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Abstract

The article presents a methodological and technological assessment of determining the dy-
namic adsorption capacity of composite adsorbents for water vapor under conditions relevant
to natural gas drying. The study considers KA-series adsorbents prepared on the basis of acti-
vated Navbahor bentonite, zeolite 4A, activated alumina, silica gel and a binder. Dynamic ca-
pacity is treated not only as a mass balance value but also as an integral technological indicator
connected with breakthrough time, saturation time, outlet moisture concentration, dew point
depression, pressure drop, bed utilization and regeneration stability. The operating variables
considered include gas flow rate, adsorbent mass, bed height, granule diameter, inlet moisture
content, temperature, pressure and regeneration regime. Particular attention is paid to the KA-4
composite adsorbent, which combines a local mineral matrix, a selective microporous zeolite
phase, a thermally stable alumina phase and a mesoporous silica-gel component. Representa-
tive dynamic drying data show that KA-4 provides a breakthrough time of 8.6 h, saturation time
of 12.8 h, dynamic water adsorption capacity of 0.146 kg/kg, outlet dew point of about —43 °C
and drying efficiency of 96.9%. The results demonstrate that the reliable determination of
dynamic capacity requires simultaneous analysis of the breakthrough curve, mass-transfer
zone and regeneration recovery, because static water uptake alone does not fully describe the
industrial performance of an adsorbent bed. The proposed approach can be used for selecting
optimal adsorbent composition and operating conditions for deep dehydration of natural gas.
Keywords: natural gas drying; water vapor adsorption; dynamic adsorption capacity;
composite adsorbent; KA-4; breakthrough curve; dew point; zeolite 4A; activated bentonite;
regeneration
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Introduction

Natural gas normally contains water va-
por, and its presence is undesirable during
transportation, compression, cooling and
further processing. Moisture can cause hy-
drate formation, corrosion of pipelines and
process equipment, freezing in valves and
heat exchangers, loss of throughput and in-
stability in downstream separation units.
Therefore, dehydration is one of the key stag-
es in natural gas treatment before transmis-
sion through pipelines, cryogenic processing,
NGL recovery or LNG production. In indus-
trial practice, the target quality of dehydrat-
ed gas is often expressed through residual
moisture content and dew point. A lower dew
point indicates deeper drying and a lower
risk of condensation under operating con-
ditions (Gandhidasan P., Al-FarayedhiA.A.,
Al-Mubarak A. A., 2001; Mokhatab S.,
PoeW.A., MakJ.Y., 2015; Kohl A.L., Niel-
senR.B., 1997; KidnayA.J., ParrishW.R.,
McCartney D. G., 2011).

Several dehydration technologies are used
in gas processing, including glycol absorp-
tion, condensation by cooling, membrane
dehydration and adsorption drying. Adsorp-
tion drying is of particular importance when
very low outlet moisture content is required.
The method is based on the selective reten-
tion of water molecules on the surface and in-
side the pores of a solid adsorbent. Silica gel,
activated alumina and molecular sieves are
widely used adsorbents. Silica gel has a high
affinity to water at moderate humidity but is
usually less effective for very deep dehydra-
tion. Activated alumina has good mechani-
cal and thermal stability, whereas molecular
sieves such as zeolite 3A and 4A show high
selectivity toward water molecules and can
provide a low dew point (Gandhidasan P.,
Al-Farayedhi A. A., Al-Mubarak A. A.,
2001; Tagliabue M., FarrussengD., Valen-
ciaS., AguadoS., RavonU., RizzoC., Cor-
maA., MirodatosC., 2009; SantosK.M.C.,
Vilarrasa-Garcia E., CeciliaJ.A., Rodriguez-
Castellon E., AzevedoD.C.S., 2021; Baha-
doriA., 2014; Grande C. A., 2012).

