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Abstract

Adsorption is one of the most sophisticated separation processes widely used in oil, gas and
petrochemical facilities, and there is no doubtin the environmental and technological significant of this
technology. But, the key to design an efficient adsorption service is to accurately select a suitable
adsorbent that strongly dependent to the feed composition, product specification, and operating
conditions. During the last 30 years, different classes of solid adsorbent have been manufactured;
but, they should be meticulously chosen accordingly. In this paper, the specification and main charac-
teristics of adsorbents generally used in oil, gas and petrochemical processes including activated
alumina (AA), silica gel (SG), activated carbon (AC) and molecular sieves (MSs) are reviewed. Then,
a novel adsorption selection diagram (ASD) is introduced to accurately choose adsorbents for various
gas and liquid services. By using the proposed ASD, the suitable adsorbents are selected for some
industrial plants to verify its validity .

Keywords: Adsorption; Adsorbent; Selection diagram,; Molecular sieve.

1. Introduction

According to environmental legislation, mercaptanes, H,S, CO, and water should be removed
from effluent streams and fuel gas. Mercaptans are organic compounds with -SH in their
structures which are corrosive, toxic and poisonous for the catalyst. Therefore, mercaptans
content of fuels, especially for propane and butane is so significant [*1, H,S is the main acid
gas component which should be removed immediately because of its corrosion affinity. CO>
and water are two main impurities that are the crucial cause for blockage in cryogenic systens.
To reach these goals, absorption processis installed using different solvents such as amines
foracid gas removal, glycol for dehydration and caustic for mercaptan removal. The main prob-
lems of these absorption processes are as follows:

(1) These solvents are pollutants of environment;

(2) In many cases, product streamshould be purified at very stringent level which needs huge
equipment and high circulation flow rate of solvent, and

(3) High capital and operating cost for a product with high purity is needed 1.

To tackle with these problems, adsorption processes are widely developed based on diffusing
a specific molecule with low molecular diameter into the internal surface of adsorbent pores 31,
Due to the wide variety of molecules and demands for separation and purification, different
types of synthetic adsorbents with spread pore diameters and physical properties are synthe-
sized [*-51, Fora long time, adsorption process has been used as an effective method to remove
impurities from gas and liquid streams in different services. Nowadays, different types of ad-
sorbents are broadly used for various demands including bulk separation (such as hydrogen
separation, nitrogen production and oxygen production) [¢-°1, and impurity removal application
(such as dehydration, desulfurization, hydrogen purification, CO, and mercury removal) [10-15],
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But, validated documents and knowledge for selection and application of various kinds of ad-
sorbents are scarce. This vacuity promotes us innovate a method which can be applied as a
comprehensive and trustworthy way for the selection of adsorbents for different services. In
this paper, according to the literature and practical observations, a novel adsorption selection
diagram (ASD) is proposed which is reliably used to choose suitable adsorbents for various
gas and liquid services.

2. Adsorbents

Two traditional shape form of adsorbents are extrudate (such as pellet or granule) and
spherical (bead type). Spherical adsorbents have some benefits compared to extrudate ad-
sorbents including:

- Lower pressure drop (in the same range of mesh size) [16!

- Higher attrition resistance.

- Betterparticle flow performance.

According to the pore size, three main categories are classified as follows [*71;
- Macropore (>500 &) to improve molecules diffusion into the pores.

- Mesopore (20- 500 A) that is filled with medium size molecules.

- Micropore (< 20 A) to accommodate small molecules like water.

Almost similar ranges for these definitions can be found in other references [*8l. Among
commercial adsorbents, activated alumina (AA), silica gel (SG), molecular sieve (MS) and
activated carbon (AC) are widely used in gas, petrochemical and refining industries.

2.1. Activated alumina

Alumina is one of a popular adsorbent due to its high mechanical strength and thermal
stability [*9-201, This material is a hydrated form of aluminum oxide (Al.Os), and in natural
state is called Bauxite 211, But, the commercial AA adsorbent is generally manufactured by
the following steps:

1. Aluminum tri-hydroxide (AI(OH)3) is thermally decomposed at a temperature about 400°C
to partially dehydrate alumina.

2. The activated powder is bonded using water to formdesired size and shape such as
spheres or granules [22-231,

3. The formed particles are thermally treated to produce the final products €],
The typical chemical composition and physical properties of AA are shown in Tables 1 and

2, respectively.

