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ABSTRACT

Molecular sieves have been widely used to dry amifypnatural gas in the past 50 years.
Sometimes it is the only solution to achieve théawdewpoints required for LNG production
and NGL recovery. The adsorption principles on mulier sieves are easy to understand, but
practice sometimes reveals traps to avoid. In splaets, contaminants present in the feed
gas can cause less than expected service life §uweenbreakthrough), and unsatisfactory
performance (high pressure drop, COS formation,..).

This paper describes several of the most commotagonants, and how to minimize sub-
optimal performance and reduced service life.
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1. Introduction

In the natural gas processing chain, pre-treatngitally includes acid gas and sulfur removal, coey

removal, and dehydration. The moisture specificatibthe gas depends on the downstream equipnmestrhe

cases, several solutions are available (for ingtdoc pipeline specification of 2 to 7 Ib/mmscf,eocan choose
from glycol, activated alumina, silica gel,...) Buh&n cryogenic processes are involved like in NGiovery

or LNG production, avoiding hydrates requires watew points that only zeolite-based molecular sev@n

satisfactorily achieve. Mercaptans and limited diti@s of hydrogen sulfide, carbon dioxide or metblacan

also be removed on these adsorbents.

The principles of adsorption on molecular sieveseasy to understand, but practice sometimes etr@gis to
avoid. The porous crystalline structure and thgdasurface area exhibiting a high electronic atgtigive
molecular sieves their outstanding adsorption ptogee

However, one must be aware of the possible sidectsff “Contaminants” (used here in a wide and gegner
meaning) can disturb the adsorption process inrabweays: adsorption competition, degradation of th
structure, partial blocking of the adsorbent bdde geactions. The compounds involved and the caase
varied, but the consequences are always the samepprformance of the beds ultimately leadingrenmature
breakthrough, unacceptable pressure drop or adsanhading difficulties.

After a brief reminder regarding zeolite industredisorption basics, this paper describes the caasds
consequences related to the presence of the meshao contaminants. It shows that even though usisally
possible to mitigate contaminants effects, beingrawof the potential problem at design stage is key
implementing the best answer.
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2. Industrial adsorption on zeolite molecular sieves

2.1. Zeolite structure and adsor ption principles™?!

Zeolites are crystalline alumino-silicates. There alose to 200
different crystal networks: about 40 are from natwrigin, and the

others are industrially synthesized for differenirgpses such as
catalysis (catalytic cracking), ion exchange anplasation (drying

and purification).

2 types of zeolites are widely used for separatmaolite A and
zeolite X (also known as Faujasite and 13X). They made of a
three-dimensional succession of i@nd AIQ, tetrahedra that
define a basic structure known as sodalite cag@®"JFig.1).

Figure 1 : Sodalite (SOD) structure

The way sodalite cages arrange together to
form zeolite A (“LTA” crystal structure) or
zeolite X (“FAU” crystal structure) depends
on the synthesis operating conditions and on
the Si/Al ratio (Fig. 2). Aluminum being
trivalent, the resulting edifice is negatively
charged and needs to be balanced by a metal
cation. The final network of repeated crystals
form channels with cavities (known as
Zeolite A “LTA” Zeolite X “FAU” porosity), that exhibit a very large and
electronically active surface area (up to 800
m?/g), and that attracts polar molecules.

Figure 2 : Structure or the basic Zeolite Aand X ¢ rystals

In the separation applications, the aim is to $ifely retain molecules that form low energy bondth the
structure (2 to 45 kJ/mol: Van der Waals forces antber low-energy interactions). This exothermic
phenomenon is called physisorption and follows gutsm isotherms (Fig. 3). To be efficiently adsedb the
polar molecules must be small enough to enter

the cavities via their aperture (pores). The
diameter of the pores and cavities depend on thg
type of zeolite and on the nature and size of th
charge compensating cations which are situate
around the pores. For instance 4A zeolite (A
type with sodium cations) shows 4 angstrom
pores and thus allows smaller molecules td
enter its 11.5 angstrom cavities. If Nas
partially replaced by bigger 'K the result is a
smaller pore opening of 3 angstrom (“3A”
zeolite). When C34 replace 2Nj “5A” zeolite

is produced. Zeolite X pores, in the sodium
form, are 7.4 angstrom large.

