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Adsorbents for the natural gas drying at CNG statims

Karel Ciahotny, Tomas Hlin¢ik®, Alice Vagenknechtoviand Ondrej Proke$

Humidity present in the natural gas causes problesngs compression at CNG filling stations. Theref the natural gas has to be
dried before compression. For this reason, the watksorption from the gas is mostly used as a blétadsorbent. A device for drying
compressed natural gas at high pressure is, thezefim important part of the CNG filling stationdaffects the quality of produced CNG.
For the correct operation of the drying equipmentdecisive the selection of the suitable matedaltie adsorption of water vapor from
the gas. As adsorbents for the removal of watenftoe gas, molecular sieves 4A, 5A, and 13X aragily used. Molecular sieve 4A has
a high sorption capacity for water vapor, which igwever, significantly reduced by co-adsorptionrathane at high pressures. Other
molecular sieves have not so high sorption capdoitywater, but the influence of co-adsorption adthane at high pressures is by these
adsorbents not so significant. The article is fecl®n selection of commercially available adsorbdmving a high capacity for water
steam and high efficiency of its removal from ths.grhe results of laboratory tests of methanendryiave been used in the selection of
best adsorbent for natural gas drying at CNG stadio
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1. Introduction

The natural gas drying technologies are appliedp@rational practice, especially after wet gasaexion
from the underground storage or deposits befordrgasportation in long-distance or gas distributpipelines.
For this purpose, so-called absorption drying teddgies, applying as a drying agent glycols, mostly
triethylene-glycol (TEG), are used in the operadigoractice. Furthermore, it is necessary to deyrthtural gas
also before its compression at high pressure tdym® compressed natural gas (CNG). In these cthezs,are
typically a relatively small gas flow rates, whielne dried at very low residual moisture contente Twater
condensation in the compressed gas after the gagression to high pressure (up to 30 MPa) can sogaur.
The technologies operating on the principle ofwler adsorption on an appropriate adsorbent aré tasthis
deep gas drying in operational practice. This kartis focused on the testing of suitable adsorbéortsleep
natural gas drying in laboratory conditions anésgébn of the best adsorbent for operational practi

2. Water content in natural gas

The higher water content in the natural gas cawseies problem for a number of reasons; the most
significant ones are corrosion and formation ofrayels. The main danger of higher water contenhéngas is
the possibility of water condensation due to therel@sing of gas temperature (Lgkken, 2013). Fomele,
when the wet gas is passing through the depressyistation, due to a drop in temperature, the matey be
separated from the gas in the liquid or solid pleaskcauses trouble in the regulator (freezingsier etc.). For
high-pressure gas pipelines, the possibility ofrayes formation as the consequence of water coatienss
the main problem with high pressure and low temipeeaKim et. al., 2010; Caroll, 2014).

According to the order of the operator of the gamgportation system in the Czech Republic, thev'de
point" is defined as the temperature in degreesi@elat which water vapor contained in the gaspatating
pressure begins to condense. The value of the daw of water related to the pressure of 4 MPalsial be
higher than -7 °C. That is when the maximum watgpor concentration in the gas 104 myis calculated
under normal conditions (15 °C, 101.325 kPa) (Netrwd Ditl, 2011; TPG 902 02, 2006). Since 201#ré is
a maximum dew point value of water in the natues ¢8 °C at the pressure of 7 MPa. The partial mapor
pressure at this dew point is 334 Pa. That is wdwnverting to normal conditions (15 ° C, 101.32%ki
the maximum water vapor concentration in the gamg8r (DVGW G 260: 2013-03, 2013; CBP 2005-001/02,
2008).

The water content in gas distribution systems i@ @zech Republic should have a moisture content
expressed as the dew point 2 °C below the temperafithe soil by the operating pressure (TPG 902006).
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3. Technologies used to the natural gas drying

For the natural gas drying, three different tecbgms are used in operational practice. The firg
the absorption of water vapor from the gas by usiigghylene-glycol (TEG). The second technologyésed
on the adsorption of moisture at a suitable adsdrlikee last one works on the principle of watenaensation
from the gas cooled due to the Joule-Thomson'scteffé its expansion. Methods differ in principledan
suitability for using by individual specific cas@dokhatab et. al, 2006).

