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SIMULAÇÃO E CONTROLE DE UMA UNIDADE DE DESIDRATAÇÃO DE

GÁS NATURAL POR ADSORÇÃO COM VARIAÇÃO DE TEMPERATURA

Camila Simões da Costa Cunha Vasconcellos

Fevereiro/2020

Orientadores: Argimiro Resende Secchi

José Manuel Gonzalez Tubio Perez

Programa: Engenharia Química

A desidratação de gás natural por adsorção em leito �xo é uma tecnologia

amplamente adotada na indústria do petróleo, mostrando-se especialmente

útil nos casos em que é necessário reduzir o teor de água a níveis mais

baixos do que o tratamento convencional por trietileno glicol é capaz. As

unidades de desidratação de gás (GDU) por adsorção operam em processos

cíclicos (adsorção-regeneração). Em plantas offshore, este comportamento é

viabilizado por meio do aquecimento dos vasos de adsorção utilizando gás

apropriado – processo conhecido como Temperature Swing Adsorption(TSA). Para

reservatórios de petróleo do pré-sal pode ocorrer um fenômeno conhecido como

condensação retrógrada caso a GDU esteja operando próximo à curva de ponto

de orvalho. Este cenário é observado em algumas unidades de produçãooffshore.

Devido à queda de pressão e a variações de temperatura, ocorre a formação de

condensado, que reduz a vida útil das peneiras moleculares. A estratégia de

controle proposta nesta dissertação consiste em um controle de temperatura do

gás de alimentação, em malha retroalimentada, com controlador Proporcional-

Integral, que busca manter a diferença entre a menor temperatura medida

nos leitos e a temperatura de orvalho determinada em função da condição da

alimentação igual a um valor constante (set-point). Observou-se que a estratégia

é capaz de reduzir o tempo em que o processo permanece dentro do envelope

de fase, ainda que ocorra um aumento de 10% nas frações molares de CO2, H2O

e C5H12 do gás de alimentação. A GDU considerada para a simulação dinâmica

e controle possui três vasos operando em TSA de forma a processar �uido com

composição característica das correntes provenientes dos reservatórios do pré-

sal.
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Dehydration of natural gas by �xed bed adsorption is a technology

widely adopted in the oil industry, proving to be especially useful in cases

where it is necessary to reduce the water content to lower levels than

conventional triethylene glycol treatment is capable of. Adsorption gas

dehydration units (GDU) operate in cyclic processes (adsorption-regeneration).

In offshore industrial plants, this behavior is made possible by heating the

adsorption vessels using appropriate gas - a process known as Temperature

Swing Adsorption (TSA). For pre-salt oil reservoirs, a phenomenon known as

retrograde condensation may occur if the GDU is operating close to the dew-

point curve. This scenario is observed in some offshore production units. Due to

pressure drop and temperature variations, condensate formation occurs, which

reduces the lifespan of molecular sieves. The control strategy proposed in this

dissertation consists of a feed gas temperature feed-back control loop which

adopts a Proportional-Integral controller with the objective of maintaining the

difference between the lowest measured temperature of the beds and the dew-

point temperature determined as a function of feed stream conditions at a �xed

value (set-point). It was observed that the strategy is capable of reducing the

time that the operating point remains inside the phase envelope, even if there is

a 10% increase of the CO2, H2O and C5H12 molar fractions in the feed gas. The

GDU considered for the dynamic simulation and control consists of three vessels

operating in TSA to process �uid with a characteristic composition of pre-salt

feed streams.
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Chapter 1

Introduction

Natural gas dehydration by �xed bed adsorption, more speci�cally by molec-

ular sieve adsorption, is a widely adopted practice in the petroleum industry.

This technology is especially useful in cases where it is necessary to reduce the

water content of gaseous hydrocarbon streams to levels lower than the conven-

tional triethylene glycol (TEG) treatment is capable of achieving. According to

MOKHATAB (2019), molecular sieve adsorption allows natural gas water con-

tent to be reduced to less than 1 ppmV.