It also has to be noted that the structure N TR
vibrations can sometimes allow slightly bigger e
molecules to enter the cavities.
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Figure 3 : Water adsorption isotherm on 4A molecula  r sieve
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Depending on the application and molecules to parsgéed, one will choose the appropriate type ofitee

Additionally, to be used as fixed beds in vesstis, powder of synthetized crystals is compoundetth ai
binding clay in order to form 0.5 to 5.0 mm beadsegtrudates. The resulting material exhibits a plex
network of micropores (the crystal windows of theivee sites mentioned previously), mesopores (26ao
angstrom) and macropores (larger than 50 angstrom).

By changing the adsorption equilibrium conditiopse§sure, temperature or both), the adsorbed mekecan
be desorbed from the active sites, and the zecdite recover most of its original adsorption capadit is
“regenerated”. Regeneration is a key principle ihatescribed further in the next chapter.

The foregoing gives a short description of the iteaholecular sieves structure and operating pplesi From

that, one can understand that the complexity aadathivity of the structure may lead to side reai Some

molecules can form a real chemical bond with thelitee material (chemisorption) and cannot be desdrb
Others can react together, sometimes helped byethige and / or the binder catalytic properti@sptesence of
certain aggressive species and operating condjtibeshinder, and sometimes the crystals themselarsbe

destroyed, leading to powdering or to the formatbaggregates.

2.2. Basics of industrial adsor ption

Molecular sieves for natural gas treatment areddad vertical adsorbers, most of the time on etipsystem.

The impurities in the treated stream saturate tlodecular sieve bed generally within a few hoursdays

(typically 12 to 36 hours in the case of naturad dahydration). Therefore, at least 2 beds hawetosed: one
in the adsorption phase, while the other is beirgénerated”. In order to accommodate high flowgaind

acceptable diameters, several adsorbers are ofied in parallel with a time lag during which these a
alternatively regenerated (Fig. 4).

I Vessel A ADSORPTION ADSORPTION

Vessel B ADSORPTION ADSORPTION

Vessel C ADSORPTION ADSORPTION

8 16 24

T “carousel operation”
\T‘ CYCLE TIME 24 hrs

Regeneration

T T T —>hrs
32 40 48

[ SR, g

A -s--

Figure 4 : Example of a “2+1” system with 16 hours a  dsorption and 8 hours regeneration

During adsorption, a molecular sieves bed can beefimed by a 3 zones system (Fig. 5). Close tartle¢ is the
Equilibrium Zone (EZ) where the adsorbent is iniligium with the process fluid, that is to saywated at the
partial pressure and temperature conditions. Theé area, known as Mass Transfer Zone (MTZ), is whée
dynamics of adsorption take place. The MTZ showsitfipurities concentration decreasing gradientcardbe
defined as the length it takes the adsorbent toghitie impurities from their initial concentratiom the final
specification. The MTZ depends mainly on the diffaskinetics and flow velocity. The larger the assible
surface, the shorter the MTZ. Nowadays, to optintiesurface area and therefore the global bedHengpst
designs involve smaller particles in the MTZ congghio the EZ. The third area is made of fresh dwsurthat,
for a given adsorption time, has not been in canatt the impurities.

During the adsorption phase, the EZ extends andMi& moves forward and slowly reduces the fresh

adsorbent area. All along its life and repeatedesycthe adsorbent slowly looses its propertieslifig and
destruction). Therefore for the same service (sawveeall adsorption capacity), the EZ and the MTZIgeger.
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Some units are operated on a “fixed” cycle time: ¢ticles always have the same duration. At thennéwgy of
the lifetime, when the adsorbent is new, therdilisfliesh unused molecular sieve in the vesset.these units,
the design is optimized when, at the end of theddsorption phase of the foreseen product lifetithe third
zone is close to zero, and the MTZ almost readiefimit of the bed.