For the small and medium flows of natural gas prenio the operational practice the adsorption dyyin
technology for its simplicity, high efficiency amdinimum demands on the service. Polar inorganieriws are
used as the adsorbent, mostly on the basis oftzentilecular sieves, which reach a high adsormagpacity for
water even at low concentrations of water vapahagas and allow a high degree of the gas drytagag et.
al., 2011).

Both systems are enforced into operational prastig¢hout regeneration of water saturated adsortsent
systems with integrated regeneration of water agtdr adsorbent directly in the adsorption equipméats
drying systems with regeneration of the adsorbgpitally use more adsorbers connected parallelyevbee of
the adsorber is being used to dry the gas and ttier @ regenerated by heating to a high temperaand
subsequently cooled after desorption of water ¢aptin the adsorbent. Systems without regeneratiomater
saturated adsorbent are usually used only for drgfrsmall flows of gas, where the frequent excleaofwater
saturated adsorbent is not necessary.

4. Adsorbents used for natural gas drying and theisignificant properties

Polar adsorbent on the basis of inorganic compowndsused to the water adsorption of natural gas.
The most important characteristics of adsorptionenis are adsorbent polarity, its specific susfaze, pore
size distribution and the adsorption pore volume.

The adsorbent polarity is characterized by itsigbiio preferential adsorption of polar or non-pola
substances. Polar substances are adsorbed bettiee polar adsorbents and non-polar substancebeonadn-
polar ones. The adsorption of polar substanceshemon-polar and non-polar substances on polariaeists
typically occurs after exceeding their relativegare of 0.5 in the environs of adsorbent. As iradgbressure,
there is meant the actual partial pressure of tistance in relation to the pressure of their séddr vapor at
the given temperature (Kohl and Nielsen, 1997).

The specific surface of adsorbents shall mean dked surface of the pores, which are located inside
the adsorption material. A porous system for sonighly developed adsorbents is so that the totatifipe
surface can reach more than 1 5G0gnadsorbent (Kast, 1981).

The adsorption of water and other substances frataral gas occurs in the smallest pores, so-called
submicro- and the micro-pores. Only in the cas¢hefso-called capillary condensation, also mezeparre
filled. Capillary condensation of water occurs oatyhigher concentrations of water vapor in a gasiore than
30 % of rel. humidity (relative vapor pressure l@gthan 0.3). Macro-pores have a function onlyhasttansport
pores to the internal porous system.

In addition to the internal surface, the pore apson volume of the material is another importaragerty
of adsorption, i.e., the volume which is filled vikdsorbed substances in the case of full satarafiadsorbent
until the steady state.

The most widely used industrially produced typeaadorption materials used for gas drying inclugiest,
1988):

e y-alumina,
. silica gel,
. natural and synthetic zeolites.

Alumina is made of more than up to 85 % 0§@y; the rest represent various mineral ingredients. s
strongly hydrophilic character, it is suitable nigifor adsorption of polar compounds from gaseotlstures
and as a carrier of catalysts. The most stable fifraluminum oxide isi-Al,O5, called corundum. Corundum is
mechanically strong, but has a low porosity angex#ic surface. Active alumina isAl,Os, which is produced
by calcination of aluminum hydroxide monohydraterdrydrate. The pore volume and surface area dipen
the crystalline modification, on the amount of watnd the content of alkali and alkaline earth fseta
The porosity of-Al,0; is between 50 and 70 %, and its specific surfaaehes values of 120 to 156/gm

Silica gel is adsorbent based on silica, which lwain different degrees of hydration. By weighlicai gel
is 95 % made up of Siand the remaining 5 % are other oxides. Becaubawig a hydrophilic character, it is
also used for gas drying.

