phase, ΦiL being the saturated 

sulphur conditions for the given p, T conditions.    

 

Now the required compressibility value, Z, can be obtained from selecting the appropriate root 

from solving equation 19, or through a process of iteration by selecting an initial value of 

pressure and determining the molar density value. The determined molar density value is 

substituted in equations 35 and 36 until the selected pressure value is equal to the value given 

by equation 36.  

 

The compressibility values determined by both methods should be in very good agreement. It is 

to be noted that the second method only determines the compressibility value for the gas 

phase.  

 

Now the gas phase fugacity coefficient is determined from: 
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Figure 55 is a plot of two sets of sulphur equilibrium map concentrations of 1.0 x 10-5 and 1.0 x 

10-6 using HYSYS Peng Robinson equation of state and the Antoine ideal component equation 
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of state. It will be noted that at low pressure, the results for both sets of concentrations are in 

good agreement, however at higher pressures the two sets of curves deviate. This 

demonstrates the effect of non-ideal behaviour of gas composition at higher pressures. 

 

HYSYS version 3.1 will only generate a phase envelope for sulphur vapour concentrations 

down to 1 part per million, or 0.0001 percent. This means that meaningful comparisons can be 

only made between the HYSYS and check calculations at sulphur vapour concentrations 

greater than 0.0001 percent. The HYSYS results for this sulphur concentration imply a 

temperature of 336.65 K at 202.7 kPa abs. As referenced above, the HYSYS sulphur vapour 

pressure information is only valid within the temperature range of 598 to 823 K. Therefore, the 

results of the 0.0001 percent sulphur concentration need to be applied with some caution. 

 

According to McCain [122], the K value for a component of a real solution depends not only on 

pressure and temperature but also on the types and quantities of other substances present. 

This means that any correlation of K values must be based on at least three quantities; 

pressure, temperature, and a third property that describes non-ideal solution behaviour. This 

third property must represent both the types of molecules present and their quantities in the gas 

composition. This requirement has been satisfied by the approach taken. 

 
 

Pressure 
(kPa abs.) 

Sulphur 
vapour 

concentration
10 ppmv 

Pressure 
(kPa abs.) 

Sulphur 
vapour 

concentration 
1 ppmv 

202.7 369.74 K 202.7 336.68 K 

334.1 377.35 K 260.2 339.74 K 

708.1 388.85 K 378.7 344.33 K 

1,805.0 402.25 K 665.8 351.13 K 

4,715.0 410.85 K 1,563.0 360.34 K 

5,651.0 411.25 K 3,752.0 365.63 K 

7,821.0 409.95 K 4,072.0 365.68 K 

12,970.0 400.25 K 5,940.0 364.23 K 

21,510.0 375.05 K 9,405.0 356.63 K 

11,830.0 348.72 K 

14,620.0 337.3 K 

16,650.0 327.26 K 

18,270.0 318.02 K 
 

Table 21. Sulphur Concentration for given p,T Conditions (HYSYS) 
 

 

With respect to the sulphur concentration data provided by Tables 21 and 22, it is to be noted 

that the lower limit of the HYSYS derived sulphur vapour concentration is 1.0 ppmv. 
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Pressure 
(kPa abs.) 

 Sulphur 
vapour 

concentration
10 ppmv  

Sulphur 
vapour 

concentration 
1 ppmv 

500 385.45 K 349.65 K 

1,000 397.55 K 359.35 K 

2,000 410.15 K 369.45 K 

4,000 423.15 K 379.55 K 

6,000 430.65 K 385.25 K 
 

    Table 22.  
Sulphur Concentration for given p,T Conditions (Antoine) 

 
 

Table 21 is the determined S8 pressure and temperature conditions for quoted S8 concentration 

levels illustrated by the two referenced HYSYS graphs given in Figure 55. For the two Antoine 

graphs, Table 22 provides the details. Calculations are based respectively on the HYSYS Peng-

Robinson and Antoine EOS.   
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Figure 55.  Comparison of HYSYS Peng- Robinson and Check 

Antoine EOS derived Sulphur Equilibrium Concentrations. 
 

 
Figure 56 is an extension of the Antoine EOS derived sulphur equilibrium map conditions for 

defined sulphur vapour concentrations, with details of the pressure and temperature conditions 

given in Table 23. 
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Table 23. Sulphur Concentration for given p,T Conditions (Antoine extended) 

[All temperatures in K]. 
 
Table 23 is the determined S8 pressure and temperature conditions for quoted S8 concentration 

levels. Calculations based on ideal sulphur properties. 
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Figure 56.   Antoine EOS derived Sulphur Equilibrium Concentrations. 

 

Conc.ppm 1 x 10-6 1 x 10-7 1 x 10-8 7.5 x 10-9 5.0 x 10-9 2.5 x 10-9 1 x 10-9 

500 
kPa abs 349.65  320.25 295.65  292.85  288.95  282.65  274.65  

1,000 
kPa abs. 359.35  328.25 302.35  299.35  295.25  288.65 280.35  

2,000 
kPa abs. 369.45  336.45 309.05  305.95  301.65  294.75  286.05  

4,000 
kPa abs. 379.55 344.45  315.65  312.35  307.85  300.55  291.35  

6,000 
kPa abs. 385.25  348.95  319.15 315.75  311.15  303.55  294.15 

8,000 
kPa abs. 389.25  351.95 321.45  317.95  313.25  305.45 295.95  

10,000 
kPa abs. 392.15   354.05  322.95  319.45  314.65  306.85  297.05  

12,000 
kPa abs. 394.35  355.65  324.15  320.55  315.65  307.75  297.85 

14,000 
kPa abs. 396.15  356.95  324.95 321.35  316.45  308.35  298.35  

16,000 
kPa abs. 397.55  357.95  325.65  321.95  317.05  308.85  298.75  
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18.2 Support Information for Derivation of ‘Sulphur Equilibrium Map’ 
Conditions. 

 

Component Critical 
temperature (K) 

Critical pressure 
kPa. Acentric factor 

Methane 190.555 4,598.8 0.0115 

Ethane 305.83 4,880 0.0908 

Propane 369.82 4,250 0.1454 

n-Butane 425.14 3,784 0.1928 

i-Butane 408.13 3,648 0.1756 

n-Pentane 469.69 3,364 0.251 

i-Pentane 460.39 3,381 0.2273 

iso- Pentane 433.75 3,199 0.197 

n-Hexane 506.4 3,030 0.2957 

n-Heptane 539.2 2,740 0.3506 

n-Octane 568.4 2,490 0.3942 

n-Nonane 594.4 2,280 0.4437 

Nitrogen 126.2 3,390 0.039 

Carbon Dioxide 304.2 7,386 0.239 

Hydrogen Sulphide 373.2 8,940 0.109 
 

Table 24. Critical Properties of Natural Gas Components. 
Source of information for Table 23: International Standard ISO 6976 [123] 

 
 

 H2S H2 S8 CH4 CO2 N2 

H2S 0 0 0.0812 0.08 0.097 0.176 

H2 0 0 0 0 0 0 

S8 0.0812 0 0 0.155 0.135 0 

CH4 0.08 0 0.155 0 0.092 0.031 

CO2 0.097 0 0.135 0.092 0 -0.017 

N2 0.176 0 0 0.031 -0.017 0 

 
Table 25. Peng-Robinson Interaction Parameters, kij 

Source of information for Table 24: Heidemann [124] 
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Component C1 C2 C3 nC4 iC4 nC5 iC5 

C1 0 0.00295 0.00748 0.0129 0.0137 0.01847 0.01818

C2 0.00295 0 0.0019 0.0046 0.0051 0.0081 0.0079

C3 0.00748 0.0019 0 0.0013 0.0015 0.0032 0.0031

nC4 0.0129 0.0046 0.0013 0 0.0005 0.001 0.0009

iC4 0.0137 0.0051 0.0015 0.0005 0 0.0008 0.0008

nC5 0.01847 0.0081 0.0032 0.001 0.0008 0 0.0004

iC5 0.01818 0.0079 0.0031 0.0009 0.0008 0.0004 0

C6 0.02398 0.0119 0.0056 0.0023 0.002 0.0008 0.0008

C7 0.02933 0.0158 0.0083 0.004 0.0036 0.0017 0.0018

C8 0.03459 0.0197 0.0112 0.0061 0.0056 0.0031 0.0032

C9 0.03933 0.0234 0.014 0.0082 0.0076 0.0046 0.0047

N2 0.036 0.05 0.08 0.09 0.095 0.1 0.095

CO2 0.1 0.1298 0.135 0.1298 0.1298 0.125 0.125

S Vap 0.155 0 0 0 0 0 0

Component C6 C7 C8 C9 N2 CO2 S Vap 

C1 0.02398 0.02933 0.03459 0.03933 0.036 0.1 0.155

C2 0.0119 0.0158 0.0197 0.0234 0.05 0.1298 0

C3 0.0056 0.0083 0.0112 0.014 0.08 0.135 0

nC4 0.0023 0.004 0.0061 0.0082 0.09 0.1298 0

iC4 0.002 0.0036 0.0056 0.0076 0.095 0.1298 0

nC5 0.0008 0.0017 0.0031 0.0046 0.1 0.125 0

iC5 0.0008 0.0018 0.0032 0.0047 0.095 0.125 0

C6 0 0.0006 0.0014 0.0024 0.149 0.125 0

C7 0.0006 0 0.0005 0.0011 0.1439 0.1199 0

C8 0.0014 0.0005 0 0.0004 0.1 0.115 0

C9 0.0024 0.0011 0.0004 0 0.1 0.101 0

N2 0.149 0.1439 0.1 0.1 0 -0.02 0

CO2 0.1250 0.1199 0.115 0.101 -0.02 0 0.135

S Vap 0 0 0 0 0 0.135 0
 

Table 26. 
Binary Interaction Parameters for Peng-Robinson Equation of State. 