Table 1. Typical chemical compositions of AA [161  Table 2. Typical physical properties of AA [16]

~

Chemical Composition (wt.%) Physical properties Value
SiO2 0.02 Surface area (m2/q) 320-360
Fe203 0.02 Pore volume (cm?3/g) 0.4-0.5
Naz20 0.36 Bulk density (kg/m?3) 770-840
LOI (Loss on ignition) 6.0 Crush strength (N) 140-320
Al203 93.6 Static sorption at 60% RH (%) 20-22

Adsorption of molecules on AA surface is done through chemisorption, physisorption and
capillary condensation. Chemisorption is occurred through the reaction between water mole-
cules with aluminum oxide surface sites (single layer). Then, physisorptionis promoted by
hydrogen bonding (Van der Waals' forces), forming multiple layersin alumina pores. Finally,
multi-layers of water grow by capillary condensation 241,

2.2. Silica gel

Silica gel (SG) mainly consists of silicon dioxide (SiO.) with a representative formula of
Si0,.nH;0, and it is manufactured in the forms of powder, granule, and spherical beads in
different sizes 251, There are more than 25 types of SG that has specific and unique adsorption
characteristics. Generally, common SGs can adsorb moisture up to 40% [26-271,
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SG is produced by reacting of sodium silicate with sulfuric acid. The produced material is
called hydrogel which is washed to remove sodiumsulfate. Then, hydrogelis dried to produce
the commercial SG, a porous adsorbent with high surface area (approximately 700-800 nv/g),
and it adsorbs polar molecules such as water 251, The low concentration of alumina in SG
merits low catalytic activity to this adsorbent [28], This feature is desirable in adsorption of
hydrocarbon streams due to minimization of coke formation of cracked hydrocarbons during
regeneration [29],

Two main commercial types of SGs widely used in gas dehydration process are Sorbead R
and W. The Sorbead R has higher activity than the Sorbead W adsorbent, and it is used for
removal of heavy hydrocarbons fromnatural gas stream. Sorbead W can persist against water
droplets [*6], and it is appropriate for dehydration services. Typical chemical analysis of com+
mercial SG is shown in Table 3.

Table 3. Typical chemical composition of commercial SG [16]

Chemical element Content (wt. %)
SiO2 99.71
Fe203 0.03
Al203 0.10
TiO2 0.09
Na20 0.02
CaOo 0.01
Zr0O2 0.01
Other elements 0.03

2.3. Molecular sieve

Molecular sieves (MS) can be categorized as an extensively applied adsorbents which are
used in petrochemical industries fromthe past three decades. The main portion of MS contains
zeolite powder and other parts consist of binder and some additives.

MS has the large surface area with specific uniform pore dimensions among the solid ad-
sorbents. Additionally, it can separate molecules, based on its uniform pores. Moreover, MS is
a crystalline material with positive and negative charges which traps polar molecules into its
pores. Due to distribution of charges, an electrostatic attraction for polar molecules such as
wateris available in its structure 3],

Additionally, MS has some better properties compared to AA and SG such as uniform pore
size, high adsorption capacity and high affinity for un-saturated and polar components. Zeo-
lites are stable in the pH range of 5-12. Up to now, more than 150 different types of zeolite
structures have been discovered but only two synthetic types are used in conventional appli-
cationsincluding zeolite A and Faujasite (or Zeolite X) [31-321,

2.3.1. Zeolite A

Pores of zeolite A are restricted by 8-membered oxygen rings (Figure 1a). This type has a
crystalline structure with intra-crystalline voids where adsorption takes place. Zeolite A group
consists of 3 conventional MS including 3A, 4A and 5A. The formeris synthesized by replacing
a large fraction of the sodium ions (approximately 75%) with potassium reducing its pore
sizes to about 3 A. This type is used for dehydration of streams such as natural gas, olefins
and high polar alcohols. The equilibrium adsorption capacity of 3A zeolite at a given water
vapor pressure increases by increasing K*/Na* molar ratio; but, the opposite effect is reported
by closing the vapor pressure to infinity 331, 4A is sodium form of the MS which has the pore
diameter of 4 A. This type of MS is most common adsorbent for dehydration of air and paraffin
streams. Compared to 3A type, 4A is cheaper and has more adsorption capacity. 5A (with
approximately 5 A openings) is formed when 75% of Na ions are exchanged with Ca ones,
and is used to remove large molecules such as H,S, CO,, and light mercaptans [34-351,
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2.3.2. Faujasite

In this framework, silicate-aluminate minerals pores are restricted by 12-membered oxy-
gen rings (Figure 1b). Depending on the silica-to-alumina ratio, faujasite zeolites are divided
into X and Y zeolites. In X zeolites, ratio is between 2 and 3, while in Y zeolites, itis 3 or
higher. The former has different internal characteristics, especially crystalline structure com-
pared to A type zeolites. The crystal structure of X type zeolite is built up by arranging the
basic sodalite cages in a tetrahedral stacking (diamond structure) with bridging across the six-
member oxygen atomring. These rings provide opening pores with 9-10 A in diameter [36-371,

Zeolite X can adsorb all molecules adsorbed by A type MS, and also it has higher adsorption
capacity. 13X and 10X are two kinds of X type zeolite. 13X zeolite has pores with the diameter
of 10 A which consists Na ions. While 10X zeolite is produced from 13X by exchanging about

75% of Na ions with Ca ions 181, In Figure 1, the structures of zeolite A and X types are
shown.