The size of the inner surface of the silica gelches up to 700 ffg; the pores in the structure are
represented by micro- pores in the dimension of51Ain and mezo- pores in diameter up to 5 nm.
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By repeated desorption of water, when silica gdbigy-term exposed to temperatures above the 200 °C
irreversible reduction of its adsorption capacitgurs. This phenomenon constitutes a major disadgarfor
the industrial use of silica gel. Several testsitifa gel in industrial facilities have shown thatthe course of
long-term using, the reduction of its adsorptiopamty occurs, which is doubled at the beginnind emsome
cases tripled in comparison with molecular sieve®e adsorption capacity of the silica is also digantly
reduced by the presence of hydrogen sulfide irdthesl gas.

Zeolites consist of natural or synthetic alumoailis. Other cations are found in its porous syskzlites
usually have strongly hydrophilic character caubgcelectrostatic forces of theirs crystallograpsiuctures.
Given the exact defined structure of input holethim porous system, zeolites are used as the niafexiaves
for separation, cleaning and drying of gaseousungg and as the catalysts.

Exactly defined, the size of the channel structdiféerentiates zeolites from amorphous micro porous
materials, such as activated carbon-afumina, as they always have a wide pore sizeiloligion. According to
the ratio of the Si/Al zeolites can be divided it basic groups:

e Zeolite with a low ratio of Si/Al (< 10).
e Zeolite wit high ratio of Si/Al (> 10).

Zeolites with a low ratio of Si/Al show far highéydrophilicity than zeolites with high ratio Si/Alt is
obvious that with the increasing share of At€traeder in the zeolite structure also his hybilaity increases.

The maximum permitted content of Al@etraeder in the zeolite is equal to 50 % mol. l#eavith this
content of AlQ has a molar ratio Si/Al = 1 and is known as thdieX. This zeolite type possesses a totally
regular alternation of SiQand AIQ, tetraeders. Such zeolites have the greatest pokami therefore are best
suited for the adsorption of water vapor (Yang,2M®ybar et. al., 2015).

4.1 Expression of the adsorption capacities of addments using basic adsorption equations

Adsorption capacities of adsorbents for differesgd@bed substances are most commonly expressegl usin
the so-called adsorption isotherm. The isothernmresgmts the dependency of the quantity of the adslor
substance on its concentration (part. pressuriieimdsorbent environs at a given temperature. Masgrption
theories are used to describe this process. Frerbdhic equation of adsorption, the Dubinin theshe most
used, which is as the only one of the fundameh&dries that allow affecting the influence of temapere on
the adsorption capacity (temperature is giveniméluation as a variable parameter).

This adsorption theory was originally developedubinin and Raduschkevich (Dubinin, 1967; Dubinin
1989) for adsorption on charcoal, it was later rfiedion other adsorption materials. The basis obibin
adsorption theory constitutes a potential theoryettgped by Polanyi. Polanyi theory assumes adsorpti
layers that cause the creation of potential field the adsorbent surface. Dubinin founded his themry
the assumption that not the surface size is thésistecparameter for adsorption adsorbent, but ihe of
the adsorbent pore volume. During the adsorptiauisctowards filling of the adsorbent pore voluebinin
derived the known form of adsorption equation tie the following form for subcritical adsorpt tesngtures:

Xm :%exp —ﬂ|n&i|
\ L :EEO p , (1)
and then after the merger of constants (2,303, R/6 constant (B):
X :%exp - B(Ilog&j
v B P
- (2)

whereX,, is the amount of substance adsorbed in the adsoploees (mmaol/g)w, is the volume of adsorption
pore (cn¥/g), v is the molar volume of adsorpt at the adsorptemperature (cAmmol), B is the adsorbent
specific constanfT is the adsorption temperature (I)is the pressure of adsorptive (Njips is the pressure of
the saturated adsorptive vapor at the temperat(iém?).

In order to be able to compare the behavior ofoueriadsorptives, we select one of them as the atdnd
and the affinity coefficientp = E/Ey (Ey is the energy of a standard adsorptive) is usedcémnparison.
The adsorptive is adsorbed more strongly for tHeesof > 1, and fainter than the standard adsorptive for
the values off < 1.