Source of information for Table 25: Danesh [125] 
 
Tables 27 to 29 inclusive are derived from the American Gas Association Report No. 8  

(AGA-8) [126]. This EOS is very widely used in the natural gas transmission pipeline industry for 

the determination of gas compressibility and density. 

 

Very good correlation has been obtained between the two sets of compressibility determining 

equations. 



 177

Component Molar mass 
M 

Energy 
parameter ε 

Size 
parameter σ 

Orientation 
parameter γ 

Nitrogen 28.0134 180.386 0.77248 0.0404

Carbon Dioxide 44.01 434.82 0.78412 0.1923

Sulphur  

Methane 16.043 272.373 0.79806 0.0115

Ethane 30.07 436.514 0.91096 0.0915

Propane 44.097 528.651 1.01021 0.1520

n-Butane 58.123 607.766 1.09214 0.1957

i-Butane 58.123 583.324 1.10343 0.1760

n-Pentane 72.15 671.381 1.17083 0.2637

i-Pentane 72.15 658.08 1.16055 0.2270

n-Hexane 86.177 725.117 1.22967 0.2988

n-Heptane 100.204 769.57 1.29231 0.3577

n-Octane 114.231 811.165 1.35229 0.4026

n-Nonane 128.258 849.815 1.40493 0.4342
 

Table 27.  Characterization Parameters 
 
 

k ak k ak 

1 0.25837 15 21.35631 

2 7.04794 16 14.15528 

3 -19.536 17 2.03047 

4 14.43903 18 9.96509 

5 -7.36355 19 4.55053 

6 -0.18877 20 6.51706 

7 0.03392 21 -12.33577 

8 -0.28112 22 -4.82222 

9 2.62998 23 12.22885 

10 1.88315 24 -16.83781 

11 -7.15823 25 0.55906 

12 0.05833 26 18.25211 

13 18.02809 27 11.79425 

14 -40.20412   
 

Table 28.    
Generalized Equation of State Parameters 

 
 

It will be noted from Table 27 that the AGA-8 equations do not make any accommodation for 

sulphur. As this equation was developed as a check process for compressibility, coupled with 
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the fact that the sulphur vapour concentration is extremely small, substitute parameters have 

not been applied. 

 
Component Pair uij vij wij 

Methane - Ethane 1.0414 0.9982 1.0015 
Methane - Propane 1.0014 1.0041 0.9904 
Methane – n-Butane  1.0000 1.0000 0.9779 
Methane – i -Butane 1.0000 1.0000 0.9795 
Methane – n - Pentane 1.0000 1.0000 0.9691 
Methane – i -Pentane  1.0116 0.9738 0.9695 
Methane - Hexane  1.1028 0.9681 0.9561 
Methane - Heptane 0.9913 0.9793 0.9432 
Methane - Octane  0.9673 0.9790 0.9321 
Methane - Nonane  0.9433 0.9790 0.9205 
Methane - Decane 0.9193 0.9789 0.9084 
Carbon dioxide - Methane 0.9642 1.0253 0.9559 
Carbon dioxide - Ethane  0.8614 1.0159 0.9159 
Carbon dioxide - Propane  0.7957 1.0126 0.8935 
Carbon dioxide – i - Butane  1.0000 1.0000 0.8454 
Carbon dioxide – n - Butane 1.0000 1.0000 0.8517 
Carbon dioxide – i - Pentane  1.0000 1.0000 0.8115 
Carbon dioxide – n - Pentane  1.0000 1.0000 0.8131 
Carbon dioxide - Hexane  1.0000 1.0000 0.7620 
Carbon dioxide - Heptane  1.0000 1.0000 0.7124 
Carbon dioxide - Octane  1.0000 1.0000 0.6698 
Carbon dioxide - Nonane  1.0000 1.0000 0.6252 
Carbon dioxide - Decane  1.0000 1.0000 0.5786 
Nitrogen - Methane 0.9555 1.0166 0.9757 
Nitrogen - Ethane 1.0751 1.0118 0.9707 
Nitrogen - Propane 1.0000 1.0000 0.9416 
Nitrogen – I - Butane 1.0000 1.0000 0.9274 
Nitrogen – n - Butane 1.0000 1.0000 0.9297 
Nitrogen – I -Pentane 1.0000 1.0000 0.9155 
Nitrogen – n - Pentane 1.0000 1.0000 0.9161 
Nitrogen - Hexane 1.0000 1.0000 0.8981 
Nitrogen - Heptane 1.0000 1.0000 0.8806 
Nitrogen - Octane 1.0000 1.0000 0.8656 
Nitrogen - Nonane 1.0000 1.0000 0.8499 
Nitrogen - Decane 1.0000 1.0000 0.8335 
Nitrogen – Carbon dioxide 1.0102 1.0494 1.0096 

 
Table 29.  Binary Interaction Parameter Values 
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18.3 Additional Field Observations and Laboratory Analysis Results. 
 

Element Sample 
A 

Sample 
B 

Sample 
C 

Sample 
D 

Sample 
E 

Sample 
F 

Sample 
G 

Fe 7235 10471 375135 311 26377 117 509

Li 0.97 2.2 4.67 0.14 10 0.1 0.41

Mg 24 47 428 6.1 7896 16.7 13

Al 68 465 967 8.4 11997 37.9 97

Si 33 128 423 488 1133 173 33

Ca 14 73 621 26.8 7681 10.4 12

Ti 12.8 8.6 270 3 3700 7.2 8.6

Cr 499 21.4 2799 13.6 379 7.1 34.1

Mn 78 66 4500 8.2 1700 12.3 11.8

Ni 120 14.6 1500 9.1 200 17.8 32.6

Cu 92 25.5 100 1.4 1100 4.6 47.8

Zn 25.9 100 119 7.7 8099 26.9 57

Cd 0.04 0.11 2.2 0.8 1.7 0.1 1.2

Ba 1.6 5.2 1.5 170 1.3 9.9

Pb 1.71 3 120 62 1600 4.6 11.9

S 10267 5798 6617 61091 6239 4484

Totals 18473 17229 386989 7565 133135 6676 5363

 
Table 30. Typical ICP-MS Results of Pipeline Samples of Sulphur Agglomeration. 

 
Results expressed in ppm. 

Details of samples: 

 Sample A. Sample from a control valve on a gas pipeline.  

   Sample texture course, black in colour.  

 Sample B. Light oil sample from gas pipeline. 

 Sample C. Oil taken from inlet to transmission pipeline 

 Sample D. Oil sample from orifice plate carrier.  

Sample E. Sample from fuel gas supply pressure regulator. Yellow powder.   

 Sample F. Sample taken from meter station. Dry sample. 

Sample G. Sample taken at end of pipeline system. Sample black in colour with 

oily texture. 

 

__________________________________ 
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18.4 Support Information from ESEM Results. 
 
From the ESEM results of the “elemental sulphur” deposited material, there appears to be a 

correlation between the crystal sizes and the gas flow rate. The following ESEM images 

demonstrate this situation for four separate case studies. 

 

Figure 57 is a sample from a medium to low, intermittent gas flow rate site. Note that there is 

variability in the size of the crystals formed. Figure 58 is from a site having similar flow 

characteristics to the Figure 57 site. However, it is from a different pipeline, with differing gas 

composition and greater variability in gas flow rate. The average flow rate of the gas at the 

Figure 58 site is lower than that for the Figure 57 site. Again variability in the crystal sizes can 

be noted. 

 

The Figure 59 site is a high gas flow site, with reasonably continuous and steady gas flow rate. 

The gas supply producing this sample was going to a remote site, continuously running, gas-

engine alternator. Figure 60 is from the “GO” regulator study, therefore continuous, steady and 

high gas flow rate due to the quick response sampling required by the gas chromatograph. 

 

The size of the crystals in Figures 59 and 60 are much smaller and more consistent in size than 

the crystals shown in the samples represented by Figures 57 and 58. In all cases, hydrocarbons 

were noted to be present in the samples. Further study is required within this area to better 

quantify the crystal size / point of nucleation, condensation and coagulation conditions. The 

relationship between crystal size and gas flow rate is considered as a function of the time 

available for condensation and coagulation of the formed nuclei and other particles already in 

the gas stream at the point of pressure reduction (quench condition). 