Despite their advantages, conventional
adsorbents have limitations related to cost,
regeneration energy demand, mechanical
degradation, sensitivity to liquid carry-over
and loss of capacity during repeated cycles.
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For this reason, composite adsorbents based
on local mineral raw materials have scientific
and technological relevance. Combining acti-
vated bentonite, zeolite 4A, activated alumi-
na and silica gel makes it possible to form an
adsorbent with a balanced micro-mesoporous
structure, acceptable mechanical strength
and sufficient regeneration stability. In such
a composite, bentonite acts as a mineral ma-
trix, zeolite 4A provides selective micropo-
rous water adsorption, activated alumina im-
proves thermo-mechanical stability, and silica
gel supports fast moisture uptake in meso-
pores (Ruthven D. M., 1984; Yang R. T., 2003;
ThommesM., KanekoK., NeimarkA.V.,
OlivierJ.P., Rodriguez-ReinosoF., Rou-
querolJ., SingK.S.W., 2015; RouquerolF,,
Rouquerol J., Sing K. S.W., Llewellyn P., Mau-
rin G., 2014; Breck D. W., 1974).

A central parameter for evaluating adsor-
bents in a flow system is dynamic adsorption
capacity. Unlike static capacity, which is mea-
sured under equilibrium or quasi-equilibrium
conditions, dynamic capacity characterizes
the amount of water retained by a fixed ad-
sorbent bed before breakthrough occurs. It
is affected by mass transfer, pore accessi-
bility, gas velocity, bed height, particle size,
temperature, pressure and the regeneration
history of the adsorbent. Therefore, determi-
nation of dynamic water adsorption capacity
is essential for designing industrial adsorbers
and for selecting a reliable adsorbent compo-
sition (GrandeC.A., 2012; RuthvenD.M.,
1984; YangR.T., 2003; Thommes M., Kane-
koK., Neimark A. V., Olivier J. P., Rodriguez-
Reinoso F., Rouquerol J., Sing K. S.W., 2015).

The purpose of the study

The purpose of this study is to develop and
describe a scientifically justified approach for
determining the dynamic adsorption capacity
of adsorbents for water vapor in the natural
gas drying process. The study focuses on the
KA-series composite adsorbents and especially
on the KA-4 sample, which was selected as an
optimal composition according to drying effi-
ciency, dynamic capacity and regeneration sta-
bility. The specific objectives are: to define the
main indicators used in dynamic adsorption
tests; to describe the calculation procedure for
dynamic water adsorption capacity; to analyze
the influence of adsorbent composition and



operating parameters on breakthrough behav-
ior; to evaluate KA-4 in comparison with other
samples; and to propose criteria for using dy-
namic capacity as a practical design parameter
for adsorption dryers.

The novelty of the approach lies in consid-
ering dynamic capacity as an integrated tech-
nological characteristic rather than as a sin-
gle numerical value. The proposed evaluation
combines the breakthrough curve, outlet
moisture concentration, dew point, satura-
tion time, pressure drop and residual capaci-
ty after regeneration. Such an approach gives
a more realistic assessment of the adsorbent
bed under cyclic operating conditions and
provides a basis for pilot-scale design.

Literary analysis

The theoretical basis of adsorption pro-
cesses is widely discussed in classical works
on gas-solid adsorption. Ruthven described
the principles of adsorption equilibria, mass
transfer and breakthrough behavior in fixed
beds (Ruthven D.M., 1984). Yang empha-
sized that the performance of adsorbents in
gas separation and drying depends not only
on equilibrium capacity but also on pore
structure, diffusion rate, selectivity and cyclic
stability (YangR.T., 2003). These concepts
are important because industrial gas drying
is performed under dynamic flow conditions,
where equilibrium capacity alone may over-
estimate the useful bed capacity.

In natural gas treatment, solid desiccant
dehydration has been studied as an effec-
tive method for achieving a low water dew
point. Gandhidasan and co-authors investi-
gated the dehydration of natural gas using
solid desiccants and showed the significance
of breakthrough time, adsorbent loading and
regeneration conditions (GandhidasanP.,
Al-Farayedhi A. A., Al-MubarakA.A., 2001).
Handbook sources on gas processing and gas
purification also indicate that molecular sieves
and activated alumina are widely used for
deep dehydration, especially before cryogenic
units where very low water content is neces-
sary (Mokhatab S., Poe W. A., MakJ.Y., 2015;
Kohl A.L., NielsenR.B., 1997; KidnayA.J.,
Parrish W. R., McCartney D. G., 2011).