Other units are operated under “breakthrough”
conditions: the end of the adsorption time is
defined by impurities detection at the outlet of
the bed. In that case, the adsorption time
EzZ } decreases slowly all along the product lifetime.

TZ EZ

EZ Generally, in order to optimize the vessel
diameter and the flow pattern, gas treatment is
Co C, MTZ processed downwards and liquid treatment is
fresh processed upwards. The regeneration step is
generally performed counter current in order to
breakthrough avoid pushing the desorbed impurities through
the MTZ and the fresh adsorbent zone.

A

) ] ] There are basically 2 main ways to regenerate a
time =X time =y >Xx tme=2z>y molecular sieves bed. They are referred to as
PSA (Pressure Swing Adsorption) and TSA
Figure 5 : Equilibrium Zone and Mass Transfer Zone (Temperature Swing Adsorption). In the first
case, the change in the adsorption equilibrium is
obtained by decreasing the pressure. PSA based
units are mainly used for industrial gases treatn{B®$A H, PSA N), medical applications (PSA.}) or
ethanol dehydration (PSA EtOH). In the second cak&h is more efficient for thorough impuritiessdeption,
a hot gas (typically 180-300°C) is passed throughddsorbers. This regeneration heating step tisatrfor
several reasons: the gas has to be clean enougt lead to side effects (which are most of theetamacerbated
at high temperature); and it has to carefully asislthe required regeneration energy duty (temperafiow-
rate, duration). After heating, a cooling phasadseded before switching back to adsorption in otdexvoid a
temperature peak that would most of the time sicguittly disturb the downstream process (especiadigit
exchangers)y.

3. Common symptoms due to the presence of contaminants

For a given lifetime, a good unit design guarant@especified purity during a given adsorption tiraed a
maximum pressure drop.

The main consequence of poor operation or contarhigffect is premature breakthrough of the impesitilt is
sometimes possible to correct the problem by mauifyhe operating conditions (adsorption time, regation
procedure), but usually, it requires a change dtit@ adsorbents. Another reason for prematureacephent of
the adsorbent is when the pressure drop risesacceptable levels.

This paper does not detail the consequences of gquemation strictly related to process parametets® short
designs. One can understand that wrong choicégiadsorbents type, size and quantity; or unseitapérating
parameters (temperature, pressure, flow-rate, ngeaémperature and duration, etc.) sooner or le@d to
discrepancies between the expected unit behavibreality.

The enclosed information focuses on the effectgeeted or not - of the feed components - expestetbt. In
the following we assume that the operating pararmsetee correct and match the design specificatiankast
from a theoretical stand point. However, to solfe timpurities-related problems often involves some
modifications of these parameters.
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3.1. Premature breakthrough

Premature breakthrough happens when the adsorleeoimes unable to meet the impurities specifications
Before the expected end of the adsorption time,uiitips content at adsorbers’ outlet increases drighan
tolerated.

Reasons for premature breakthrough can be:

- Competition with other adsorbed species which dtyaanhd / or impact were underestimated at design
stage. When the attraction force of these moledslssnilar or stronger than the targeted compounds
they can be difficult to displace (which lengthéine MTZ), or can even stay adsorbed and decrease th
remaining capacity allocated to the specific job.

- Porosity fouling. As explained previously, moleguséeve capacity slowly decreases with time. One of
the main reason is that the porosity gets parti@ijed with heavy carbonaceous components. These
compounds, often referred to as “coke” (Fig. 6) @aased by heavy hydrocarbons (HC) present in the
feed and which sometimes remain in the bed aloagtycles. The MTZ is lengthened and the overall
porosity is decreased. Normal fouling is taken iat@ount in the unit
design, among many other factors that define tloelymt “ageing” rate.
However in some cases, fouling is much more importthan
anticipated, leading to premature breakthrough. s issue is that a
part of the deposit is not removed during regernaand is subject to 4
cracking and “polymerization”. It ultimately formbeavy growing
carbonaceous deposits that build up in the pofsiggpecially at zeolite o
acidic sites. In normal operation coke shouldn’tabproblem in natural gg
gas treatment. However, under certain circumstanfde HC
condensation, see 4.4.), coking can be severeranecules such like
aromatic rings (from cyclo-pentadiene to dimethabhthalene? or heavy
aliphatic compounds (C8 — C10 and more) have tdemtified”’.