 

 
 
Figure 57.  ESEM image for medium to low, intermittent gas flow situation. 
 
 

Image area: approx. 
1,340 x 1,000 µm 
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Figure 58.  ESEM image for low, intermittent gas flow situation. 
 

 
 
Figure 59.  ESEM image for high, continuous gas flow situation. 
 

 
 
Figure 60.  ESEM image for high, continuous gas flow situation. 
 

Image area: approx. 
2,610 x 1,940 µm 

Image area: approx. 
723 x 540 µm 

Image area: approx. 
1,045 x 780 µm 
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SULPHUR – ITS ROLE IN THE FORMATION OF UNWANTED CONTAMINATION 
DEPOSITS IN NATURAL GAS TRANSMISSION PIPELINE SYSTEMS 

 
D. J. Pack., A. B. Chesnoy., T. J. Edwards., R. Trengove 

_________________________________ 
 
 
Introduction. 
 
The ‘black powder’ contamination issue within natural gas pipelines systems is well 
known and relatively widespread. A more recent and rapidly growing additional 
pipeline contamination problem for pipeline operators is the so-called ‘‘elemental 
sulphur’ deposition problem. 
 
Although known for a number of decades to cause plugging in reservoir wellhead 
facilities, it is since about 1990 that ‘elemental sulphur’ deposition has openly been 
acknowledged [1] as a problem in natural gas pipelines and other facilities 
downstream of gas processing plants. Within the past decade and one-half, this 
formation / deposition process has progressively been more widely observed. The 
increasing trend to have transmission pipeline systems operating at higher pressures 
is a significant factor in this increase. Due to this fact it is anticipated that the 
occurrence and magnitude of this ‘sulphur deposition’ process will increase. Although 
elemental sulphur is referenced as the deposition element, there are clearly many 
other elements and compounds involved. 
 
The ‘elemental sulphur’ formation and deposition process occurs within a very 
dynamic environment. Natural gas flow within a high-pressure transmission pipeline 
system is accompanied by a variety of physical-chemical processes. For example, 
there will be multiple pressure, temperature and density conditions. The velocity of 
the gas will vary, as will the composition. The pipeline may, at times, be subject to 
small quantities of liquids, with the possibility of traces of chemically reactive fluids 
and/or components being present.  
 
The formation and presence of ‘elemental sulphur’ deposits in natural gas streams 
can have serious consequences for gas production, processing, transportation and 
end-user operations. The consequences of the presence of elemental sulphur vary, 
ranging from a nuisance value to complete disruption of gas supply or failure of 
equipment. ‘Elemental sulphur’ deposition on flow meters will cause gas 
measurement biases. Such biases can reach several percent of the flow measured 
and cause severe impact in commercial terms.  Indeed, some pipelines may have 
this problem without realising it, or it may be disguised as the commonly referred to 
‘black powder’ problem. Indeed, the deposition processes of ‘elemental sulphur’ and 
more common ‘black-powder’ have many similarities. However, there are still a 
number of very unique and complex features associated with the ‘sulphur deposition’. 
 
The transition of the sulphur vapour to solid state (commonly referred to as S8) 
occurs because at normal pipeline operating conditions the partial pressure of the 
sulphur vapour is well below the triple points. [Note; sulphur has more than one triple 
point]. The sulphur particles are formed by nucleation; therefore the presence of 
other particles and liquid droplets in the gas stream will assist with this process. 
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Overview of the ‘Elemental Sulphur’ Formation / Deposition Process. 
 
Given below is a simplified overview of the ‘elemental sulphur’ formation and 
deposition process for a transmission pipeline pressure reduction facility that would 
have the necessary gas composition and operating conditions.  
 

1. Sulphur vapour already in gas stream at sub parts per million (sub-ppm) 
levels. [Typical concentration around just a few to low tens parts x 10-9] 

 
2. The sulphur vapour becomes supersaturated due to the rapid cooling of 

the gas mixture rapidly flowing through the pressure control valve cage 
(mechanism), nozzle or like pressure restriction/control device. 

 
3. The supersaturated sulphur vapour molecules form nuclei – this is the 

commencement of the very rapid nucleation process. The formed nuclei 
being new, minute particles. 

 
4. Concurrent possibility of retrograde condensation occurring for some of 

the heavier hydrocarbon components in the gas stream. This is also due 
to the rapid cooling of the gas stream. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. ‘Elemental Sulphur’ Deposition in a Coalescing Filter. 
 

5. Other molecules (retrograde condensation components) are attracted to 
the sulphur particle surface through mechanism of condensation. 

 
An analogy to this condensation phase is the process of water in the 
atmosphere condensing around suitable air-borne nuclei. These nuclei 
could be a dust, combustion produce or salt particle, generally of a size of 
less than 1.0 µ 

 
6. The resulting larger particles, which will have a very high velocity, will 

collide with other particles in the gas stream forming larger particles. This 
is the coagulation process. 

 
7. There may be other deposits on the internal pipe-walls or fittings, or 

travelling within the gas stream. Again due to the high gas velocities and 
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turbulence, there will be a high probability of collision with these other 
particles – this resulting in the agglomeration phase. 

 
Therefore, the mechanism is particle formation through nucleation and condensation 
and particle growth through further condensation and coagulation. The nucleation 
process will drive the particle numbers, with condensation determining the mass of 
the particle. Coagulation will, on the other hand, decrease the number pf particles 
through combination. Agglomeration will be a large mass formation. 
 
Due to the rapid pressure drop across the control valve cage, or nozzle, as 
applicable, the velocity of the natural gas increases rapidly. This means that a large 
amount of heat is transformed into the kinetic flow energy, resulting in the 
temperature of the gas being lowered rapidly. As the temperature is lowered, a 
critical supersaturation is reached at some point at which nucleation begins. This 
nucleation process will occur suddenly. It is believed that the deposition 
(desublimation) process for the observed particle matter is through the action of 
simultaneous nucleation, coagulation and/or condensation – with similarities to the 
gas to particle formation process referenced by Wu [2].  
 
The ‘elemental sulphur’ and ‘black-powder’ phenomena are by far the most 
predominant particle deposition processes identified from the many observations 
made on natural gas transmission pipeline internals and equipment. As the ‘black-
powder’ is a mixture of various forms of ferric sulphide and other elements, (including 
hydrocarbons in “wet form”), clearly sulphur is also a key component in the formation 
of this unwanted pipeline contaminant. In order to fully appreciate the ‘elemental 
sulphur’ formation and deposition processes, it has not only been necessary to fully 
understand the kinetics associated with the sulphur vapour desublimation process, 
but also identify and understand the many and varied sources and mechanisms 
within and external to the pipeline environment through which sulphur or its many 
components can be generated and transported.    
 
Although very high efficiencies can be obtained in modern natural gas processing 
facilities for the general removal of sulphur, sulphur compounds, moisture and other 
stream contaminants, the absolute removal of all unwanted products in the gas 
stream is just not technically, nor economically feasible.  
 
Chemical Reactions that can Contribute to the Pipeline Particle Formation / 
Contamination Processes. 
 
Fine particle generation within a pipeline system can also, through a variety of 
chemical reactions, contribute to contamination through such particles being 
transported in the gas stream to the affected site. This is regarded as a secondary 
source of particles with the primary source being the sulphur vapour desublimation 
process. The following are just a few of such potential reactions. 
 
All the given reactions are based on a temperature of 25 OC. Enthalpy of formation 
and entropy values applied to these reactions have been sourced, where possible, 
from the NIST Standard Reference Database 85, WinTable Version 1.5. It will be 
noted that the standard state equilibrium constants (Log10K0 values) are positive for 
the following chemical reactions. The more highly positive the standard state 
equilibrium constant is, the more the reaction is likely to be complete and relatively 
fast.  