In an offshore vessel, when a hydrocarbon stream leaves its reservoir through

production wells and reaches the topsides industrial facility, it undergoes a pri-

mary processing treatment, which aims to guarantee adequate product speci�ca-

tion to prevent damage to downstream equipment, proper �ow of �uid streams

and meet contractual custody transfer requirements. Figure 1.1 summarizes the

main units of a primary processing plant.

Figure 1.1: Primary Processing Plant on offshore production units.

Since the hydrocarbon streams arrives with many contaminants, including

water, natural gas dehydration units (GDU) are important parts of a primary

processing plant Gas Treatment system (see Figure 1.2). A packed bed adsorp-
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tion GDU operates in cyclic batches (adsorption-regeneration). It is common to

�nd multiple adsorption vessels in the same unit in order to allow the regen-

eration to occur parallel to the gas processing, and it is not necessary to stop

the unit to replace the sieves of the saturated bed. In offshore plants, the cyclic

behavior is feasible by heating the adsorption vessels using appropriate gas - a

process known as Temperature Swing Adsorption (TSA). The TSA is more suit-

able when compared to the Pressure Swing Adsorption (PSA) process due to the

lower energy consumption.

Figure 1.2: Offshore natural gas treatment plant.

In this dissertation, a temperature control strategy was proposed as an at-

tempt to minimize condensation of the feed stream, which damages molecular

sieves and causes signi�cant impacts to the GDU.

1.1 Current Scenario of Oil and Gas Exploration and

Production

Although discouraged by drastic barrel price drop from 2014 to 2016, crude oil

production is still increasing. As stated by OPEC (2019),

"The year 2018 saw substantial global supply growth. Total oil liq-

uids production increased signi�cantly by 2.60 million barrels/day,

outpacing oil demand growth by more than 1 million bpd in 2018.

The increase was once more driven by outstanding production gains

in North America, particularly in the United States."

The major benchmark crude prices are slowly recovering, although still far

from the elevated price plateau reached between the years 2011 and 2014 (see

Figure 1.3).

According to ANP (2019), Brazil's pre-salt petroleum production has in-

creased from 469.9 million barrels in 2017 to 521.5 million barrels in 2018. Pre-

salt reservoirs are responsible for 55.2% of total national petroleum production.
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Figure 1.3: Price development of ORB and major benchmark crudes (OPEC,
2019). Authorized by the copyright owner.

Although pre-salt production imposes a series of technological challenges re-

garding exploration, production and logistics in general, the gains for exploring

these reservoirs are signi�cant. For this reason, there is a national tendency to

stimulate offshore production in spite of its challenges.

1.2 Offshore Petroleum Primary Processing Units

When a �uid stream comes from an oil production well, it reaches an offshore

production unit and undergoes a primary processing phase before being stored

in the cargo tanks. It is �rst separated into three phases: free water, oil and wet

gas. The wet gas must be treated in order to be injected for secondary recovery

methods, used as gas-lift, as fuel gas on the platform's turbo-generators or to be

exported.

Figure 1.2 shows a typical gas treatment plant found on many offshore pro-

duction platforms. There may be one or more process units that are not repre-

sented or that are indeed represented, but may not be needed, according to the

characteristics of the reservoir and composition of the produced gas. However,

for units designed to operate on offshore pre-salt production �elds, the Gas De-

hydration Unit (GDU) is an essential component of the gas treatment if the gas

is to be exported, or used as fuel gas.

Some of the reasons that explain the importance of the GDU for removing

the water from natural gas are the following:

• Natural gas in the right conditions can combine with liquid or free water

to form solid hydrates that can plug valve �ttings or even pipelines.
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• Water can condense in the pipeline, causing slug �ow and possible erosion

and corrosion.

• Hydrate formation and plugging of pipeline can imposes a risk to process

safety due to hydraulic shocks, which may cause noise, vibration and pipe

collapse.

• Water vapor increases the volume and decreases the heating value of the

gas.

• Sales gas contracts and/or pipeline speci�cations often have to meet the

maximum water content of 5 ppmV. This ensures that water-based prob-

lems will not hamper downstream operations.

1.3 The Need for Natural Gas Dehydration

Water is one of the many impurities present in natural gas. Great part of the pro-

duced natural gas is close to mixture dew-point at production temperature and

pressure conditions. Water present in natural gas may cause all of the problems

mentioned in the previous section. In order to minimize these risks, dehydration

becomes an essential part of an offshore unit's primary processing plant.