Structure of Zeolite A Structure of Zeolite X

@ (b)

Figure 1. The structure of zeolite A and X type

Typical properties of 3A, 4A, 5A and 13X MSs are shown in Table 4. As seen, zeolite 4Ais
a general purpose adsorbent, and can uptake most typical molecules while H,O capacity of
13X is the greatest among the others.

Table 4. Typical chemical composition of commercial MS [16]

Type Nomlngl Bulk H20 ca- Typical
pore di- ) . Molecules . S
of zeo- density pacity molecules Typical application
. ameter 3 o excluded
lite (&) (g/cm>) (wt.%) adsorbed
Ethane and Dehydration of unsatura-
3A 3 0.75 20 H20, NH3 larger ted hydrocarbons
H2S, CO2, Propane and Static desiccant in refrig-
4A 4 0.72 22 S02,CoHs, 1 ‘;r eration systems, drying
C2Hs, C3Hs arg saturated hydrocarbons
Isc)%_rfg?;‘_ Separation of n-paraffins
5A 5 0.69 21.5 n-C4H9oOH P - from branched and cyclic
carbons rings
hydrocarbons
and larger
Di-n-pro- (C4F9)sNand Co-adsorption of H20, H2S
13X 10 0.61 28.5 pyl-amine larger and CO2

2.4. Activated carbon

Activated carbon (AC) is a highly porous material which is created by burning a suitable
source in the absence of oxygen. Bituminous coal, lignite coal or coconut shell are the most
common bases for AC manufacturing [38-3°1, AC has wide applications in different industries
such as oil and gas refineries, and petrochemical complexes [#°1, Despite inorganic chemicals,
AC can appreciably attract organic chemical compounds fromvaporand liquid streams. Gen-
erally, there are a variety of ways to produce AC. But, here the most populated method is
described. At first, the base material is heated to 900°C in the absence of oxygen. Therefore,
nitrogen and argon are injected into the vessel. Then, the temperature increases up to 1200°C,
and the product is exposed to steamand oxygen for final pore formation [41-42],
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3. Adsorption and regeneration processes

Adsorption processis a continuous operation consisting two main steps:
1. Adsorption cycle in which one or more componentsis adsorbed.
2. Regeneration cycle in which adsorbed components are separated from adsorbent [131,

3.1. Adsorption cycle

reED ceeD In this cycle, first of all, the vesselis filled with
fresh adsorbents, and then the feed enters the
All\ vessel. Adsorption of molecules (adsorbate) on the
adsorbents can be done due to various parameters
such as size, polarity or charge of adsorbate.
There are three zones in an adsorption tower in-
cluding mass transfer zone (MTZ), saturated
_ (equilibrium) and active zones (see Figure 2) [43],
3 : The adsorption of adsorbate molecules is done in
the MTZ. Length of that depends on some parame-
H i [/ ters such as fluid superficial velocity, inlet and out-
resiy ABSsORBATE PART let concentration, temperature etc. MTZ can be
REACTATED acAY THROUGH extended from few centimetersto several meters
[44-451 1n the saturated zone, adsorbents are sat-
Figure 2. Three zones of an adsorption ves- urated with adsorbate and no more adsorption
sel during adsorption step takes place whereas the adsorption is not yet oc-
curred in the active zone.

EQUILIBRIUM ZONE

MASS TRANSFER ZONE

ACTIVE ZONE:

3.2. Regeneration cycle

Regeneration can be done based on two different methods i.e. temperature swing adsomp-
tion (TSA) and pressure swing adsorption (PSA). In gas services, there are two main branches:
bulk separation and impurity removal. When impurity contentis more than 10%, the adsomp-
tion process is called bulk separation. When impurity content is less than this level, the process
for separation is recognized as impurity removal. For the latter, TSA process is favored to
remove impurities while PSA is utilized for bulk separation 461,