H2S + Fe = FeS + H2   Log10K0 = 12.034 (i) 
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2H2S + SO2 = 3S + 2H2O  Log10K0 = 15.816 (ii) 
 

2H2S + O2 = 2S + 2H2O  Log10K0 = 68.410 (iii) 
 
Fe2O3 + 3H2S = 2FeS + 3H2O + S(s) Log10K0 = 12.598 (iv) 
 
FeS + H2S = FeS2 + H2  Log10K0 = 4.347 (v) 

 
Fe3O4 + 4H2S = 3FeS + 4H2O + S(s) Log10K0 = 18.184 (vi) 
 
Fe(OH)2 + H2S = FeS + 2H2O  Log10K0 = 5.935 (vii) 
 
COS + H2S = H2O + CS2  Log10K0 = 6.790 (viii) 

 
Even aromatics, such as benzene, can contribute: 
 
 Benzene 
  C6H6 + 4H2S = C6H14 + 4 S(s) Log10K0 = - 0.664 @ 25 OC  (ix)  
 
  C6H6 + 4H2S = C6H14 + 4 S(s) Log10K0 = 3.386 @ 0 OC (x) 
 
It is known that low molecular weight mercaptans may form iron sulphide, for 
example: 
 
 Tertiary Butyl Mercaptan (TBM) 
  C4H10S + Fe = nC4H10 + FeS  Log10K0 = 20.967 (xi)  
 
 Tetrahydrothiophene (THT) 
  C4H8S + Fe = iC4H8 + FeS  Log10K0 = 35.665 (xii) 
 
  C4H8S + Fe = nC4H8 + FeS  Log10K0 = 36.518 (xiii) 
 
 Dimethyl Sulphide (DMS) 
  C2H6S + Fe = C2H6 + FeS  Log10K0 = 22.502 (xiv) 
 
Also to be considered are the possible chemical reactions involving additives such 
as: 
 Glycol [a liquid desiccant] 

2C2H6O2(v) + 3Fe = 2C2H6 + Fe3O4 Log10K0 = 84.834 (xv) 
 

2C2H6O2(l) + 3Fe = 2C2H6 + Fe3O4 Log10K0 = 76.298 (xvi) 
 

 Triethylene Glycol [TEG] 
C6H14O4 + 3Fe = C6H14 + Fe3O4 Log10K0 = 164.442 (xvii) 

 
C6H14O4 + H2S(v) = C6H14 + H2O + SO3    
     Log10K0 = 86.891 (xviii) 

 
 Methanol [chemical additive] 
  CH3OH + H2S = CH4 + S(s) + H2O Log10K0 = 15.823 (xix) 

 
  CH3OH + Fe = CH4 + FeO  Log10K0 = 24.170 (xx) 
 
Although a pipeline operator may measure a very low level of H2S immediately 
downstream of the gas treatment facilities; it has been observed at pipeline facilities 
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many kilometres downstream of the gas treatment plant that an unusual level of H2S 
has reappeared due to the conversion of COS to H2S in the presence of H2O  
(COS + H2O = CO2 + H2S). 
 
Analysis of Pipeline Contamination Deposits. 
 
‘Elemental sulphur’ deposition samples have been obtained from a significant 
number of natural gas transmission pipelines. In an aid to the understanding of the 
deposition processes, extensive use of environmental scanning electron microscopy 
(ESEM), gas chromatography – mass spectrometry (GC-MS) and inductively coupled 
plasma mass spectrometry (ICP-MS) have been used in the examination and 
composition determination of the given samples.  
 
Figure 2 demonstrates the pronounced contribution from ‘heavy’ hydrocarbon 
compounds in the ‘elemental sulphur’ deposits. Note that the sulphur peak, with a 
molar mass of 256, is to the left of the hydrocarbon deposits. This means that the 
majority of the hydrocarbon components have a molar mass greater than 256. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Spectra of an “Elemental Sulphur” sample having a 

high concentration level of hydrocarbon contamination 
 
Table 1 demonstrates the most common components detected by ICP-MS analysis 
of ‘elemental sulphur’ deposits in pipeline systems. The hydrocarbon elements 
highlighted in green are common to commonly used compressor seal oils. 
 
General Observations. 
 
The extensive studies have demonstrated the following criteria / characteristics: 
 

- That there appears to be a strong connection between the so-called “black 
powder” problem and the ‘elemental sulphur’ deposition processes. The 
pipeline black dust is primarily iron and sulphur in molecular combination. 
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Note: CASRN is an abbreviation for Chemical Abstract Service with Registry Number 

 
Table 1. 

Most Common Components from 10 Randomly Selected ICP- MS Results. 
 

- That the rate of nucleation plays a significant part in the characteristics of the 
deposited materials. 

 
- Hydrocarbon liquids are present in many of the samples. This indicates that 

situations of two-phase flow, even for a very short period of time, may have 
occurred at or near the points of particle formation deposition. 

 
- The presence of hydrogen sulphide in the gas stream plays a pivotal role in 

the particle formation process. However, other forms of sulphur such as 
mercaptans, sulphates and thiols can be contributing factors under the right 
conditions. 

 
- The particle formation and deposition process may also be influenced by the 

degree of mixing / turbulence within the pressure reduction chamber. This will 
be due to the potential for additional particles to form through collisions of 
particles. For example near obstructions and/or walls, the gas flow path will 
be disrupted resulting in the greater potential for particle collision due to 
impinging and rebounding particles. This suggests that the characteristics / 
design of the pressure reduction mechanism play an important role in the 
particle formation and deposition process. 

Common Name Formula MW CASRN # Occurrence 
Undecane C11H24 156.31 1120-21-4 10 
Dodecane C12H26 170.34 112-40-3 10 
Tridecane C13H28 184.37 629-50-5 10 
Tetradecane C14H30 198.39 629-59-4 10 
Cyclic Octoatomic Sulphur S8 256.53 10544-50-0 10 
Tricosane C23H48 324.63 638-67-5 9 
Naphthalene, 2-methyl C11H10 142.20 91-57-6 8 
Naphthalene, 1-methyl C11H10 142.20 90-12-0 7 
Octadecane C18H38 254.50 593-45-3 6 
Eicosane C20H42 282.55 112-95-8 6 
Heneicosane C21H44 296.58 629-94-7 6 
Docosane C22H46 310.61 629-97-0 6 
Nonadecane C19H40 268.53 629-92-5 5 
Tetracosane C24H60 338.66 646-31-1 5 
Heptacosane C27H56 380.74 593-49-7 5 
Hexadecane C16H34 226.45 544-76-3 4 
Heptadecane C17H36 240.47 629-78-7 4 
Nonadecane, 1-chloro C19H39Cl 302.97 62016-76-6 4 
1-Hexacosane C26H52 364.70 18835-33-1 4 
Hexacosane C26H54 366.71 630-01-3 4 
Octadecane, 3-methyl C19H40 268.53 6561-44-0 3 
Heneicosane, 3-methyl C22H46 310 6418-47-9 3 
Pentacosane C25H52 352.69 629-99-2 3 
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- The mechanisms for particle formation are nucleation and condensation, 
whereas condensation and coagulation are the growth mechanisms that 
determine the deposited particle characteristics. The nucleation process will 
increase the particle number concentration with a corresponding volume 
concentration increase. For a pure condensation process, the total particle 
volume increases but the number of particles will stay constant. Coagulation, 
however, will reduce the number of particles.  

 
- The observed deposited particle sizes demonstrate a correlation with the gas 

mass flow rate.  This is probably explained by a high mass flow rate having a 
shorter period within the pressure control valve chamber, or nozzle throat, 
and hence resulting in a reduced particle growth time when compared with a 
low mass flow rate gas. However, this does not infer a lower rate of 
deposition, as the coagulation rate is proportional to the square of the number 
of particles present. 

 
- That contaminants within the gas stream, together with carry-over processing 

agents, and some gas conditioning processes, can all have an impact on the 
formation of elemental sulphur, either directly or indirectly. 

 
- Sulphur, and its derivate compounds, can under favourable conditions; all 

play a major part in the internal pipeline corrosion processes. 
 

- The potential chemical reactions within a natural gas transmission pipeline 
system can be many and varied. A significant number can originate from 
compounds that are in ppm quantities in the gas stream. 

 
- Particle formation may also occur when two, or more, volatile and non-

condensable vapour species react to form a product with a very low vapour 
pressure. 

 
- That the composition of the gas stream can influence the desublimation 

process.  
 
- With respect to pipeline operating conditions, the higher the gas pressure and 

lower the gas temperature upstream of the pre pressure reduction point, the 
greater the gas density and hence potential for high gas velocity through the 
pressure reduction point. However, this will also generally be more conducive 
for liquid formation due to retrograde condensation. 

 
The ‘Black- Powder’, Pipeline Mill-scale Contribution. 
 

Within natural gas transmission pipelines, a more common contaminant can be found 
- the so called ‘black-powder’. This unwanted contaminant is a mixture of various 
forms of ferric sulphide (FeS), other elements, sand and hydrocarbons.  
 
Baldwin [3] states that after an initial industry survey, it was determined that ‘Black 
Powder’ is the least understood and most prominent contamination problem in 
pipelines and their compression equipment. This author also states that once sulphur 
enters the pipeline at any point, conversion to iron sulphide is prompt. 
 
The corrosion of steel usually produces goethite, FeO(OH), which is more commonly 
referred to as rust. Common pipeline rust is formed according to the following 
equation: 
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  4Fe + 3O2 + 2H2O(l) = 4FeO(OH)    - (xxi) 
 
Therefore, even before first gas travels down a pipeline system there is a potential 
source of oxygen bonded to the pipe walls. As a source of oxygen, any chemical 
reactions with the goethite and sulphur compounds within the pipeline are of interest. 
Walker [4] has shown that goethite will react with H2S, per the following equation: 
 
  2FeO(OH) + 3H2S = 2FeS + S + 4H2O   - (xxii) 
 
The reaction of FeO(OH) and H2S has to be considered as yet another potential 
source of sulphur within the transmission pipeline system. The pipeline chemical 
reactions involving FeO(OH) within transmission pipelines led to investigating the 
phenomena of why does odorant take such a long time to traverse through a new 
pipeline, especially one that is not internally lined. 
 