Besides the dangers to the processing facility, there is also a problem re-

garding logistics. Pre-salt reservoirs contain a substantial amount of natural gas

which is produced along with oil. This gas must either be burned, re-injected

or exported to onshore natural gas processing facilities in order to be treated

and delivered to consumers. For environmental reasons, the amount of �ared

gas shall be as little as possible and there is a limit to the amount of gas that

can be re-injected due to the reservoir's production cycle. Gas transportation to

onshore facilities becomes the main form of dealing with the great volume of

produced natural gas.

The offshore production sites are far away from the coast and pipelines are

at great ocean depths (larger than 2,000 m). The exportation pipelines are there-

fore subject to high pressures (200 bar or greater) and low temperatures (2 to 5
� C). This favours hydrate formation due to condensation of water and lighter

components.

Since exported natural gas will be received onshore by a Natural Gas Process-

ing facility, there are contractual speci�cation requirements, among which a low

water content must be guaranteed. For the aforementioned reasons, produced

natural gas dehydration technologies shall be adopted in order to guarantee
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low water contents that will prevent hydrate formation and attend contract re-

quirements. The required water content by contract is usually 5 ppmV. For this

reason, the natural gas exported by primary processing plants usually has a 1

ppmV speci�cation.

1.4 Using Molecular Sieves to Achieve Low Water

Contents

Molecular sieves are desiccant materials with a crystal structure of uniform pore

sizes which are commonly used in adsorption processes. The pore diameters

or molecular sieves are comparable to the diameters of the molecules to be

adsorbed. The desiccant is tailored or chosen for speci�c applications so that

molecules with diameters greater than that of the pore diameters cannot enter

the structure or be adsorbed. The application of molecular sieves ranges widely

including separation processes, purifying processes and chromatography. When

used in packed beds for dehydration, it is capable of achieving the lowest water

contents when compared to other conventional technologies. For this reason,

molecular sieve adsorption dehydration units units are widely employed at off-

shore production facilities.

1.4.1 Temperature Swing Adsorption (TSA)

According to BERG et al. (2019), the temperature swing adsorption (TSA) tech-

nology for natural gas processing is well established and has been patented and

used since the 1950s, being most frequently adopted in dehydration applications.

It consists in a method for continuously regenerating desiccants in packed beds

by varying temperature, without the need to stop production. By employing

adequate design techniques, i.e. sizing of the adsorption vessels and selecting

cycle times, it is possible to process high �ow rates while keeping the product

within speci�ed range.

During a TSA cycle, the temperature of the packed bed varies signi�cantly. In

the adsorption phase, it operates at feed stream temperature. During the regen-

eration phase, it is heated since the solid phase typically has lower adsorption

capacity at high temperatures (WOOD et al., 2018). The reduced capacity causes

the adsorbate to be released and the desiccant to be recovered.
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1.5 Condensation in Packed Beds and Its Inconve-

nience

1.5.1 Phase Behaviour of Petroleum Hydrocarbons

Petroleum is a very complex mixture of hydrocarbons. According to API (2011),

besides hydrocarbons in the carbon number range from C1 to C60+, crude oil

also contains organometallic complexes, such as sulfur and vanadium, dissolved

gases such as hydrogen sul�de and other contaminants. Petroleum is usually

found associated with contaminants such as water, carbon dioxide and hydrogen

sul�de. Table 1.1 shows the typical elemental composition of an "average crude

oil".

Table 1.1: Typical elemental composition of an average crude oil, according to
API (2011)

Element Composition (wt%)

Carbon 84

Nitrogen 14

Sulfur 1-3

Nitrogen 1

Oxygen 1

Minerals and salts 0.1

Although natural gas has lighter components, it is still a complex mixture. To

understand the behavior of such a mixture, a phase diagramis useful. It is used

to show the phase behavior of a mixture according to pressure, temperature,

volume and other conditions. The pressure versus temperature plot is quite

commonly used. For �uid mixtures, this phase diagram usually takes on the

shape of an envelope (see Figure 1.4). It is thus referred to as aphase envelope.