A

@
Figure 6 : Coked pellets

- Destruction of the adsorbent. This can come asaltref chemical attacks by aggressive species. In
severe cases, not only the binder is destroyedthisucrystal structure itself can suffer and bevsfo
altered and turned to powder, thus reducing thetityeof active material. In other cases liquidluef
at high temperature (detailed below) can destray agglomerate large parts of the beds, especially
around the vessels walls.

- Channeling (preferential path). Channeling occuhenvthe flow is not well distributed on the cross
section of the bed. If this happens during adsonptihe adsorbent is not evenly used: some areg in
bed have to treat more flow than they are supptisedhile some others, in the worst cases, canstimo
be considered as “dead volumes”. If it happensndutiie regeneration phase (which is more often the
case, as regeneration flow-rates are lower thaorptisn ones), the product is not well regenerated,
and some areas in the bed still shows high imegritesiduals when switching back to adsorption. In
both cases premature breakthrough is around theecofhere are several “mechanical” or “process”
reasons that can lead to uneven flow distributimo( loading, support grid failure, low flow-ratt¢.).
Here we focus on the causes related to feed cotmpysiwhich are often the same as the ones
responsible for product destruction (leading tot dursl agglomerates that block large parts of thi.be

3.2. Unacceptable pressure drop

Pressure drop in natural gas treaters typicallgeanfrom 0.1 to 0.5 bar SOR (Start Of Run: begignif
lifetime). Along the cycles, pressure drop slowhgreases (“normal” fouling due to HC deposit, lighisting
due to thermal stress and attrition). A rule ofntfusays that in normal conditions, pressure dropernoo less
doubles within 4-5 years. In favorable conditioleaf gas, optimized products and process) it cdadse while
in difficult conditions it may happen much faster.
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In most serious cases, HC condensation, liquidixedind heavy dusting can lead to a dramatic inerefshe
bed resistance. All these phenomena are descabss Actually channeling and high pressure dreglievery
often go together as different symptoms for theesaauses.

Sometimes pressure drop rises so high that it idonger possible to process the normal flow-rate] the
product has to be replaced (if premature breaktfiraloes not happen first).

3.3. Mitigation

In most cases, solutions exist to minimize or elaté the foregoing described consequences of camson.
But of course the real issue is to anticipate tbekliles before having to cure them. And this is thig so
important to be aware of all the potential problemmsoon as possible in the design process ofta uni

Basically, when the cause is due to a real contamimvhich was not theoretically expected, the $mhut
typically involves, or to cut the contamination smj or to find process / product based solutiona/e with it.
This can be for instance a lower regeneration teatpee that limits the reactivity, a guard layeattis able to
cope with the species and protect the moleculaesijeor the use of specific resistant grades.

When it comes to normal components of the feed wbannot be avoided (especially HC, water and somast
sulfur species), the answer cannot be to cut tleblem source! However here again solutions sometime
involve product, process or equipment solutionshsas the implementation of efficient upstream fghguid
separator - typically based on coalescence -, neatibns of the regeneration procedure, guard fyeic.

In the following we describe the specific effecfgypical contaminants, and the available solutitmsliminate
or mitigate the potential associated problems.

4. Typical contaminants, effects and solutions

Below is a list of the most common contaminantd(aatural gas components) that often play a rolthén
problems described above, or that can be the resuliwanted side reactions (typically COS).