3.2.1. TSA regeneration

TSA is the most common method for regeneration of adsorption bed, and is used when a
product with high purity is needed. In this method, at first, the gas streamis passed through
a heater. The regeneration temperature is generally between 200°C and 300°C. This hot gas
streamincreases the vessel temperature, and separates adsorbate from adsorbent. The in-
crease in gas stream temperature is done stepwise with an intermediate heating to prevent
destructive effects such as reflux, coke formation and thermal damaging 131, Afterthis stage,
the vesselis cooled by a streamhaving a temperature the same as the feed. In the adsorption
process, a vessel adsorbs impurities, and simultaneously the otherone is in the regeneration
mode. Generally, heating time is around 60-65% of total regeneration step, and remaining
time is used for valve switching, depressurizing and cooling 471,

3.2.2. PSA regeneration

PSA is primarily used for the bulk separation. In this method, adsorbents are regenerated
by decreasing the vessel pressure. In the same condition and equal adsorption capacity, time
of TSA process is longer than that of PSA one. Regeneration of adsorbent particles is not
completely performed in PSA compared to TSA. This partially regeneration of adsorbents in
PSA leads to sooner breakthrough in adsorption cycle and leads to shorter adsorption time [46-47],

4, Selection of adsorbents

Adsorption process can be applied into two main groups including gas and liquid services
as follows:
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4.1. Gas services

Adsorption process can be accomplished for separation and purification of gas streams in
different services such as:

- Natural gas dehydration - Air purification

- Olefin dehydration - Air separation

- Mercury removal from natural gas - Natural gas desulfurization

- Air drying - Hydrogen separation and purification

4.1.1. Natural gas dehydration

Most of natural gas streams have water as an impurity at least in ppm value. But, the gas
streamleaving amine or caustic wash units is saturated with water which should be removed
from gas streams because of the following reasons [481;

- Reducing corrosion and eliminate blockage by hydrate formation.
- Preventing water condensation in pipeline.

- Decreasing gas volume and increasing heating value.

- Controlling water content and dew point of gas stream.

- Preventing hydrate formation in the cryogenic units.

Commercial adsorbentssuch as SG, AA and MS can be used for gas dehydration process.
The adsorbent selection for gas dehydration depends on various parameters. The most signify-
cant ones are as follows:

- Water content and dew point of product stream. - Temperature of regeneration gas.
- Feed composition. - Cost.

4.1.2. Water content and dew point of product stream

The most important factor for choosing adsorbent in gas dehydration plant is water content
and the required dew point of the product. Abilities of different adsorbents to provide minimum
dew point and water content of product in gas dehydration plants are shown in Figure 3. As
seen, MS can provide minimum dew point and water content compared to SG and AA which
is attributed to crystalline structure of MS. Therefore, if the dehydration unit is designed to

prepare a feed for cryogenic process, and a complete water removal is needed, MS is the best
option for adsorbing purposes [49-50],

0 b £
@) SG AA MS () 1
6 -20 .
< E g
g g
= -40 =
) Z
= - 1n
g -60 E
b -60 = 4
£ =
g o 78 Z
= 1
2
100 0.1
L1 = =
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Figure 3. The abilities of SG, AA and MS adsorbents to decrease a) dew point temperature and b) wa-
ter content of natural gas stream [19]

4.1.3. Feed composition

Another significant factor for adsorbent selection in a gas dehydration plant is the compo-
sition of feed. This factoris severely important for choosing different types of MS adsorbents.
If the feed streamcontains a lot of CO, and H;S, 3A type should be selected for gas dehydra-
tion. Insuch streams, CO, can react with H,S and produce COS which is called COS formation.
3A type has smaller pores, and consequently, CO2 and H>S molecules cannot enter to its micro
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pores. Moreover, catalytic activity of MS can accelerate this phenomenon. Therefore, the mod-
ification of MS to reduce its catalytic activity creates more hindrance for COS formation. Some
special grades of 3A type are recommended for cases in which COS formation may be a prob-
lem [161,

4.1.4. Temperature of the regeneration gas

Typical regeneration temperature for SG, AA and MS (3A and 4A type) are displayed in
Table 5. The lower water content of the product needs the higher regeneration temperature.
As seen in this table, the regeneration temperature for MS is higher than SG and also AA
adsorbents '], Nowadays, MS manufacturers propose to use 3A type because of its lower
regeneration temperature that reduces energy consumption. Of course, this lower tempera-
ture for regeneration needs more regeneration flowrate or regeneration time.

Table 5. Typical regeneration temperature of SG, AA and MS [16]

MS
=G AR 3A aA

190°C 160°C -220°C 220°C 290°C
4.1.5. Cost

Among common adsorbentsi.e. SG, AA and MS, the latteris the most expensive one due
to providing lowest dew point, working at higher operating temperature and having more
adsorption capacity. AA is the least expensive adsorbent. However, it has lower adsorption
capacity. Therefore, the capital cost due to requiring a larger vesselincreases. 4A is cheaper
than 3A due to additional process required for 3A productioni.e. ion exchange process.