Zeolite molecular sieves are important for
water removal because of their uniform mi-
croporous structure and strong interaction
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with polar water molecules. Breck described
the structure and adsorption properties of
zeolite molecular sieves, including their high
selectivity and crystallographic pore control
(Breck D.W., 1974). However, the practical
application of zeolite adsorbents can be limit-
ed by high cost and higher regeneration tem-
peratures. Activated alumina and silica gel are
less expensive and mechanically stable, but
their deep dehydration capacity may be low-
er than that of molecular sieves. Therefore,
mixed or composite adsorbents are often con-
sidered for balancing capacity, cost and regen-
eration performance.

The characterization of porous materials
is another important part of dynamic capaci-
ty determination. BET surface area, pore vol-
ume and pore size distribution help explain
why one adsorbent has a longer breakthrough
time or higher capacity than another. Thom-
mes et al. summarized the evaluation of sur-
face area and pore structure by gas physisorp-
tion, noting the importance of micropores
and mesopores for adsorption performance
(Thommes M., KanekoK., NeimarkA.V., Ol-
ivier J. P., Rodriguez-Reinoso F., Rouquerol J.,
Sing K.S.W., 2015). Rouquerol et al. also
emphasized the need for careful degassing
and interpretation of adsorption-desorption
isotherms in porous solids (RouquerolF.,,
Rouquerol J., Sing K. S.W., Llewellyn P., Mau-
rin G., 2014). These methods are directly rele-
vant to composite adsorbents, because micro-
and mesoporous channels control both water
uptake and diffusion inside granules.

The literature analysis shows that deter-
mination of dynamic water capacity must
combine material characterization and
fixed-bed testing. A material with a high
static uptake may not always provide a long
breakthrough time if its pores are poorly ac-
cessible, if granules are mechanically weak,
or if the bed has excessive pressure dro — —
P. For this reason, the present work uses the
dynamic adsorption capacity together with
breakthrough time, dew point and regener-
ation recovery as main criteria for evaluating
KA-series composite adsorbents.

Materials and methods
The investigated adsorbents were repre-
sented by KA-1 to KA-6 samples prepared
from activated Navbahor bentonite and func-



tional additives. KA-1 consisted mainly of
activated bentonite and served as a control
sample. KA-2 included activated alumina to
improve thermo-mechanical stability. KA-3
contained zeolite 4A and activated alumina
for forming a selective microporous dehydra-
tion phase. KA-4 was a balanced composite
containing bentonite, zeolite 4A, activated
alumina and silica gel. KA-5 had a higher ze-
olite fraction to increase microporosity. KA-6
was selected for assessing regeneration resis-
tance and mechanical stability. The granule
fraction used for dynamic tests was 2—4 mm,
which provides a compromise between diffu-
sion path length and pressure dro P.

Before the dynamic tests, the adsorbents
were dried and regenerated to remove phys-
ically adsorbed moisture. The drying and
regeneration temperature was selected ac-
cording to the thermal stability of each com-
position. For KA-4, the recommended re-
generation interval was 220-240 °C, while

the operating adsorption temperature was
25-35 °C. Dynamic tests were carried out by
passing a humid gas stream through a fixed
adsorbent bed. The inlet moisture concentra-
tion, outlet moisture concentration and dew
point were recorded over time. The moment
when outlet moisture increased to a defined
fraction of inlet moisture was taken as break-
through time.

The principal parameters used in the
test are summarized in (Table 1). The most
important indicator is dynamic adsorption
capacity, because it shows how much water
the adsorbent can retain under real flow con-
ditions before breakthrough. Breakthrough
time reflects the useful service period of the
bed, whereas saturation time describes com-
plete or near-complete filling of the bed with
moisture. The outlet dew point is used as
a practical quality indicator of dry gas, and
pressure drop is used to assess hydraulic
suitability of the bed.