4.1. Presence of oxygen

Oxygen is not supposed to be part of a typicalifesgural gas composition. However the presenocexggen is
sometimes reported (generally at low levels - lridnge of 10 to 50 ppmV -, but sometimes moreasBes for
the presence of oxygen is not always obvious, andral possible explanations related to procesxjoipment
(compressors, pipe maintenance), are found herdahand. Oxygen can be present in the feed andir tre
regeneration gas (which often have the same origin)

Oxygen has 2 potential bad effects

- Oxidation reactions (partial or complete combustiohHC. In natural gas drying, the regeneratios ga
often mainly consists of methane (most of the tarstip stream of the dried gas is used). When pgssi
through the heater, iron oxides (covering the stefaces, and itself favored by the presence of
oxygen) can catalyze the oxidation of the HC atcgbregeneration temperatures (250-300°C). Once
initiated and if oxygen is present, the combusftieactions continue and propagate in the vessel.
Methane and oxygen form water and carbon dioxidachvof course plays against the desired final
specifications by increasing the residuals in thactivated bed. Reactions involving heavier HC are
more complex and can lead to intermediates sudxggenates and olefins that ultimately form heavy
coke deposits. As a result, the MTZ length andawerall adsorption capacity of the molecular sieves
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are rapidly affected. In serious cases, presswp dan rapidly and significantly increase. It hagi
shown that up to 50% of the oxygen can be convedrd that significant problems start with oxygen
concentrations in the feed as low as 15-20 ppmV.

- In the presence of sulfur compounds like hydrogdfide, and even at ambient temperature, oxygen
forms sulfur dioxide and water, and ultimately edartal sulfur. This elemental sulfur is deposechm t
porous structure, and clusters can even form anihlha block the flow-rate, leading to channeling,
high pressure drop, and eventually to prematurakibheough.

While the second problem is difficult to addresszept by minimizing as much as possible sulfurs exyben
levels, efficient answers exist for the first orleo start with, taking into account the higher waperst-
regeneration residual loading can be done at destige, at least by considering a margin, provided is
aware of the potential problem. In any case thetraficient solution is to dramatically decrease tieating
temperature down to 160-180°C. At these temperatthe combustion reactions will almost be elimgaatOf
course, there are several drawbacks like, agagnhitfher water residual due to the low temperawel, and
the fact much more regeneration gas is required.

4.2. Liquid water

4.2.1. Liguid water carry over

In natural gas treatment, droplets of liquid wates generally carried over onto the molecular siee@ when
the upstream gas / liquid separator experiencest gperating conditions, is undersized or not effitenough.
However, liquid water can also come from low poiotsdead volumes in the piping where vapor can ense
to liquid during some phase of the process, waifimghe next switch to be entrained on the betli{hot only
concerns water, but HC as well.)

Of course the most obvious consequence is that mater has to be handled by the molecular sieveighahas
an impact on the adsorption time, possibly leadingremature breakthrough. In fact this is notrti@n issue.

Water droplets strongly react with molecular sieymsth physically (adsorption heat release) andhaeically
(hammering the structure). This results is localt“spots” where the clay binder is damaged and poset In
severe cases, dusting becomes significant, leatbhngressure drop increase, channeling, and preenatur
breakthrough.

Several solutions are available to reduce the &ffetliquid water. Stopping the upstream carryrdgendeed
the most efficient, and can be done by implementinguitable gas / liquid separator, typically aticaf
coalescer with a liquid specification of less thdid ppmwt. By the way, it is important to exprebe t
specification as a liquid content instead of agpthiosize limit (which gives no clue regarding lidwuantity,
unless one has the size distribution curve of tlupldts...) The case of low points and dead volunsesoi
always easy to diagnose, and requires a carefidweof the piping configuration. But once the pbl has
been identified, some modification or drain potatiation can easily solve it.

Last but not least, and even though some authorsotagree, CECA internal experience shows thaCat8
500 mm layer of silica gel on top of the molecudgves generally offers a good protection. It igt p& most
CECA designs for natural gas treatment.
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4.2.2. Hydrothermal damagifiy

Another destructive effect of liquid water is ligel
to occur when the heating step is done too fast, an
Bed temperature profiles is often referred to as “hydrothermal damaging”.

300

e By heating too fast at a high temperature, water
rapidly desorbs from the lower layers, while the
bed experiences an important temperature gradient
(Fig. 7): its bottom is already hot, but its upper
section is still at adsorption temperature.

When arriving onto these colder parts of the bed,
the regeneration gas gets oversaturated, and water
“retro-condenses” on the top layers, especially
near the vessel wall. This phenomenon can be seen
on the outlet temperature curve of the regeneration
- gas Fhat shows a plateau (typical of a change qf
™ 5 e 1125 physical state). As the temperature increases, it
80 EHapsed time soon results in boiling the water in the molecular
(min) sieve bed. This phenomenon is enhanced by high
pressures and low regeneration flow-rates.