Dubinin exponenh varies in the range of 1 to 3, while for activatedbon the best results are achieved by
applying the coefficient of equal or close to 2 dmdzeolithic adsorbent by applying the coeffidciequal to or
close to the 3.

From the equation, it is clear that the volumehaf adsorption pores is crucial to the adsorptigraciy of
each adsorbent. Complete filling occurs only whachsadsorptive pressure around the adsorbent isvech
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which is equal to the pressure of his saturate@wvapthe given temperature. The form of adsorpotherm is
significantly influenced by the size of the exponenAs already mentioned, this exponent reached sabfi

on zeolites, resulting in a graphic representatibthe adsorption isotherm to the rapid increasthearea of
low pressure, and subsequently in the field higitessures only to very slow growth at the maximaiue. In

practical applications by water adsorption in zegli it is therefore already achieved high adsaci&p at low
gas humidity, which is no else too increase byféllewing increasing of gas humidity.

If the simultaneous adsorption of more substancesurs, the adsorbed substances share together
the adsorption space (adsorption pore volume), lwhdads to a reduction of adsorption capacity, cmexh to
the state where they are adsorbed in the adsotimht separately. In the course of adsorbent loatiyng
multicomponent adsorption (e.g., two-componentflow adsorber, there is the state where the zomeeiated
into the adsorber in the space closest to the diotnyof media, in which both substances in a sfiecatio are
adsorbed. In this zone, a gradual decrease inaheeatration of the better-adsorbed component scaumost
to zero, and then flows just worse adsorbed commomeéhich is captured in the next (second) adsonptione.
When the concentration of this component declinghé zero value, the zone of non-saturated adsbhagins.
All zones are moved during the adsorption in theeaion of fluid flow to the end of the adsorptitwed.
The movement of the first zone in which both comgun are adsorbed causes a gradual crowding pbtthef
worse adsorbed second component of the second(iromdnich only worse adsorbed component is capiured
which occurs in the second zone, to a gradual curation growth of this component in the moving
"concentration wave". After a certain time, the et zone will arrive at the end of the adsorpti@nl,band
worse adsorbed component starts to penetratehiptoléaned gas. Because of the concentration grofatthis
component, its concentration in the gas at a cetiaie reach much higher values than at the ergrdoc
the adsorber. After a certain time, also the frste arrives at the end of the adsorption bed ésul keetter-
adsorbed component starts to penetrate into thenetk gas. After a certain time, the concentratibbath
components at the output of the adsorption bed bhaklevant to their input concentrations.

This behavior of adsorbents in multicomponent systecan be very dangerous because it leads to
the concentration growth and the consequent watserbed components crowd in much higher conceotrati
than are their concentration on the adsorber eftrns phenomenon is in operational practice, mateft both
in the adsorption from gaseous phase and adsorptionliquid phase (Dubinin and Kadlec, 1987; Dubiand
Plavnik, 1968; Dubinin, 1979).

4.2 Adsorption capacity of commercially available adsadoents for water

Several research articles bring the informationceoning the adsorption capacity of different conmuiagly
available adsorbents for water estimated in varieags by atmospheric or elevated pressure. Fromethdts, it
is possible to estimate the impact of possible dsegption of other components of the gas undeedifft
conditions. Some of the published data also indita length of the adsorption zone (part of theogation bed,
where adsorption of water occurs at some time)chiprovides information about the use of adsorbeut its
possible saturation with water until steady stattha moment of penetration of water vapor into dnied gas
(growing of water vapor concentrations in the drgag). Some of the published data, however, inglioaty
the maximum adsorption capacity obtained in satumabf the entire volume of the adsorbent until sheady
state and say nothing about the kinetics of ad&orpt

The results of tests of various commercially a\d@@aadsorbents for gas drying transferred fromf(Sta
2001) are listed in Table 1. The testing was penéat using Nadsorption and desorption by 77 K.

Tab. 1. Properties of the adsorbents tested irathdrying.