The vapor-liquid equilibrium (VLE) data is usually represented in the phase

diagram, since it de�nes the envelope. For a liquid at a certain temperature,

the pressure at which the �rst vapor bubble is formed is called the bubble-point

pressure. For multiple temperatures, the bubble pressure points form the bubble-

point curve. It is the curve that de�nes the upper portion of the phase envelope

(for low temperatures). For a gas at a certain temperature, the pressure at which

the �rst droplet of liquid is formed is called the dew-point pressure. For multiple
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temperatures, the respective dew-point pressures form the dew-point curve. It

de�nes the inferior outline of the envelope.

Figure 1.4: Phase envelope of a complex mixture.

The point at which the dew-point and the bubble-point curves meet is known

as the critical point (see BERCHEet al. (2009)). It is de�ned by the critical tem-

perature, Tc and critical pressure, Pc. At this point, the gaseous and liquid phases

become indistinguishable. When �uid temperature and pressure are above crit-

ical temperature and critical pressure, the �uid is known as a super-critical �uid.

The critical point is usually found at high temperatures and pressures. However,

for many offshore primary processing units, the operating point is located close

to the critical point, which is why it is so important to understand �uid behav-

ior in this region. The maximum temperature observed on the phase envelope,

TM , de�nes the cricondentherm. The maximum observed pressure on the phase

envelope, PM , de�nes the cricondenbar. These curves are important since their

position related to the critical point de�nes if there is the possibility of retrograde

condensationor retrograde vaporization.
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Figure 1.4 presents the phase envelope of a complex mixture. Curve TC is

the bubble-point curve. For operating points on top of this curve, the phase is

completely liquid. Curve CM is the dew-point curve and operating points on

top of this curve are completely gaseous (saturated vapor). Inside the phase

envelope, two phases are observed. The dotted curves represent different liquid

and vapor percentages. The cross-hatched areas between curves TC and CM

represent retrograde behavior.

1.5.2 Retrograde Condensation and Vaporization

As can be observed on Figure 1.4, a peculiar phenomenon occurs betweenTc and

TM : isothermal compression or expansion may move from a 0% liquid to another

0% liquid condition, both on the dew-point curve CM, crossing the two-phase

region. For a gas with pressure greater than PM and Tc < T < TM , isothermal

expansion will lead the system into the cross-hatched region, in which liquid

percentage increases. This behavior is different from what would be originally

expected for pure substances. For this reason, it is called retrograde condensa-

tion. Further expansion will cause the system to leave the cross-hatched area,

and liquid percentage will be reduced, as would be normally expected for pure

substances. For this reason, outside the cross-hatched area, condensation is no

longer retrograde.

Similar behavior is expected within the region Pc < P < PT, where the phe-

nomenon is called retrograde vaporization. For a liquid with pressure greater

than Pc and smaller than PT, isobaric cooling or heating will lead the system

from a 100% liquid to another 100% liquid condition, both on the bubble-point

curve, crossing the two-phase region. If temperature is greater than TT, initial

cooling will cause vapor formation to increase until a certain temperature is

reached. This behavior is also different from what would be expected for pure

substances. Therefore, it is called retrograde vaporization. Further cooling will

cause vapor percentage to decrease, as would be normally expected for pure

substances. In this case, vapor is no longer considered retrograde.

Retrograde phenomena were �rst observed by KUENEN (1892). As exam-

ined by KATZ and KURATA (1940), there was a disagreement among papers on

study of phase behaviour of complex mixtures regarding the de�nition of the

term "retrograde condensation". In recent years, the term has been used as a

general term applying to all isothermal phase changes above the critical temper-

ature and all isobaric changes above the critical pressure which were opposite to

normal behavior.
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1.5.3 Effects of Condensate on Packed Beds

When operating with saturated vapors, one can expect liquids to form due to

pressure drop across packed beds and cyclic temperature variations, for retro-

grade condensation or just regular (normal) condensation. Even though it can be

computer-simulated, due to model uncertainties and stream composition varia-

tions, it is dif�cult to accurately estimate the amount of liquids that will form

and stay in the molecular sieve pores (see MOKHATAB (2019)). Condensation

may shorten the lifespan of desiccants, increasing operational costs. According

to TERRIGEOL (2012), liquid deposits (water or hydrocarbon) blocks access to

molecular sieve micro-pores, which results in an overall decrease of the adsorp-

tion capacity. In addition, heavier hydrocarbon cracking and polymerization

may occur during regeneration. Increased undesired pressure drop and chan-

nelling may occur across the bed. Both TERRIGEOL (2012) and MOKHATAB

(2019) pointed out that the most ef�cient solution is to avoid the retrograde re-

gion as much as possible by increasing the feed temperature. Preheating the

inlet stream by 3°C up to 5°C is usually recommended.