Although odorants used in transmission networks are usually a blend of the differing 
commercially available odorising mixtures, the below example uses just one odorant 
type, namely tertiary butyl mercaptan (TBM) with chemical formula of C4H10S.  
 
  FeO(OH) + C4H10S + 1.5H2 = FeS + C4H10 + 2H2O  - (xxiii) 
 
This helps explain why the odorant ‘gets adsorbed by the pipe walls’. 
 
Summary. 
 
Unfortunately, the amount of sulphur vapour in the gas stream is an unknown 
quantity. However, processes within the natural gas transmission pipeline system 
have the potential to add to the sulphur vapour and / or directly to the formation of 
elemental sulphur. 
 
Of significant importance for this deposition phenomenon is the very significant 
contribution from liquid hydrocarbons, which have most likely been generated 
through retrograde condensation, and the lubricating oils, greases, gas conditioning 
agents, pipeline rust inhibitors, and other introduced compounds. Having solid 
particle matter in the gas stream also is shown to contribute to the ‘elemental sulphur’ 
deposition process. The analysis of the deposited materials has consistently shown 
that the amount of elemental sulphur in the deposits is just a small fraction of the 
total. Hydrocarbon based liquids and solids being by far the dominant contributor in 
the observed samples. 
 
Clearly the presence of H2S plays a very significant, yet very diverse, role in the 
formation of elemental sulphur. For example, hydrogen sulphide can react with pipe 
scale to give iron sulphide according to reaction: 
 

Fe2O3 + 3H2S = 2FeS + 3H2O + S Log10K0 = 12.598 - (xxiv) 
 
Fe3O4 + 4H2S = 3FeS + 4H2O + S Log10K0 = 18.184 - (xxv) 

 
The presence of water / water vapour and oxygen are also important contributing 
factors.  
 
Once the supersaturation level for the sulphur vapour has been attained in the gas 
mixture, the nucleation phase quickly becomes established. However, the number of 
nuclei formed is very small which means the sulphur nuclei condensation / 
coagulation processes are going to be very limited without the presence of other 
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particles within the gas stream. If the gas stream at the point of desublimation 
(pressure control valve) is subjected to very high turbulence then the particle – 
particle collision rate will be significantly enhanced. This means that the design of the 
pressure regulator cage housing is also a factor in the desublimation process. 
 
The natural gas composition and the p, T conditions at the pressure reduction point 
will influence the conditions conducive for retrograde condensation. From 
investigations made into the operating conditions and gas composition at affected 
sites, a significant number demonstrated a very high probability of experiencing 
retrograde condensation. This, therefore, means that the potential exists at these 
sites for the concurrent processes of desublimation and retrograde condensation. As 
most affected sites have ball valves and other equipment that requires the regular 
application of greases and other compounds, there is the potential for additional 
foreign material in the gas stream. Collectively, these materials will greatly enhance 
the coagulation / agglomeration processes.  
 
The presence of ‘elemental sulphur’ deposits is not only a concern for the 
transmission pipeline operators – it is a total industry problem. Such deposits in a 
pipeline system can be just of a nuisance value, or can have serious consequences. 
Unfortunately, some of the greater threats from ‘elemental sulphur’ deposition are 
seen to be in downstream facilities. As transmission pipeline operating pressures 
increase, so the occurrence and intensity of the deposition problem will increase 
without remedial action.   
 

 
 

Figure 3. Upstream View to Pressure Regulator 
[Note clear indication of liquid (hydrocarbon) flow] 

 
Steps to Minimize the Deposition Threat. 
 
Clearly it is just not practical, or economically feasible to eliminate all sources of 
sulphur and sulphur compounds, together with the identified contributing / 
enhancement factors, from a natural gas transmission pipeline system. Listed below 
are some means to minimize the ‘elemental sulphur’ formation / deposition process. 
The items are not presented in any ordered form. 
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  When a large pressure reduction is required use a dual stage pressure cut. 
Due to the potential for temperature recovery between stages, a much lower 
temperature gradient at each stage, and lower retrograde condensation rate 
(if applicable) will decrease the overall nucleation, condensation and 
coagulation rates. 

 
 Reduce the potential for retrograde condensation occurring at a pressure 

reduction facility. 
 

 Minimize the entry and transmission of liquids and solid particles in the gas 
stream and in particular for the incoming gas supply to an affected facility.  

 
 Minimize the sources of water (moisture) and oxygen that can enter the gas 

stream. 
 

 At commissioning of new pipelines ensure dewatering processes are 
complete and thorough. Do not permit ‘puddling’ of odorants or other like 
additives. Make sure pipe work is free of particle matter. 

 
 Ensure carry-over from glycol processing plants is kept to a minimum. 

 
 Review type of material used in molecular sieve beds does not favour the 

conversion of H2S to COS. 
 

 Minimize H2S levels. 4.0 ppm is seen as a realistic target taking into account 
the economic / technical requirements for gas producers / processors and the 
transmission pipeline operator. 

 
 Minimize site conditions suitable for the colonization and maintenance of 

SRB. 
 

 Try and obtain the gas supply at as low a temperature as possible from the 
gas processing plant (reduce sulphur vapour level in gas supply). 

 
 Try to minimize large temperature excursions along pipeline route. 

 
 Maintain flowing gas temperature as high as practically possible. This will not 

only help maintain the sulphur gaseous form and hence in solution, but will 
also assist in the minimization of retrograde condensation. 

 
 Care needs to be exercised in the interpretation of on-line and wellhead 

analysis results. This may be due to sampling techniques, absorption of 
components by the sampling apparatus (tubing, valving and container), or 
due to the variations between sampling and analysis pressures (and 
temperatures). 

 
 Take care when applying commercial models to gas processing, 

transportation conditions. Ensure all gas component parameters are within 
the specified design criteria of the model. 

 
 Reduce the frequency of pipeline pigging to eliminate retrograde condensate. 

 
 Avoid ingress of nitrogen gas rich in oxygen from repair operations. 
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ABSTRACT 
 
The formation and presence of the so-called elemental sulphur (orthorhombic sulphur) deposits in 
natural gas streams can have serious consequences for gas production, processing, transportation and 
end-user operations. Within recent years the formation of the ‘elemental sulphur’ deposits within high 
pressure natural gas transmission pipelines has become quite wide spread and is creating significant 
operating and maintenance problems for pipeline operators. Indeed, some pipelines may have this 
problem without realising it, or it may be disguised as the commonly referred to ‘black dust’ problem 
 
Sulphur is a very complex element and can have many different forms depending upon pressure and 
temperature conditions. Sulphur vapour is also soluble, to varying degrees, in a number of the common 
natural gas components. The clogging of well-tube and underground natural gas reservoirs by elemental 
sulphur, especially with sour-gas compositions, is well documented. 
 
A large pressure reduction in natural gas containing sulphur vapour in solution, and the consequent 
temperature quenching, provides the mechanism for the sulphur vapour to become supersaturated, and 
is hence conducive for the sulphur desublimation process. This situation occurs commonly within high-
pressure natural gas transmission pipeline systems. 
 
The transition of the sulphur vapour to solid state (orthorhombic sulphur) occurs because at normal 
pipeline operating conditions the partial pressure of the sulphur vapour is well below the triple points. 
[Note; sulphur has more than one triple point]. The sulphur particles are formed by nucleation; therefore 
the presence of other particles and liquid droplets in the gas stream will assist with this process. 
 
The aim of the research project described in this paper is to understand the kinetics associated with the 
elemental sulphur formation within the gas processing and transportation processes, with the aim of 
finding a realistic and workable solution to the problem. 
 
THE SULPHUR FORMATION / DEPOSITION PROBLEM.  
 
The formation and deposition of elemental sulphur in natural gas transmission line systems and 
associated infrastructure is probably not new, however it is only within recent times that it has been 
reported on[1]. Sulphur deposition has, however, been observed and reasonably well documented for 
reservoir sour natural gas systems for over five decades.  
 
For natural gas transmission pipelines the deposits of elemental sulphur are most commonly found at, 
and immediately downstream of pipeline pressure reduction facilities, or at locations, or equipment, 
where there is a significant pressure, and hence temperature reduction occurring, such as a nozzle. 
 
The consequences of the presence of elemental sulphur can be varied, ranging from a nuisance value to 
complete disruption of gas supply or failure of equipment. Extensive damage to rotating plant, including 
fires, has been attributed to the presence of elemental sulphur. 
 
Some of the more common locations for elemental sulphur deposits in pipelines and associated systems 
are: 
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• Downstream of gas turbine control valves: 
Impact; Valves starting to plug with output reduced. Periodic shedding of the uncontrolled 
sulphur deposits into the gas fuel nozzles. This has potential to cause flashback and flame 
holding of the secondary and tertiary pre-mixing system resulting in physical damage to 
equipment. 