0.2
17

Figure 7 : Evolution of bed temperature profile wit h time

The consequence of water condensation (also knewmwater reflux”) is
obviously the weakening of the binder and of theli structure. The
binding clay is leached from the molecular sievacttire and disaggregates
to dust and powder. Eventually it also rearrangefotm agglomerates all
around the vessel wall (Fig. 8) under the actionvafer soluble salts that [©%
can ion exchange with the zeolite and cement thetsré”. In some cases,
the agglomerates can take very significant volumeshe bed, causing
preferential paths and high pressure drop. A hanisneometimes required
to remove those clusters during unloading.

Figure 8 : agglomerated product

All these gas / liquid interactions at high tempera are mechanically
damaging. They create attrition and can result éd Imovements, also
leading to uneven distribution of the flow and gra® drop increase.

Zeolite crystal structure itself is affected by ewerall loss of capacity. Zeolite X crystals candmstroyed,
while zeolite A crystals see a decrease in theietics of adsorption; This is due to a “pore cledwaffect that
concerns mainly the external surface of the crggtdpecially in the case of the 3A type).

Hydrothermal damaging can be significantly reduaed] sometimes stopped, by the use of a suitalaténige
procedure. Typically a heating ramp of a few degrper minutes, together with a preliminary heatsbep
around 80 to 130°C are usual and efficient implesatgon. To increase the regeneration gas flow-(&de
convey more water out of the bed and heat fasteufiper sections), or to lower the regeneratiosgure can
also be recommended when this is possible.

4.3. Salts (NaCl)

Salts such as sodium chloride can sometimes, degewnd the origin of the gas, be present in theagmed
water (see 4.2.1.). Once they are in the poreg,ahenot easily removed as they stay in the priogdhen water
is vaporized. They accumulate and build up alomgciyties, hindering the access to the pores andgiamthe
structure (binder and crystals), both physicalld @hemically. The phenomenon takes place essgntialithe
top of the bed, causing powdering of the matenarticipating to agglomerates formation (pressurepd
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increase) and leading to a drastic decrease addkerbents performance. Even at very low saltsecorik 0.5
ppm), the destruction of more than half the ad$smnptapacity within 2 years has been reported.

Again the best solution (if not the only one),asatvoid liquid water carry over onto the sieve® (4£2.)

4.4. Liquid hydrocarbons

Like liquid water (See 4.2. above) and amines ktiaySee 4.5. below), the entrainment or the faionaof
liquid HC can be in some case highly damageablbdsieves.

Same as for water, liquid HC can be entrained wulith feed gas. Another origin, known as “retrograde
condensation” is difficult to diagnose, but is stifically founded and admitted by a majority of
author€!M MO Figyre 9 shows for 2 cases (a lean gas and\aeheme), the corresponding phase diagrams
(also known as “phase envelop&) It shows that a heavy gas at HC dew point, whgerated at high pressure
can be subject to HC condensation when the pressudecreased. Therefore for such gas, one cancexpe
liquids to form due to pressure drop across the(dadhed arrow). Even though it can be computetdsitad, it

is difficult to accurately estimate how much ligsiifibrm and stay in the molecular sieves porosity.

Natural Gas PT Phase Diagrams at HC dew point,
a slight decrease in
120 pressure leads to liquid
X AL
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Figure 9 : PT diagram of natural gas; retro-condens  ation

As already depicted at chapter 3.1, the HC depdsitks access to micro-pores, and therefore extendITZ,
which results in an overall decrease of the adsmrmapacity. In addition to that, the heavier H{h crack and

polymerize during regeneration; build up and wordenproblem. Pressure drop increases and champetiay
appear.

For such gas at HC dew point, the most efficiehitgmn is to preheat the inlet stream by 3-5°C.