4.1.6. Olefin dehydration

Olefin dehydration is one of challenging adsorption processes in industrial plants. In an
olefin stream, due to presence of unsaturated hydrocarbons, polymerization reactions are
susceptible to be occurred. These reactions can be promoted on the surface of adsorbents,
especially during the regeneration cycle where higher operation temperature is existed. The
formed oligomer inside the pores of the molecular sieve is called green oil 511, Therefore, in
the dehydration of such streams, minimizing co-adsorption phenomenon is a crucial factor. To
achieve this goal, some modifications are done on the produced MS. Some MS manufacturers
have supplied special type of 3A MS which mostly prevents co-adsorption of unsaturated hy-
drocarbons such as cracked gas, ethylene and propylene. Also, modifying MS by using special
type of binder minimizes the coke formation on the surface of adsorbents [52],

4.1.7. Mercury removal from natural gas

The presence of mercury in the gas stream causes many problems such as amalgam for-
mation, environmental pollutions and catalyst poisoning. There are two major types of adsor-
bents that can be used in the mercury removal of natural gas units i.e. sulfurimpregnated AC
and silver impregnated MS. In sulfur impregnated AC, the mercury reacts with the sulfur to
form a stable compound on the adsorbent surface. Hence, this adsorbent cannot be regener-
ated. Similarly, in MS with silver, chemisorption of mercury is occurred on the surface of
adsorbents. In this type of adsorbents, both gas dehydration and mercury removal are carried
out, simultaneously. Theimpregnated AC is preferred due to its lower cost [53],

4.1.8. Air separation

Air separation process is aimed for nitrogen or oxygen production. Nowadays, two methods
are generally used for air separation i.e. adsorption and cryogenic distillation. Adsorption in
air separation process includes vacuum pressure swing adsorption (VPSA) and PSA. The for-
mer is widely used for high volume pure oxygen production (300-10,000 Nm?/h), and PSA is
utilized for low volume pure oxygen (50-500 Nm?/h). There are two types of adsorbent for air
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separationi.e. 13X and carbon molecular sieve (CMS). The former adsorbs nitrogen and pro-
duces oxygen. In despite of 13X, CMS adsorbs oxygen and produce pure nitrogen [541,

4.1.9. Air purification

The main application of this process is pre-purification of air before cryogenic distillation
columns in which oxygen and nitrogen are produced. Presence of impurities, especially H>0
and CO; can intensify freezing phenomenon at distillation column [55-561,

Different types of adsorbents can be used in an air purification. AA can be utilized for the
production of instrument air with acceptable water content while for deep dehydration and
high purification processes, MS should be used. 13X type is generally used for dehydration
and purification, simultaneously. 4A and 5A types are just used for especial cases such as
existing heavy component in air streamto decrease co-adsorption phenomenon.

4.1.10. Natural gas desulfurization

Different types of sulfur compounds such as H,S, COS, CS, and mercaptans should be
removed from natural gas in natural gas liquid (NGL) units. Burning of these sulfur compounds
can cause air pollution and also create acidic rains. Consequently, deep sulfur removal with
MS is favored in natural gas refineries because other sulfur removal methods do not have
enough ability for deep removal of sulfur species 571, Although, all A types of MSs can adsorb
H.S. But, 13X has more tendency to adsorb this compound from gas stream. For removing
light and heavy mercaptans, 5A and 13X MSx can be used, respectively. Although, 13X type
is also preferred for removing other organic sulfur components such as COS and CS;, and it
has higher capacity for adsorbing CO, in comparison to 5A type [58],

4.1.11. Hydrogen separation and purification

Hydrogen is one of the important feedstock in industries. Thus, the separation of hydrogen
from other streams and purify this component is so important. Due to low polarity of hydrogen,
PSA process is appreciably used with different types of adsorbents for hydrogen purification.
Forthis purpose, different types of adsorbents have been recommended such as especial type
of AC, SG and MS (5A type is the most common type and it has high selectivity for H, even at
low temperatures [591, In most cases, these adsorbents are simultaneously loaded in a multi-
layer arrangement. AC generally consists of macropore and mesopore, and can adsorb large
molecules. Therefore, it reduces the load of impurities on MS layer. Also, AC can be regener-
ated easierthan MS. It can be concluded that multi-layer arrangement is the best design for
hydrogen separation and purification.