 
• Deposition on internals of flow meters: 

Impact; Loss of gas measurement accuracy. Erratic flow readings due to flaking and 
shedding of deposits. 

 
 

 
 

Figure 1. “Elemental Sulphur” Deposition on a Flow Conditioner. 
 
• Deposits around pressure control valves: 

Impact; Adverse impact on stem movement. Potential for plugging of valve orifice. 
 
• Coating on thermowells, pipe walls and flow conditioning elements: 

Impact; General degradation of performance. Potential to stop gas flow for case of flow 
conditioner element (refer to Figure 1). 

 
• Deposition in the throat of critical flow nozzles: 

Impact; Nozzle can no longer be used for intended purpose. 
 
• Coating on in-line filters and on filter housing internals: 

Impact; Increase in differential pressure across filter elements with potential for complete 
plugging, and/or filter collapse. 

 
• Coating of sour gas exchangers at natural gas treatment plants: 

Impact; Due to plugging, plant shut down required. 
 
The impact of the presence of elemental sulphur not only translates to the potential for gas supply 
interruption, damage to equipment and general reliability issues, but also very significant and costly 
demands on system maintenance.  
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CHARACTERISTICS OF SULPHUR 
 
Sulphur is the element of atomic number 16, being the second element of Group VI of the Periodic 
Table, and is therefore non-metallic. The sulphur element is an essential component of the biosphere, 
with around 1% of living organisms’ dry mass being sulphur. 
 
Elemental sulphur occurs in several allotropic forms with differing physical states. Unlike most elements, 
which have one triple point, sulphur has four, as shown in Figure 2. The elemental sulphur found in 
natural gas pipelines is predominantly in the rhombic α form, being made up of 8 sulphur molecules, 
hence referred to as S8, or orthorhombic sulphur, which is thermodynamically stable at normal pipeline 
operating conditions. 
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Critical temperature  1313.1 K
Critical pressure       11.75 MPa.
Critical volume          158 cm3/mol

 
Figure 2. Simplified Sulphur Phase Diagram 

(Adapted from Elvers [2].) 
 
In vapour form, sulphur dissociates as the temperature increases, going from S8 through the intermediate 
S6 and S4 classes to finally S2. This results in a varied molar mass, as shown in Figure 3. 
 
Sulphur is a very interesting element because of the great variety of possible molecular structures and 
the versatility by which it can react with organic and inorganic substances. Sulphur can exist in a large 
number of different molecular forms. Depending on the temperature, the number of atoms in the sulphur 
molecule can range from 2 to 106 with either chain or cyclic structures [3].  
 
Sulphur is a powerful oxidant for both organic and inorganic materials. Many common metals will react 
with sulphur not only at high temperatures but also at ambient conditions, regardless of the presence of 
oxygen. This unique element can react with water to form sulphuric and sulphide acids at moderate 
temperatures. These acids react with the steel from the pipes and form polysulphides that permit a pitting 
corrosion mechanism to be established. 
 
Sulphur is also soluble in a number of compounds, such as carbon disulphide (CS2) (28.5 mass % @  
20 OC), hydrogen sulphide (H2S), benzene (C6H6), octane (C8H18) and hexane (C6H14). 
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Figure 3. Comparison of Sulphur Vapour and Molar  

Mass as a function of Temperature. 
 
Chemical Reactions Assisting Sulphur Formation. 
 
To obtain an understanding of the complexity of the sulphur cycle, investigations cannot just be limited to 
the observations and reactions within the natural gas transmission pipeline system. The formation, 
transformation and transportation of the sulphur and sulphur derivatives from the hydrocarbon reservoir, 
through the gas processing operations – to the potential pipeline reactions, must be fully appreciated. 
 
If we commence the sulphur trial at the hydrocarbon reservoir, it will generally be noted that sulphur may 
be present in shallow structures. However, it is in the deeper, higher H2S containing gas reservoirs that 
the sulphur level will tend to be in more significant concentrations. Today, the technology exists to drill 
and extract hydrocarbon fluids from great depths; therefore the potential exists to be utilizing more sour 
gas compositions.  
 
Within the hydrocarbon reservoir, as the pressure and temperature of the fluids decrease from the 
formation to wellhead, it is understandable that the solubility of the sulphur within the hydrocarbon fluid 
will correspondingly decrease as it approaches the wellhead. This would result in some deposition of 
elemental sulphur in the topside pipe work. However, the potential situation can be somewhat more 
complex as the sulphur vapour may react with other gases to produce polysulphides or sulphanes. This 
provides a mechanism to transport the sulphur, or sulphur derivative such as carbonyl sulphide (COS) 
and CS2, to the gas gathering / treatment processes. It is to be noted that COS and CS2 will also tend to 
increase in concentration at higher reservoir temperatures, most likely due to increased activity between 
H2S and CO2. 
 
The reaction occurring to form a polysulphide is: 
 

H2S + Sx ⇔ H2Sx+1    (2 ≥ x ≥ 8)      (i). 
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Hyne [4] states that high H2S containing gases under pressure are excellent “solvents” for elemental 
sulphur. 
 
Although COS is a naturally occurring compound in natural gas, at well conditions it will tend to be 
hydrolysed back to H2S and CO2 since the natural gas is normally water saturated. However, as with the 
sulphur reservoir transportation process, there can be a reverse situation for COS as well. This can 
occur with the application of some types of molecular sieves used for the gas dehydration. Since 
molecular sieves are very effective dehydration agents, by removing any formed water this dehydration 
process can drive the resulting reaction towards the formation of COS as given by the following reaction.  
 

H2S + CO2 ⇔ COS + H2O   Log10K0 = - 5.864 (ii). 
 

As the Standard-state equilibrium constant (Log10K0) is negative for this reaction, it will occur slowly. 
Therefore, at the input to a natural gas transmission pipeline there is the potential to not only have 
sulphur vapour in the gas stream but also a number of other sulphur derivates such as H2S, COS, 
polysulphides, mercaptans, and other additives. The potential chemical reactions are many and varied, 
as demonstrated by the below equations. 
 
Possible chemical reactions within the Pipeline System. 
 
All the following reactions are based on a temperature of 25 OC. Enthalpy of formation and entropy 
values applied to these reactions have been sourced, where possible, from the NIST Standard 
Reference Database 85, WinTable Version 1.5. 
 

H2S + Fe = FeS + H2    Log10K0 = 12.034 (iii) 
 
2H2S + SO2 = 3S + 2H2O   Log10K0 = 15.816 (iv) 
 
2H2S + O2 = 2S + 2H2O    Log10K0 = 68.410 (v) 
 
Fe2O3 + 3H2S = 2FeS + 3H2O + S  Log10K0 = 12.598 (vi) 
 
FeS + H2S = FeS2 + H2    Log10K0 = 4.347  (vii) 
 
Fe3O4 + 4H2S = 3FeS + 4H2O + S  Log10K0 = 18.184 (viii) 
 
Fe(OH)2 + H2S = FeS + 2H2O   Log10K0 = 5.935  (ix) 
 
COS + H2S = H2O + CS2   Log10K0 = 6.790  (x) 
 
FeS + 1.5 MnO2 + 3H = Fe(OH)3 + S + 1.5 Mn Log10K0 = 90.322 (xi) 
 
4S + 4H2O = 3H2S + H2SO4   Log10K0 = 137.498 (xii) 
 
Ni + H2S = NiS + H2    Log10K0 = 9.096  (xiii) 
 

Possible chemical reactions involving additives. 
 
 Glycol [a liquid desiccant] 

2C2H6O2(v) + 3Fe = 2C2H6 + Fe3O4  Log10K0 = 84.834 (xiv) 
 

2C2H6O2(l) + 3Fe = 2C2H6 + Fe3O4  Log10K0 = 76.298 (xv) 
 Propylene Glycol 

2C3H8O2(v) + 3Fe = 2C3H8 + Fe3O4  Log10K0 = 82.793 (xvi) 
 
2C3H8O2(l) + 3Fe = 2C3H8 + Fe3O4  Log10K0 = 75.688 (xvii) 
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 Triethylene Glycol [TEG] 
C6H14O4 + 3Fe = C6H14 + Fe3O4   Log10K0 = 164.442 (xviii) 

 
C6H14O4 + H2S(v) = C6H14 + H2O + SO3  Log10K0 = 86.891 (xix) 

 
 Methanol [chemical additive] 
   CH3OH + H2S = CH4 + S + H2O   Log10K0 = 15.823 (xx) 
 
   CH3OH + Fe = CH4 + FeO   Log10K0 = 24.170 (xxi) 
 
Possible chemical reactions involving aromatics. 
 