Specification of the adsorbent BE‘IErﬁzL;g]ace the ads.[rglc;g]e volume
molecular sieve 5A (Tamis) 449 0.264
molecular sieve 13X (Tamis) 328 0.267
Clinoptilolith (Nizny Hrabovec) 24 0.074
KC-Envisorb (B) + (Engelhard) 725 0.804
KC-Trockenperlen (Engelhard) 596 0.401

Baylith (Bayer Leverkusen) -* -*

* not estimated

Using measurements in the laboratory condition&f(S2001), the adsorption capacities of selected
adsorbents for water vapor were estimated. Tha¢estas performed using the method of air flowlasdarrier
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gas at different temperatures. The sorption caipacitereestimatedat selected samples of adsorbents after
water vaposaturation up to a steady statedifferent gas humidity.

The results of these measurements are listTable2 and represents equilibrium adsorption capaditie
water at the temperature of 20 ° C, using air acHirier gas a normalpressure at various gas humic

Tab. 2. The adsorption isotherms of tested adsorbents &emat 20 °C.

rel. gas humidity: 1C % rel. ‘ 30 % rel. ‘ 50 % rel. | 70 %rel. 90 % rel.
adsorbent adsorption capaci[té)fcrzrav;/:t]er vaporat 20 °C

molecular sieve 5A 13.6 15.7 17.0 18.C 19.5
molecular sieve 13X 5.7 10.2 12.9 14.¢ 20.3
Clinoptilolith 6.3 74 8.1 9.0 11.2
KC-Envisorb (B) + 3.9 9.0 17.3 36 67.1
KC-Trockenperlen 5.2 13.3 241 36.2 40.9
Baylith (4A) 18.1 19.0 19.8 20.: 215

Molecular sieve adsorbents 5 /43X and Baylith belongs to the group of synthetic zeolites
Clinoptilolith to the group of natural zeoliteClinoptilolith sample used for the tesias mine: in the quarry
Nizny Hrabovec in Eastern Slovakia. Adsorbent-EnvisorbB + is combined adsorbent containing active
carbon and silica gel as the adsorbent-Trockenperlen is adsorbent based on silica gel.als®rbent base
on silica gel may exhibit higher accapacity for water vapaat higher relative gas humid, than synthetic
zeolites. Howevetthe kinetics of water adsorption on the silicaigelery slow, due to the creation of hydro¢
bridges, leading to unreasonably long, flat brestkibh curves of watevaporand quickly declining efficienc
of gas dryingduring the loading cthe adsorbent with water vap(Z€iahotny et. al., 201. The comparison of
breakthrough curves for wateapol measured using the adsorbents molecular sieves18A 23X and silica ge
KC Trockenperlen WS is givan Fig. 1
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Fig. 1. Breakthrough curves for watvapor measured at selected adsorbents [20]

From the measured breakthrough curves shown in2, it is apparent that the shortest adsorption zon
water vapoiand the highest efficiency of the drying possessntioleccular sieve 13X. Conversely, silica gel t
Trockenperlen shows slow kinetics of wavaporsorption and a very long adsorption zone, the tegulhich
is the insufficienefficiency of the gas dryin

The adsorption capacities for water estimate(Ciahotny et. al., 2014)sing methane as the carrier |
(pressure 4 MBPadew point +17 °C) amount to 15.6 % by mass byemuwhr sieve 5A, 19.5 % by mass
molecular sieve 13X and 41.1 % by mass by KC Tropkeen

Similar adsorptions capacities for water Baylith and Clinoptilolithwere estimate in (Preis, 1998).
Themeasurements were carried out by 25 °C and usirthame as the carrier gas. By the gas pressu
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0.2 MPa and part. presswrewater steam 400 Pa reached the ads. capacityhgoptilolith 10 % by mass and
22 % by mass by BaylittBy the elevated gas pressure cMPa and the sampart pressure owater steam
droppedthe adsorption capacity for water Clinoptilolith to 7 % by mass and by Baylito 14 % by mass.