4.5. Liquid amines and caustic carry over

Amine and caustic based processes are widely usedniove “acid gases” (hydrogen sulfide and carbon
dioxide) and some mercaptans, upstream molecudaesiunits. It may happen that, under upset cirtamss,
amine foams or caustic droplets are carried over the molecular sieves.

Commonly used amines (such like DEA, MDEA, BEA dPB), due to their chemical structure and polarity,
can adsorb in the material porosity, with two mzomsequences:
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- When heated, they easily decompose and participateking, to an extent that can be very significan
if the carry over is important and frequent.

- Also when heated, ammonia can form and furthertreitb water, leading to ammonium NH#hat is
able to replace the cation in the structure. Orotie hand, the resulting weak structure fast cedlapo
powder (X-ray analysis of the sieves show thatt®orption capacity is destroyed). On the othedhan
the released cations are not necessarily eliminatade find their way in the bed porosity and dle a
to hinder normal adsorption kinetics.

Caustic chemically attacks the binder and the testructure itself, which can be turned to power.

Of course amine and caustic carry over can be neinby acting on the upstream processes. Alse,iikhe
case of water carry over, an efficient gas / liggggharator has to be implemented, and a protdetyee of silica
gel can help significantly. However, resistant noalar sieve products are also part of the solutaanshown
below.

In the late 90’s, CECA R&D studied amine and caustsistand&®. A special resistant grade was developed
(Siliporite® SRA), and successfully tested on the Total pldritazq in the south west of France. The product
formulation, that has been continuously improvettsithen, exhibits a higher inter-crystal stabitityd shows
some coke minimizing ability.

Two patents were granted and today, Silip8ri&RA and his cousin SiliporiteOptisieve 4 are used in many
LNG trains around the world.

Based on laboratory tests, Table 1 shows the pergerof fines produced by the amine resistant miodu
comparison with a typical formulation.

(100 gcp?rrc])ghtci:?ir;\szoo mL Conventional Improved (SRA)
solution) Product formulation
70 s 160 29% 25
120 s 240°C 16% o%
120 s 240°C 25 05%

Table 1: Percentage of fines produced by reactionswith bases, comparison between 2 formulations

In the case of the industrial facility, the -

pressure drop level was kept less than 5 mmm"j::nf:e”f;;';”dm" ofthe M.S-
mbar EOR (End Of Run, that is to say en
of the lifetime) whereas beforehand i 100
increased to more than 900 mbar after on
1 year service (Fig. 10 shows the pressu
drop evolution for a given amine, here
BEA, at pilot scale). After 2.5 years service
the new product's dynamic capacity
remains 89% of the initial one, which is ¢ : : :
very good value, generally expected fo 0 s 10 15 20
“easy” conditions. Number of cycles

80 +
80 T -

LR

"7 1 Conventional Mol Sieve

dP (mbarm of bed)

a0 4 —— o Improved Mol Sieve

Figure 10 : example of pressure drop evolution (pil ot scale)
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4.6. Competition between species

It is of course not possible to give an exhaudlisteof the species than can compete with eachratheng the
adsorption step. And it is most of the time difficto accurately quantify such competition. In faahe could

consider that all the feed compounds (polar andpadar), with a size smaller or comparable to theepsize of
the zeolite can enter the structure.

Therefore, even though small and polar molecule® mo problem to displace them, it takes time aasl én
effect on the MTZ length. If competition is reathard between 2 molecules, and if one of them wadahken
into account at design stage, there is a good eh#mat the MTZ exceeds prevision and that breaktitio
happens earlier than expected.

At least two very common examples deserve to leglcit

- Water and methanol. Methanol is often injectedvoic hydrates formatidt’. It is well adsorbed on
4A (and larger) molecular sieves, and require sefftat from water molecules to displace it. Therefo
presence of methanol very significantly increasesNITZ length, and has to be taken into account at
design stage. (Problem being that, most of the,timethanol flow is not constant and a realistic
scenario has to be assumed).

- Heavy mercaptans ¢SH, GSH) and BTX (Benzene, Toluene, Xylene). Heavy mgtanas are
efficiently removed on 13X molecular sieves. Butiaig beware competition of BTX that are also a
little adsorbed on 13X molecular sieves.