 Benzene 
   C6H6 + 4H2S = C6H14 + 4S  Log10K0 = - 0.664 @ 25 OC  (xxii)  
 
   C6H6 + 4H2S = C6H14 + 4S  Log10K0 = 3.386 @ 0 OC  (xxiii) 
 
 Toluene 
   C7H8 + 4H2S = C7H16 + 4S  Log10K0 = - 3.386 @ 25 OC (xxiv) 
 
   C7H8 + 4H2S = C7H16 + 4S  Log10K0 = 0.665 @ 0 OC  (xxv) 
 
Possible chemical reactions involving mercaptans (odorants). 
 
Low molecular weight mercaptans may form iron sulphide. 
 
 Tertiary Butyl Mercaptan (TBM) 
   C4H10S + Fe = nC4H10 + FeS   Log10K0 = 20.967 (xxvi)  
 
 Isopropyl Mercaptan (IPM) 
   C3H8S + Fe = C3H8 + FeS   Log10K0 = 21.755  (xxvii) 
 
 Normal Butyl Mercaptan 
   C4H10S + Fe = nC4H10 + FeS   Log10K0 = 23.641  (xxviii) 
 
 Tetrahydrothiophene (THT) 
   C4H10S + Fe = iC4H10 + FeS   Log10K0 = 35.665 (xxix) 
 
   C4H10S + Fe = nC4H10 + FeS   Log10K0 = 36.518 (xxx) 
 
 Dimethyl Sulphide (DMS) 
   C2H6S + Fe = C2H6 + FeS   Log10K0 = 22.502 (xxxi) 
 
 Methyl Ethyl Sulphide (MES) 
   C3H8S + Fe = C3H8 + FeS   Log10K0 = 18.907 (xxxii) 
 
As can be seen from the above chemical reactions, there is the potential for a significant number of 
reactions to occur in a natural gas transmission system. The majority of the given reactions demonstrate 
a highly positive standard-state equilibrium constant; therefore the more the reaction approaches 
completion. 
 
Other potential chemical reactions. 
 
As has been stated, elemental sulphur as the S8 (orthorhombic sulphur) species is thermodynamically 
stable. However the S-S bonds are readily cleaved by nucleophiles (Nu-), electrophiles (E) and  
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radicals (R). The polysulphide chains formed due to this cleavage are significantly more reactive than the 
relatively stable S8 molecules. By definition a reactant that is electron rich is called a nucleophile, 
whereas a reactant that is electron deficient is termed a electrophile. Examples of nucleophiles are H2S, 
hydrogen sulphide anion (HS-), hydroxyl anion (OH-) and H2O. 
  
H2S is an important accelerator in combination with nucleophiles. Copper (Cu), zinc (Zn) and zinc 
sulphide (ZnS) are active catalysts for the cleavage of S8 molecules. 
 
The cleavage of the elemental sulphur S-S bonds by an electrophile or nucleophile, hence forming a 
polysulphide, has been observed to result in considerable corrosion, both within pipeline systems and 
ancillary equipment. In all cases there was some evidence of a deposit of elemental sulphur, free water 
and odorant – the latter being the source of the reactant.  
 
A possible natural gas pipeline reaction resulting in a polysulphide is: 
 

HS- + S8 = HS + S7 + S-             (xxxiii)
        

 
ELEMENTAL SULPHUR FORMATION. 
 
As already stated, the most common location for elemental sulphur deposition is immediately 
downstream of a pressure reduction facility (point of significant pressure reduction). If the natural gas 
contains sulphur vapour in solution, then this pressure reduction, and hence temperature quench, 
provides the mechanism for the sulphur vapour to become supersaturated, and is hence conducive for 
the sulphur desublimation process. By definition, desublimation is the passage of substance from the 
gaseous state directly to the solid state.  

S (6378.94)
Mn (5090.43)
Zn (1686.45)
Mg (1466.38)
Al (1195.79)
Ca (680.86)
Si (372.99)

1195.79

680.86

372.99

1466.38

6378.94

5090.43

1686.45

Note: Fe is by far the most predominant element 
averaging 71,775 ppm. All g iven values are in ppm

All numeric values are in ppm

 
Figure 4. Collective ICP-MS Results for ‘Elemental Sulphur’ & ‘Black-Dust’  

samples showing the Predominant Elements from Analysis. 
 
Now if the pipeline sulphur is in some other form, such as a polysulphide, COS or H2S, then it is unlikely 
that any required chemical reaction will have enough time for completion and hence have sulphur  
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drop-out. It is to be appreciated that velocities up to the speed of sound within the gas stream (Mach 1) 
may be achieved across the pressure control valve cage. This means a very finite time is available for 
any chemical reaction to occur. 
 
Analysis Process. 
 
To obtain an understanding of this S8 formation process, samples have been collected from a number of 
Australian natural gas transmission pipelines with the samples representing a broad cross section of 
pipeline locations, gas compositions and operating conditions. Analysis has been through the application 
of: 

• an Environmental Scanning Electron Microscope (ESEM), and 
 
• an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 

 
The analysis results from both instruments have demonstrated that the actual samples are a varied 
collection of elements bound by hydrocarbon components, mineral oils and pipeline additives. Figure 4 
demonstrates the average value for all samples, expressed as ppm, of the seven most common 
elements present. It will be noted that Fe is by far the most common, with S being the next most common 
element. It is to be noted that the samples are a collection of so called ‘black-dust’ and ‘elemental 
sulphur’ samples. Interestingly, the highest S count has been in a ‘black-dust’ sample. Therefore, the  
so-called ‘elemental sulphur’ samples are really a complex mixture of solids and hydrocarbons. 
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Figure 5. Sulphur Vapour Equilibrium Concentrations 

 
Predicting the Sulphur Concentration. 
 
In order to be able to understand why some pipelines and pipeline locations experienced sulphur 
deposition, whilst other pipelines and similar locations did not, some means had to be obtained to 
predicting the amount of sulphur vapour that could remain in vapour form, in the different gas 
compositions, at varying pressures and temperatures. Due to the very low vapour pressure values, this 
information had to be derived – the result being a ‘sulphur equilibrium map”, as given by Figure 5.  
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The elemental sulphur equilibrium concentration values have been developed from the results of 
applying a ten component natural gas composition (up to and including hexane and inerts of carbon 
dioxide and nitrogen, as given in Table 1) using the HYSYS (Hyprotech Ltd) version 2.4 software 
process simulation package, and independently developed equations based on recently published works 
on sulphur saturation temperature and vapour pressure values. 
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Figure 6. Application of the Sulphur Vapour Equilibrium ‘Map’. 

 
Both HYSYS Peng Robinson equation of state (EOS) and Antoine pure component vapour pressure 
models have been utilized. As the HYSYS results do not extend down to the typical pipeline operating 
conditions, the correlation between the HYSYS Peng Robinson and Antoine EOS results, together with 
the determined correlation between the HYSYS Antoine and developed sulphur vapour saturation 
temperatures and vapour pressure curves were linked to produce the given elemental sulphur 
equilibrium concentration curves as given in Figures 5 & 6. 
 
The developed sulphur vapour curves have been used as the reference values. Extensive crosschecks 
have been made with published sulphur vapour pressure data [4], [5]. 
 
If the sulphur vapour content of the natural gas is known, then the ‘sulphur vapour equilibrium map’ can 
be applied to have operating conditions set such as to minimize, or eliminate, the sulphur deposition 
resulting from the pressure reduction across the pressure control valve. 
 
With reference to Figure 6, let us assume that the sulphur vapour concentration in the natural gas is 0.03 
ppmv. The pipeline operating conditions immediately upstream of the pressure control valve is 8,000 kPa 
@ 47 OC (point A). The contractual supply pressure is 2,000 kPa. From HYSYS, the gas temperature 
immediately downstream of the control valve will be about 17.5 OC (point B). That is, the operating 
conditions go from point A directly to point B. Now according to the ‘map’, sulphur deposition can be 
expected, with the deposition being 0.03 – 0.001 ppmv = 0.029 ppmv. 
 
Now, if a two stage pressure reduction is introduced with the gas heated between the two stages, then 
by keeping the gas temperature above the given sulphur vapour concentration value (curve), 
theoretically there should not be any sulphur deposition. In this situation the operating conditions go from 
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point A to C, then with heating to point D. The second pressure cut takes the supply conditions to point 
E. The ‘sulphur vapour equilibrium map’ values are in good agreement with the results derived by  
Wilkes [7].  
 

Component Mole percent 
Methane 83.155 
Ethane 7.05 
Propane 3.514 
n-Butane 0.554 
i-Butane 0.412 
n-Pentane 0.048 
i-Pentane 0.074 
n-Hexane 0.012 
Nitrogen 3.106 
Carbon Dioxide 2.075 
  
Molecular Weight 19.4532 kg/kmol 

 
Table 1. Natural Gas Composition Applied to Calculations 

 
THE ‘BLACK-DUST’ CRITERIA. 
 
Within natural gas transmission pipelines, a more common contaminant can be found - the so called 
“black-dust’ or “black-powder”. This unwanted contaminant is a mixture of various forms of ferric sulphide 
(FeS), other elements, sand and hydrocarbons. Although referred to as a powder, such deposits can 
also be found in a form of a non-Newtonian fluid. 
 