4.2 Liquid services

In addition to gas services, adsorption is also used in liquid services. In such a way, purifi-
cationis carried out in different services such as:

- NGL sweetening and dehydration - Separation of iso-normal butane

- Ethanol dehydration - Separation of xylenes

- Methanol guard bed in polypropylene - Heavy hydrocarbon removal from amine
services streams

Liquid services differ in some aspects compared to gas services. The mass transfer re-
sistance of liquid film is greater than that of gas film. To overcome higher mass transfer re-
sistance, contact time in liquid services should be more than gas services which is obtained
by increase in adsorption bed height or reduction in streamvelocity. The typical liquid velocity
in ac[lsorp]tion process is around 0.1-1 m/min which creates turbulent flow in the adsorption
bed 60-61 .

4.2.1. NGL sweetening and dehydration
MSs are suitable candidates for NGL services. In NGL dehydration, 4A is a proper choice as

an adsorbent. While in simultaneous sweetening and dehydration of NGL, 5A and 13X are the
most suitable adsorbents. In addition to water, there are other impurities such as methyland
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ethyl mercaptan, COS, CS;, CO. and H,S. 13X has a high adsorption capacity, and can uptake
all mentioned impurities. Consequently, this type can be used in sweetening and dehydration
of NGL units. Some MS manufacturers proposed a configuration composed of 13X and 5A MS
layers to decrease loading on the 13X, and increase adsorbents lifetime.

4.2.2. Ethanol dehydration

MSs are currently used in many ethanol dehydration plants to produce purified alcohol from
a mixture of ethanol/water. The purity of ethanol can be increased up to 95% by using a usual
distillation column. Due to the azoetrope of water and methanol, distillation column cannot
adequately purify ethanol. For higher purification of ethanol, two methods can be utilized i.e.
azeotropic distillation (with additional benzene solvent) and adsorption. Ethanol dehydration
by adsorption process is a particular process and can be used for especial applications such
as pharmaceutical purposes [62-63],

Water and ethanol are highly polar compounds, and they can be adsorbed by MS. Therefore,
this separation should be done based on difference in molecular size. The molecular diameters
of waterand ethanol are 2.8 and 4.4A, respectively. Thus, 3A is a good candidate for ethanol
dehydration. Due to the pore size of 3A, water adsorption capacity of that is about 18-20 wt%
in this process 641,

4.2.3. Methanol guard bed in polypropylene services

The feed of polymerization reactor contains trace of impurities such as water, methanol,
COSs, CO, CO; and mercaptanes which can poison the polymerization catalyst, and reduce the
yield of polypropylene production. Consequently, MS is used as guard bed to remove impuri-
ties from propylene stream [65-661  Physical properties of impurities existed in propylene
streamare shown In Table 6.

Table 6. Physical properties of impurity in propylene stream [65]

Molecule Polarity Hydrogen bond Diameter ()3\)
Water Polar Applicable Less than 3
Cco Medium polarity Not applicable Less than 4
CO2 Medium polarity Not applicable Less than 4
Methanol Polar Applicable Less than 4
Ccos Weak polarity Not applicable Less than 5

With respect to the size and polarity of these impurities, a multi-layer bed composed of 5A
and 13X MSs can be the best choice.

4.2.4. Separation of iso-normal paraffin

Isomerization reactionis carried out in a catalytic reactor converting normal paraffin, es-
pecially n-pentane to isomeric paraffin, preferably iso-pentane. This conversionincreases oc-
tane number of product; but, the maximum conversion is about 85%. Therefore, normal par-
affin should be separated from product streamand recycled to the isomerization reactor. For
this purpose, PSA systemwith MS s used. In this process, 5A typeis used to adsorb n-Pentane
which enhances octane number of gasoline [671,

4.2.5. Separation of xylenes

Xylene is an aromatic compound with single ring and two methyl groups. According to
different methyl positions, xylenes are categorized to three isomers i.e. 0-xylene, m-xylene
and p-xylene. Because of the similarity of chemical and physical properties of xylene isomers,
xylene separation with high purity is difficult. P-xylene is the most useful xylene isomer.
Hence, other xylene isomers are usually converted to p-xylene. In the next step, the separation
of p-xylene from others is accomplished by using a special barium type MS which is called
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BaX. In this adsorbent, sodiumcations of zeolite adsorbents (NaX) are exchanged with barium
cations [¢8], The research showed that the diffusivity of xylene molecule is much higher in BaX than
that of NaX. The para-isomer diffuses about three times faster than the meta-isomerin BaX [6°],

4.2.6. Heavy hydrocarbon removal from amine streams

Amine package is one of the most practical systems in oil and gas industries used for
sweetening applications. All amine packages consist of absorption and regeneration colunmns
in which absorbed components in the absorption column should be removed at the regenera-
tion step. Due to weak desorption of hydrocarbons fromamine solvent, the regenerated amine
(called rich amine) is passed through an AC bed to prevent accumulation of hydrocarbons.