Adsorption capacities of selected adsorbents fotewdisted in Table 2 were used to calcula
theadsorption isotherm for water at a temperature(of@. The equation(2) in its linearized fori was applied
to the calculation:

logX,, = —0.434B (%)n (log %)n + log% 3)

The value of " was choseras1 because the measured adsorption capacities comipadegendency t
the water steam pressure usinginearized form of the Dubinin equation showed Hest linearity using this
value From the shape of the lines obtained for eaclorbéat values , were calculate, which are, together
with theparameters of the individual lines, listed foradisorbents iTable 3.

Tab. 3. Parameters of linearized fms of adsorption isotherms for each adsorbent

Specification of the adsorbent straigr_lt slope calculated aEroIIi/.gr]Jore volumi
molecular sieve 5A (Tamis) -0.177 0.192
molecular sieve 13X (Tamis) -0.4893 0.178
Clinoptilolith (Nizny Hrabovec) -0.1847 0.096
KC-Envisorb (B) + (Engelhard) -1.1493 0.556
KC-Trockenperlen WS (Engelhard) -0.9393 0.449
Baylith (Bayer Leverkusen) -0.1265 0.217

Calculated forms of adsorption isotheare illustrated in Fig. 2.
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Fig. 2. Calculated forms of ads. isotherms for water.
The adsorbents Baylitand molecular sieve 5 A seems to be the adsorlhenvisg the best adsorptio

capacity for water by the natural gas drying conitej appropriated humidity corresponding to theewatean
pressure of 334 Pa in the gas (m#ewpoin of -7 °C by 7 MPa).

5. Conclusion
Adsorption drying technologieare always used for the dryingf natural gas at CNG station.his

technology reaches the desired degree of cying without any problems it correct adsorpin material is
used for water vapdrom the dried gas. It is appropriate to use fostll molecular sieves 4A, 5A or 1. as
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the adsorbents. Adsorbents with smaller pore #A&s5A) in comparison with the molecular sieve 1BXxve
slower kinetics sorption of water molecules, bugher total adsorption capacity for water vapor. By
the adsorbent Baylit (4A), the adsorption capafitywater vapor is in the ranges from 18 to 22 % ifflass)
according to the relevant humidity of gas. Incregsgjas pressure of 0.2 MPa to 4 MPa, leads, howéwer
a significant decrease of the adsorption capaoityvater vapor to 14 % due to the co-adsorptiomethane.

The adsorption capacity of molecular sieves 5Aviater vapor varies in the range from 13 to 20 % (by
mass) according to the moisture in dried gas. Reerén the adsorption capacity of water underrfiaence of
methane co-adsorption for elevated pressure isdigaular sieve 5A not as high as by molecular siel.

Adsorption capacity for water vapor for moleculmves 13X ranges from 6 to 20 % (by mass) and isemo
dependent on the moisture of dried gas, than incs® of adsorbents 4A and 5A. The adsorbent 13% ha
referred to another molecular sieve the highest odsorption velocity of water molecules. Theiphgation is
very suitable in particular for the gas drying @ning high amount of water vapor.

From the point of view of the drying equipment cept systems without regeneration of saturated
adsorbent and also systems with integrated adsoregeneration directly in the dryer are used. &yst
without integrated adsorbent regeneration are easieeaper and less demanding for the service and
maintenance. They are used where there are coediderall flow rates of gas by low gas moisture. eosely,
systems with integrated regeneration of adsorbawe o be used everywhere where large amountseaf das
containing a higher amount of water vapor are dsred. These systems are often used for naturalrgasy
after its extracting from the deposit or gas extddrom the underground gas storage. Comparegsteras
working on the principle of absorption of water vamre advantageous, because simultaneously witbr wa
vapor are from the gas removed also higher hydboce, which cause often problems by long distance
transport of natural gas in transit pipelines. Dgysystems based on adsorption are used eg. forahaas
drying extracted from the deposit Sosnogorsk (Rys®i gas drying extracted from theiigle underground gas
storage in the Czech Republic.
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