Baldwin [8] states that after an initial industry survey, it was determined that “Black Powder” is the least 
understood and most prominent contamination problem in pipelines and their compression equipment. 
A number of the chemical equations given in this paper demonstrate how FeS can be formed within a 
natural gas pipeline system. 
  
Once sulphide enters the pipeline at any point, conversion to iron sulphide is prompt [9]. For example: 
 

COS + Fe = FeS + CO   Log10K0 = 14.309     (xxxiv) 
 

NiS + Fe = FeS + Zn   Log10K0 = 2.938      (xxxv) 
    
FeS has both a chemical and microbial source in pipelines, it can also exist a number of different forms. 
 
According to Baldwin [10] one of two mechanisms creates iron sulphides: 
 
• Chemical reaction of constituents present in the pipeline, usually hydrogen sulphide 
• Microbial assimilation of chemical constituents in the pipe and the production of both iron sulphides 

and pipe-wall pitting. 
 
Example of FeS formation. 
 
A pipeline has hydrogen sulphide at 1 part per million (approx 1.43 mg/m3). Natural gas flow is 70 TJ/day 
with the gas calorific value being 40 MJ/m3. If all the hydrogen sulphide is converted to iron sulphide 
(FeS) then approximately 2,200 kg per annum of FeS will be produced. 
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THE ROLE OF HYDROGEN SULPHIDE 
 
A number of the given chemical reactions show how H2S plays a major role in the formation of elemental 
sulphur and other sulphur derivatives. It is known that the growth of sulphate reducing bacteria (SRB) in 
hydrocarbon reservoirs is primarily caused by an increase in H2S. 
 
H2S is normally a very small component within the pipeline natural gas composition, generally in the 
order of parts per million (ppm). However, due to the solubility of sulphur within H2S, and the reactive 
characteristics of it, the role this element plays in the pipeline deposition processes cannot be ignored.  
 
As with the defined requirement to be able to predict the sulphur vapour levels for a particular gas 
composition under varying pipeline operational conditions, there is also a need to understand and predict 
the solubility of sulphur in H2S under differing conditions of pressure and temperature. Unfortunately little 
published data is available on this topic, however some valuable information has been sourced from Gu., 
et.al. [9] in their studies of the phase behaviour of high H2S content natural gas mixtures. 
 
Table 2 gives the results from Gu [11] with respect to the solubility of sulphur in pure H2S, whilst Figure 7 
is the results from the application of the ‘sulphur equilibrium map’ program for a sulphur solubility level of 
0.0048 mole fraction. Although the results from Gu [11] are for sulphur solubility as a function of pressure, 
both sets of results for the 90 OC isotherm are in good agreement. 
 
It is interesting to note that for the studied gas composition, the ‘sulphur vapour equilibrium map’ values 
at normal pipeline operating conditions, are very similar to the results that can be derived from Figure 7 
for the solubility of sulphur in H2S. For example, for the equilibrium curve of 5.0E-02 ppmv on Figure 6, 
the pressure value of 6,000 kPa has a temperature of 46 OC, whereas from Figure 7, for the pressure 
value of 6,000 kPa, the temperature value is 42 OC. 
 
It will be noted from Table 2, that the solubility of sulphur in H2S increases with pressure.   
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Figure 7. Solubility of Sulphur in Hydrogen Sulphide 
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Hydrogen sulphide can react with pipe scale to give iron sulphide according to reaction: 
 

Fe2O3 + 3H2S = 2FeS + 3H2O + S  Log10K0 = 12.598 
 

Pressure 
(kPa.) 

Temperature 
(deg C) 

Solubility 
(mole fraction) 

11,830 90.0 4.832E-03 

14,790 90.0 5.081E-03 

19,140 90.0 7.313E-03 

25,860 90.0 8.053E-03 

31,030 90.0 9.523E-03 

36,210 90.0 1.054E-02 
 

Table 2. Solubility of Sulphur in Hydrogen Sulphide 
(adapted from Gu [11]) 

 
THE DEPOSITION PROCESS. 
 
The natural gas pipeline ‘sulphur deposition problem’ has been reported in pipelines and associated 
infrastructure in the USA, UK, Hong Kong, New Zealand, Norway as well as Australia. In all cases it has 
been referred to as “a sulphur problem”, no doubt due to the colour of the observed deposits. Therefore, 
initial investigations have been based on the sulphur deposition process, hence the focus on the sulphur 
vapour desublimation process. However, from the ESEM and ICP-MS results, the deposited material is 
clearly a varied mixture of elements, hydrocarbons, and their derivatives. 
 
Indeed, the deposition process has many similarities to the better-known ‘black-dust’ problem. However, 
there are still a number of very unique and complex features associated with the ‘sulphur deposition’. 
These features are discussed elsewhere [12]. 
 
Essentially what is being experienced in the affected pipeline systems is a gas to particle transformation 
process that is being supported by existing foreign particles, both solid and liquid, within the gas stream. 
With reference to pressure control valves, the most common place for the ‘sulphur deposition’, the 
natural gas would, at least initially, undergo an isentropic expansion, which of course, results in a 
decrease in pressure and temperature. The density of the gas will therefore also decrease. For any 
sulphur vapour present, the saturation vapour pressure will decrease with temperature far more rapidly 
than the pressure decrease in the expansion. This results in the vapour crossing the desublimation line 
(reference to a phase diagram). With the rapid cooling the vapour is supersaturated and very small 
particles are formed by homogenous nucleation.  
 
Lesniewski [13] defines homogeneous nucleation as the spontaneous gas-to-particle conversion, which 
occurs when a vapour is highly supersaturated. Unfortunately for the operational pipeline conditions it is 
virtually impossible to calculate any nucleation rate, as not only does the gas composition vary, but also 
the gas pressure, temperature, density, the velocity fields and turbulent concentrations within the valve 
cage, and the concentration of other pipeline contaminants. Although a second transformation process is 
possible, that is through a chemical reaction, it is believed that such processes will occur elsewhere 
within the pipeline. Wu [14] defines three factors in the gas to particle formation process, that of 
nucleation, condensation and coagulation. Condensation and nucleation are both defined as the 
mechanisms for gas to particle transformation and condensation and coagulation are growth 
mechanisms that increase the particle size. 
 
As variable concentrations of differing elements and hydrocarbons have been noted to make up the 
deposition material, there is obviously some sort of condensation process taking place. A condensation 
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Figure 8. ‘Elemental Sulphur Deposits’ in a Coalescing Filter. 
 

process will change the physical phase of the sulphur molecules. Also noted from the ESEM studies is 
the potential to have significantly different sized crystals. Whether this is due to the make-up of other 
foreign materials present in the gas stream, or there is some growth mechanism through a coagulation 
process, or it is a combination of both has not yet been defined. 
 
Another interesting feature from the studied field samples is the high occurrence that deposited material 
will be found within certain types (models) of pressure regulators. A conclusion drawn from this is that 
the design of the regulator cage and chamber may be very important factors in the deposition process.   
 
The role that the inert gas component of carbon dioxide (CO2) may play, that of some direct cooling, in 
the supersaturation process for sulphur vapour has not been discounted. The function of the observed 
hydrocarbons, mineral oils and process additives appears to act a ‘binding agent’ for the solid particles.  
 
CONCLUSION. 
 
The studies into this complex phenomenon are still ongoing. Although one of the initial recommendations 
made to minimize the presence of element sulphur deposition was to heat the gas stream immediately 
before a single pressure reduction point, or use a dual pressure reduction configuration, possibly with 
gas heating, this recommendation may be too simplistic. Although a number of field results have 
demonstrated a noted reduction in the deposition rate when the gas temperature was elevated, it does 
not explain why the other particles are still not seen after the gas temperature is raised. With reference to 
Figure 4, the elemental sulphur component is a small part of the overall deposited material. No doubt, 
the heating of the gas will also tend to drive any hydrocarbon liquids that may be in the gas stream back 
into vapour form. 
 
Another interesting feature is the inconsistency in observed deposition rates between what appears to be 
identical sites, or pipeline facilities. This situation may be tied to the phase splitting phenomenon when 
there is the potential to have small liquid flows (retrograde condensation) within the main gas stream. If a 
pipeline mainline offtake, or “T” junction occurs, then there may be the potential for the liquid to 
preferentially select the lateral. If this is the case then the condensation / coagulation binding agent will 
be readily available on the lateral site, but not the apparently identical mainline site. 
 
This paper references only a few of the many issues investigated with respect to this so-called ‘sulphur 
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formation / deposition process’. 
 
The aim of this research project has been to find a workable solution to this growing problem. It is still 
believed that this aim is achievable. There is no doubt that the increase in pipeline operating pressures; 
together with the impact of pipeline deregulation (multiple gas suppliers and gas processing/sweetening 
operations) is contributing to this growing situation.  
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