1.5.4 Controlling the Feed Stream Temperature

Feed stream composition varies during a production unit's life time and pres-

sures vary along the packed beds. For this reason, adopting a �xed temperature

set-point for the feed stream is not an ideal solution. Instead, assuming that the

stream composition varies little in the packed bed, it would be a better approach

to maintain the difference between the lowest measured temperature of the beds

and the dew-point temperature determined as a function of feed stream condi-

tions at a �xed value. The recommended 3°C up to 5°C would be applied above

feed stream dew-point temperature. This is the main idea behind the control

strategy proposed in this work.

1.6 Objectives

This dissertation aims to simulate the Temperature Swing Adsorption (TSA)

gas dehydration process of a unit containing three packed beds, verify stream

behavior along the packed bed, identifying the occurrence of condensation and

propose a control scheme to reduce adsorbent exposure to the phenomenon.
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1.7 Dissertation Structure

This work is composed of �ve chapters, structured as follows:

• Chapter 1 is the Introduction. It contextualizes and sets the backdrop for

the motivation of this dissertation. Key terms and concepts which are

essential for understanding the problem are introduced. A description of

the problem is stated and dissertation objectives are de�ned.

• Chapter 2 is the Literary Review. It explains in more detail the context in

which this work is inserted and some signi�cant references on the top-

ics related to modeling and control of Temperature Swing Adsorption

(TSA) process units are discussed. TSA cyclic operational principles are

explained.

• Chapter 3 concerns the Methodology. The process description of the unit

used for simulation is presented. The simulation models are derived ac-

cording to simplifying hypotheses. The numerical method used to solve

the system of Differential Algebraic Equations (DAE) is explained and

simulation parameters are depicted. Simulations for assessing the control

strategy are proposed.

• Chapter 4 presents a discussion of the simulation results and a qualitative

comparison to the temperature time plot for the GDU of a real production

unit. The effectiveness of the proposed control strategy is evaluated by

comparison of simulation results (with and without the proposed control

strategy).

• Chapter 5 presents the conclusions of this dissertation and future work

proposals.
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Chapter 2

Literature Review

This literature review comprehends published material covering mainly the

modeling of adsorption vessels and control applied to industrial Temperature

Swing Adsorption plants. Although plenty of material was found on adsorption

process modeling, not much was available on the second topic. This chapter

summarizes information about natural gas dehydration technologies, including

adsorption; desiccant materials, with emphasis to zeolite molecular sieves; com-

monly used packed bed model equations; typical problems concerning packed

beds, including the presence of contaminants in the feed stream; operational and

control aspects of Temperature Swing Adsorption natural gas dehydration units;

and an outline of publications that are closely related to this work.

Figure 2.1 presents the three main natural gas dehydration principles

(CAMPBELL, 2014) and the most commonly adopted cyclic adsorption processes

(SHAFEEYAN, 2014): Temperature Swing Adsorption, Pressure Swing Adsorp-

tion, Vacuum Pressure Swing Adsorption, and Pressure Temperature Swing Ad-

sorption, which will also be described in this chapter.

Figure 2.1: Natural gas dehydration principles and adsorption technologies.
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2.1 Natural Gas Dehydration Technologies

According to MOKHATAB (2019), the most commonly employed natural gas

dehydration principles are condensation, absorption, and adsorption, being the

last two widely employed when low mixture dew-points are required. NETUSIL

and DITL (2011) presented a comparison of these three technologies according

to energy demand and suitability for use (see Table 2.1). This section brie�y

describes sample process plants that adopt the aforementioned principles and

highlights their advantages and disadvantages. Emphasis is given to the ad-

sorption process since it is adopted in the gas dehydration unit concerned in

this work.