5. Adsorbent selection diagram (ASD)

Despite of using various types of adsorbents in gas, oil and petrochemical plants, there is not
any practical route for choosing suitable adsorbent. To solve this problem, based on wide investi-
gations and real experiences, adsorption selection diagrams (ASD) are presented in Figures 4 to 7.

Thesediagrams are divided into two main branches, i.e. gas and liquid services. Bulk separa-
tion for gas and liquid services are demonstrated in Figure 4. Then, Figure 5 illustrates impurity
removal for gas services. Impurity removal for dehydration of paraffin and inert gases are
shown in Figure 6. Additionally, Figure 7 shows the impurity removal for liquid services.

Services
v v
Gas Liquid
I |
¥ v ' v
Impurity Bulk Impurity Bulk
Removal Separation Removal Separation
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Figure 4. The adsorbent selection diagram (part 1)

Pet Coal (2019); 61(5): 932-948
ISSN 1337-7027 an open access journal

941



Petroleum and Coal

Impurity
Removal

i
l i l

Paraffin Olefin

v

Inert Gas

l !

Dehydration Euling Dehydration
Removal

x ¢ | |

HEE®O® E® b &
lTl L T ‘:::.:::‘*

Dehydration Purification Mereury
Removal

| |

Go t .
13x Goto O Especial Fi;st‘:;) ST 4A-13X
Fig. 6(a) 3A
Figure 5. The adsorbent selection diagram (part 2)
) (b)
} |
4 r L v f
Toew< -90 °C Toews -75°C Toews -60 °C i m— — SO
COS Formation?
l l Y L J

YES

l l . =

3A 4A

Figure 6. The adsorbent selection diagram (part 3)

Pet Coal (2019); 61(5): 932-948
ISSN 1337-7027 an open access journal

942




Petroleum and Coal

Impurity
Removal

|

Paraffin Olefin

Dehydration Sulfur
Removal

Sulfur
Removal

s

| l{lll lll

13X Esp -
Prom AA

Alcohol
Removal

Dehydration

|
h@H

4A-5A-13X 5A-13X 3A-EPG 13X

Figure 7. The adsorbent selection diagram (part 4)
6. Some case studies for adsorption units

6.1. Case study 1: Dehydration of isomerization feed

In the isomerization unit, there are two main feed streams including naphtha and hydrogen.
In Table 7, specifications of these streams are shown. In this plant, an adsorption processis
utilized to dehydrate both streams.

Table 7. Specifications of isomerization feed

Feed Property Unit Value
Flow Rate kg/h 233 854
Pressure bar 11
Naphtha Temperature °C 38
Composition  Paraffin Mole fraction 0.99
H20 ppm 276
Flow Rate kg/h 4 200
Pressure bar 38
Temperature °C 38
Hydrogen Composition H2 Mole fraction 0.9
Light hydro- 1 le fraction 0.1
carbons
H20 ppm 1700

Because water is the poison for isomerization catalyst, feed dehydration should be com-
pletely accomplished. Therefore, a MS bed is used to dehydrate the normal paraffin stream.
Accordingto ASD (Figure 7), 4A, 5Aand 13X types can be selected. But, 4A type is the best choice
due to preventing co-adsorption of heavier hydrocarbons.

Hydrogen is the other feed of isomerization unit. According to ASD (Figure 5), for dehydra-
tion of an inert gas streamboth of 4A MS and AA canbe used. Due to the sensitivity of catalyst
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to water, deep dehydration is necessary. Thus, 4A type should be selected as the main adsor-
bent. Moreover, a thin layer of AA (guard bed) is used to prevent liquid carry over to the MS layer.

6.2. Case study 2: C,* polishing unit

In polishing unit, impurities such as sulfurand water should be removed fromfeed stream.
The product specifications assigned for C,* polishing unit are as follows:
- Total organic sulfur contentis less than 20 ppm.
- Total hydrogen sulfide and carbonyl sulfide content is less than 7ppm.
- Total C;and C; mercaptan contents are less than 1 ppm.
The adsorption unit is used to remove sulfur compounds from C>* stream. Table 8 shows
specifications of C>* polishing feed.

Table 8. Feed specifications of C2* polishing unit

Property Unit Value
Flow rate kg/h 2106
Pressure bar 35
Temperature °C 36.6
Ccos ppm 14.2
MeSH ppm 613.2
Impurities EtSH ppm 525.9
composition  Heavier mer- ppm 73.6
captans
CS2 ppm 51.7

According to the ASD (Figure 7), 4A, 5A and 13X can be selected. But, the designeris
recommended 13X type because of existing heavy mercaptans and other organic sulfur com-
ponents. Generally:

- 4A type can be used to remove H,S and CO, besides water.