See also 4.9.

4.7. Acids

All acids are able to alter and destroy the zedfaenework by a de-alumination proc€¥gFig. 11). No need to
explain how detrimental this can be for the molacuieve structure, again causing dust and leatiing
premature pressure drop increase and breakthrdtmivever acid attack and de-alumination processnlg o
very active at high temperature; and this is wheyghoblem mostly occurs during regeneration.

Na* H H
NN AN SN oL °
_si AT sic taAH — 5 gy sic AR 4+ Nar
o) \o 3% o/ o ¢ o \O % o/ O (A,0) (NaO)

Figure 11 : De-alumination process by acid attack

To avoid related problems, one should use a spemifid-resistant molecular sieve such as CECAip@ite®
RA, which is the result of an extensive R&D workaignt grantetf!).

4.8. COSformation
COS can form according to the following balanceattion: HS + CQ & COS + HO

The thermodynamic constant of the reaction is Havis: K = [COS][HO] / [CO,][HS]
(K value ranges from 1.77 faat 25°C to 2.38 18at 330°C)

When “sour” natural gas enters the adsorbent lied, usually water-saturated. Therefore, it is cosga of
hydrogen sulfide, carbon dioxide and water. Usu@lBS is absent (or assumed at very low levels).
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Then, during the adsorption process (and regepedatinolecular sieves tend to favor the formatib€@S for
several reasons:

- water adsorption shifts the thermodynamic equilibrito the right,

- zeolite and binding clay can catalyze the readtipo-adsorbing C&and HS,

- during regeneration, temperature increases thaioaakinetics (to a limited extend, as the increake
temperature also limits the adsorption of the fatmater).

Usually COS has to be avoided or minimized as naschossible, the main concern being if it convieaisk to
H,S in presence of water in some downstream processesing important corrosion problems.

Not all molecular sieves act the same. 3A molecsikaves, as they are unable to significantly ad€@ and
H,S, only form very low levels of COS. 5A moleculaewes co-adsorb CQOH,S, and COS as well, which
delays the COS breakthrough. £&ahd HS conversion to COS is more significant on 5A coregdao 3A, but it
stays limited. 4A type molecular sieve is very agtiand leads to high conversion levels. Studie® lshown
that this is mostly due to its basicity and to &t it has the right pore openlffigFaujasite (13X type molecular
sieve) is very active as well. The binding clay & a meaningful influence, especially via thespnce of
basic sites in the structure.

Molecular sieve vendors have developed specifidyets for minimizing COS formation. Usually these
products are 3A-based. CECA’s SilipofittlK30COS is a combination of 3A type molecular sievith an
adapted pore size, and a low activity binder. Ston&iliporite® RA (See 4.7), which produces a very limited
conversion to COS.

4.9. Other chemicals

The foregoing list is of course not exhaustive, isuepresentative of what typically can happen. dtfeld have
added others species that can be entrained iredtk $uch as Oils (typically from compressors lsysems) or
amine-based corrosion inhibitors. These speciesstay in the bed and build up as coke, or act ke
obstructive film that hinders diffusivity.

Some other compounds already cited can decomposgedium temperature (methanol) and involve a soft
regeneration procedure. Others (heavy sulfurshatefficiently removed during regeneration anddtém stay
in the bed...

5. Conclusions

Don't try to memorize the above information. Usead a troubleshooting reference to narrow downh® t
problem and solution. But it is only a pretext &ider the following messages, especially for newjgcts and
revamps:

- be aware, as soon as possible, of the potentigbasition-related issues,

- don’t underestimate the impact of the upstreamesses (glycols, amines, caustic, etc.),

- address the related concerns by involving, fromethiiest stage of the project, experienced mosecul
sieve manufacturers whom not only sell productg, disio bring reliable solutions and added value
technical advice.

To conclude, molecular sieves are very efficiert seliable materials. At the end of the day, thstwaajority of
the operating units worldwide are doing very wedipecially those related to natural gas treatmEwmen though
molecular sieves cannot handle everything, almbshea potential problems mentioned in this papan be
solved with the help and follow-up of your expeded vendor.
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