Table 2.1: Comparison of natural gas dehydration technologies according to en-
ergy demand and achievable dew-point depression as presented by NETUSIL
and DITL (2011) and CAMPBELL (2014). The symbols -, + and ++ refer to least
energy demand, greater energy demandand highest energy demand, respectively.

Technology
Energy Demand According to Gas Pressure

DTDEW [°C]
< 130 bar 130 - 160 bar > 160 bar

Absorption - - + -40 to -50

Adsorption + ++ ++ -80

Condensation ++ + - -60 to -70

2.1.1 Condensation

Dehydration by direct cooling, also called chilling, employs the condensation

method to reduce the dew-point of natural gas. As can be observed in Fig-

ure 2.2, a feed stream consisting of wet natural gas is cooled and then routed

to a �ash drum. Upon expansion, due to the Joule-Thomson effect, water vapor

condenses and is removed from the stream through the inferior portion of the

vessel. Further cooling and entering a second �ash drum also causes the conden-

sation of higher hydrocarbons. Therefore, it is possible to achieve simultaneous

dehydration and natural gas liquid recovery with the same plant.

A downside of the condensation method is that since it involves cooling, the

formation of methane hydrateis likely to occur. Cooling causes great amounts

of methane to be trapped within the crystal structure of water, forming an ice-

resembling solid. As mentioned in Chapter 1, hydrate formation is a cause of
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major problems such as the plugging of pipelines and valve �ttings and shall, by

all means, be avoided. In Figure 2.2, this is achieved by injecting hydrate inhibit-

ing chemical products before each cooling step. Methanol or monoethylenglycol

(MEG) are usually applied. In this case, hydrate inhibitor regeneration is also

required.

Figure 2.2: Typical natural gas dehydration plant which adopts the condensation
principle.

Table 2.1 presents a comparison between natural gas dehydration technolo-

gies. According to CAMPBELL (2014), chilling with MEG injection allows dew-

point temperature depressions between 60 and 70°C, which is a better result than

what is obtained with absorption. However, the demanded energy for natural

gas pressures below 130 bar is the highest among compared technologies.

2.1.2 Absorption

Water absorption is generally performed by contacting a wet natural gas feed

stream with a hygroscopic, non-corrosive solvent, usually triethylene glycol

(TEG). For this reason, the process is calledglycol dehydrationand it takes place in

a tray column or packed bed called a contactor. According to CAMPBELL (2014),

this is the most common dehydration process used to meet pipeline custody

transfer speci�cations and �eld requirements being sometimes used in conjunc-

tion with adsorption processes.

Figure 2.3 presents an example of a natural gas dehydration plant which

adopts the TEG absorption technology. First, the feed stream enters a scrubber

to remove free water. The wet natural gas then ingresses the contactor through
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the bottom of the vessel and �ows upwards in counter-current with the "lean"

solvent entering from the top. The dry gas leaves through the top of the contactor

and enters a gas-glycol heat exchanger, where it cools down the lean TEG stream.

After contact with the wet gas, the TEG is enriched with water molecules and

leaves the contactor through the bottom.

Figure 2.3: Example of absorption plant which adopts triethylene glycol (TEG)
dehydration technology.

The rich TEG enters a re�ux condenser at the top of a still column where

it serves as a cooling medium. Then, it enters a �ash tank where most of the

volatile components are vaporized (CAMPBELL, 2014), goes through a rich/lean

heat exchanger where it serves as a cooling medium for the lean TEG, passes

through a �lter, and �nally, enters the still where the absorbed water is removed

by distillation. At the bottom of the still column there is a re-boiler where the

glycol concentration is increased to the required value. The �ash gas may be

routed to the gas treatment plant of the unit, be used as fuel gas, or be directed

to �are. The equipment part of the portion of the plant where rich glycol enters

and lean glycol leaves is called the regeneration unitand it operates mostly at

atmospheric pressure (CAMPBELL, 2014).