- 5A type can be used to remove H,S, CO; and light mercaptans such as ethyland methyl
mercaptans besides water.

- 13X type can be used to remove H,S, CO,, light and heavy mercaptans with organic sul-
fur components and water.

Therefore, for this case, all unwelcome impurities are removed due to high adsorption ca-
pacity of 13 X.

6.3. Case study 3: Methanol guard for high density polyethylene (HDPE) unit

Table 9 shows the feed specifications of HDPE unit consists more than 99.95% of ethylene
in the liquid phase. Due to increasing the life of catalyst, contaminants such as methanol and
sometimes water should be removed from the feed stream, and their concentration should be
decreased to less than 0.5 ppm. According to ASD, HDPE plants are equipped with methanol
guard bed i.e. 13X MS due to its high adsorption capacity foralcohols in comparison to other
types.

Table 9. Specifications of HDPE feed

Property Unit Value
Flow rate kg/h 50 000
Pressure bar 29
Temperature °C 40-55
Ethylene wt % 99.95

Composition - thanol ppm 100

6.4. Case study 4: Oxygenate guard for polypropylene (PP) plant

Table 10 shows properties and composition of feed stream for a PP unit containing more
than 99.98 % of propylene.
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Table 10. Physical properties of feed stream of PP unit

Property Unit Value
Flow Rate kg/h 40 000
Pressure bar 25
Temperature C 35
Propylene wt% 99.98
H20 ppm wt. 50
Composition CO & CO2 ppm wt. 63
COSs ppm wt. 5
Methanol ppm wt. 50

Impurities should be removed at upstreamof PP reactor due to the sensitivity of catalyst.
Therefore, a guard bedis provided to decrease these impurities to less than 13 ppm. According
to ASD (Figure 5), both 5A and 13X can be individually used for this special case. Though, to
decrease loading of each layer and increase the life time of adsorbent, a multi-layer design
consists of above MSs are recommended.

6.5. Case study 5: Propane and butane drying and polishing unit

In this unit (Table 11), water (main impurity), and also sulfur compounds such as carbonyl
sulfide, mercaptans and disulfide should be removed.

In other design approaches, caustic wash process is used to remove mercaptans. Due to
high fixed capital costs and operating charges, this process is not feasible for LPG treatments
when low amount of impurities in the feed, and a high purity product (water content<0.1 ppm
wt. and total sulfur content< 10 ppm wt.) are expected.

According to ASD (Figure 7), for liquid impurity removal, two options are practical for sulfur
removal and dehydration processes, simultaneously i.e. 5A and 13X MSs. The presence of
heavy mercaptans and disulfides in feed stream make designer choose 13X type due to its
high adsorption capacity for such impurities. The former is suitable for light mercaptans, and
it cannot be a proper selection in the presence of heavy mercaptans and disulfides.

Table 11. Physical properties of propane and butane feed streams

Feed Property Unit Value
Flow rate kg/h 20 652
Pressure bar 25.3
Temperature °C 60
Composition  Water m 200
Propane Carbonyl sulfide Egm 20
Methyl mercaptan ppm 4.2
Ethyl mercaptan ppm 1.5
Alkyl disulfide ppm 25
Flow rate kg/h 20 729
Pressure bar 12.4
Temperature °C 60
Composition Water ppm 200
Butane Methy| mercaptan ppm 4.9
Ethyl mercaptan ppm 21
Iso-propyl mercaptan ppm 0.6
Alkyl disulfide ppm 36
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7. Conclusions

Adsorbents such as activated alumina, silica gel, activated carbon and molecular sieves are
conventionally used in oil, gas and petrochemical facilities for many years. The key variables
to choose a suitable adsorbent are feed composition, operating conditions and product require-
ment. In this paper, main issues related to the features, properties and selection of ind ustrial ad-
sorbents, and their applications in liquid and gas services were described. Moreover, the adsorption
and regeneration cycles, and routes for the regeneration of an adsorption bedi.e. temperature
swing adsorption (TSA) and pressure swing adsorption (PSA) were introduced. Then, based
on both wide investigations and industrial scale experiences, an adsorption selection diagram
(ASD) was introduced. By choosing adsorbents forindustrial scenarios (i.e. dehydrating isom-
erization feed, polishing C>*, removing methanol and oxygenated compounds fromHDPE and
PP feeds, and drying propane and butane), the validity and accuracy of ASD w ere confirmed.
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