2.1.3 Adsorption

The term adsorptionrefers to a multi-step surface phenomenon in which an ad-

sorbatefrom a bulk phase becomes attached to the surface of a solid particle, the

adsorbent. The adsorbate can be any species such as atoms, ions or molecules

from a �uid or dissolved solid which is, in many applications, an impurity to be
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removed by adsorption from the �uid stream. The adsorption process is usually

modeled as happening in three steps: �rst, there is the diffusion of a component

from the bulk phase to the laminar boundary layer surrounding the solid parti-

cle; second, the component moves from the boundary layer into the pores of the

solid particle; �nally, there is the binding of that component to the solid surface

inside a pore of the adsorbent. This transport phenomenon is driven by concen-

tration gradients (WOOD et al., 2018). Adsorption is classi�ed depending on the

nature of the bonding between adsorbent and adsorbed components. When the

species are attached to the adsorbent by weak van der Waals forces, the process

is characterized asphysisorption. When the attachment is due to covalent bond-

ing or electrostatic attraction, it is classi�ed as chemisorption. The nature of the

bonding depends on the details of the species involved (CAMPBELL, 2014).

As can be observed on Table 2.1, adsorption presents the largest dew-point

depressions with an intermediate energy demand for pressures lower than 130

bar, when compared to other dehydration technologies.

Figure 2.4 presents an example of an adsorption plant in which one bed is

in adsorption mode while the other one is regenerating. The feed gas stream

with wet gas enters one of the adsorption vessels through the top. As it �ows

downwards, adsorption occurs as the adsorbates interact with the packed bed.

The dry stream leaves through the bottom of the vessel. At the same time, dry

regeneration gas is routed through the bottom of a second bed. The gas is heated

to the adequate regeneration temperature according to the bed's desiccant ma-

terial and enters the vessel. As the hot gas �ows upwards, it caries the desorbed

components and leaves through the top of the bed. The regeneration stream

goes through a cooler and then enters a vessel where water and hydrocarbon

are separated.

There is a great number of adsorbents available, to be chosen depending on

the application. For the drying of natural gas, physical adsorption is used. As

stated by CAMPBELL (2014), physical adsorbents usually have at least the fol-

lowing characteristics: large surface area and pore volume (500 to 800 m2/g);

high mass transfer rate; can be viably regenerated; adsorption capacity is main-

tained in reasonable levels with time; provide low pressure drop throughout

the lifespan of the unit; have high mechanical strength to resist crushing, dust

formation and thermal damage; are inexpensive, non-corrosive, chemically inert

and non-toxic; have high bulk density and high capacity; present little change in

volume during adsorption-desorption cycles; retain strength when wet; and are

commercially available and �eld-proven. Some of the materials that present

these characteristics are alumina, silica gel, activated carbon and molecular

sieves. Due to the very low outlet dew-points and higher useful capacity, molec-
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Figure 2.4: Example of an adsorption plant.

ular sieves are usually the �rst choice when it comes to natural gas dehydration

on offshore applications (CAMPBELL, 2014).

Zeolite Molecular Sieves

Unlike silica gels and activated alumina, which are amorphous and present a

wide range of pore openings, molecular sieves have uniform sized pore diam-

eters (CAMPBELL, 2014). According to ROUQUEROL et al. (1994), the Inter-

national Union of Pure and Applied Chemistry (IUPAC) adopts the following

nomenclature regarding the size of pores: microporeshave widths smaller than

2 nm; mesoporeshave widths between 2 and 50 nm and macroporeshave widths

larger than 50 nm. Molecular sieves are microporous materials with two fun-

damental features: the ability to selectively adsorb molecules and to exchange

their non-framework cations (SZOSTAK, 1992). This allows these adsorbents to

be tailored for speci�c applications.

Zeolites are special types of molecular sieves consisting of porous crystalline

aluminosilicate minerals (RUTHVEN, 1984) commonly used as commercial ad-

sorbents. Zeolites can occur naturally, but can also be synthetically produced.

According to RUTHVEN (1984), the zeolite framework consists of an assembly

of SiO4 and AlO 4 tetrahedra organized in regular arrangements through shared

oxygen atoms. This forms an open "crystal lattice containing pores of molecular

dimensions into which molecules can penetrate" (RUTHVEN, 1984). Figure 2.5

shows the structures of zeolites type A and X.

Zeolites have the potential of providing precise and speci�c separation of
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