Table 1. Main indicators used for determining dynamic
adsorption capacity for water vapor

Indicator Symbol Unit Determination method
Drying efficiency n % n = ((Co-Ct) / C0)-100
Dynamic adsorp- . .
tion capacity qd kg/kg or g/g Water retained in bed per mass of adsorbent
Breakthrough time tb h Time at Ct/CO = 0.05-0.10
Saturation time ts h Time at Ct/CO = 0.90-0.95
Dew point Td °C Measured at adsorber outlet
Pressure drop AP kPa Difference between inlet and outlet pressure
Residual capacity Rq % Capacity retained after repeated cycles

after regeneration

For a constant volumetric gas flow rate,
the amount of water retained by the adsor-
bent bed up to breakthrough can be calcu-
lated by integrating the difference between
inlet and outlet moisture concentrations over
time. In simplified form, dynamic capacity
can be expressed as:

qd = (Qg / mads) - f0*tb (CO —Ct) dt
where qd is dynamic adsorption capacity, Qg
is the volumetric gas flow rate, mads is the
mass of adsorbent in the bed, CO is the in-
let moisture concentration, Ct is the outlet
moisture concentration at time t, and tb is
breakthrough time. If the outlet concentra-
tion remains very low before breakthrough,
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the expression can be approximated by the
total removed water mass divided by the
adsorbent mass. In industrial calculations,
a safety coefficient is usually introduced to
prevent premature breakthrough under fluc-
tuating gas load and moisture content.

The determination procedure consisted
of four steps. First, the adsorbent sample was
regenerated and cooled to the adsorption
temperature. Second, humid gas was intro-
duced at a fixed flow rate, pressure and in-
let moisture content. Third, outlet moisture
and dew point were monitored continuously,
and the breakthrough curve was obtained.
Fourth, the water balance was calculated



from the area between inlet and outlet con-
centration curves. The same procedure was
repeated after regeneration cycles to evaluate
capacity recovery and long-term stability.

Discussion and results

The dynamic adsorption capacity of the
KA-series adsorbents differs significant-
ly depending on the composition and pore
structure. The control sample KA-1, based
on activated bentonite, showed limited ca-
pacity because bentonite alone does not
provide sufficient microporous volume for
deep water retention. Although activated
bentonite has hydrophilic centers and can
serve as a mineral matrix, its pore system is
not enough to achieve a very low dew point
in a dynamic gas stream. This confirms that
activation improves the surface properties of
bentonite but additional selective and meso-
porous phases are required for effective nat-
ural gas drying.

The addition of activated alumina in
KA-2 increased the mechanical and thermal
stability of the granules. Activated alumina
contributes to water adsorption due to hy-
droxylated surface sites and also improves
resistance to attrition during gas flow. How-
ever, the absence of a strong molecular-sieve
phase limited the deep dehydration perfor-
mance. KA-2 therefore demonstrated better
durability than KA-1 but did not reach the
dynamic capacity of zeolite-containing com-

posites. This result illustrates that mechani-
cal strength and adsorption capacity should
be optimized simultaneously.

The introduction of zeolite 4A in KA-3
led to an increase in microporous water ad-
sorption sites. As a result, breakthrough time
and dynamic capacity increased compared
with KA-1 and KA-2. Zeolite 4A is especially
effective for water molecules because its mi-
croporous structure is suitable for selective
uptake of small polar molecules. Neverthe-
less, a purely micropore-dominated system
can suffer from diffusion limitations if mes-
oporous transport channels are insufficient.
Therefore, the presence of a mesoporous
component is beneficial for accelerating the
movement of water vapor into internal ad-
sorption sites.

KA-4 showed the most balanced perfor-
mance among the investigated samples. In
this adsorbent, bentonite provides the min-
eral framework, zeolite 4A provides selective
microporous adsorption, activated alumina
improves stability, and silica gel contributes
to rapid moisture uptake in mesopores. The
combination of these components forms
a multi-level pore structure. Micropores are
responsible for deep dehydration and low
dew point, mesopores improve mass trans-
fer, and the mineral binder phase maintains
granule integrity. This structural balance ex-
plains the high dynamic capacity and long
breakthrough time of KA-4.

Table 2. Representative dynamic drying results for KA-series composite adsorbents

Sample Brea.kthrough Sat.uration Dyl}amic ca- pew Efficiency,
time, h time, h pacity, kg/kg point, °C %
KA-1 3.1 5.8 0.061 -18 78.4
KA-2 4.6 7.4 0.084 -25 85.9
KA-3 6.7 10.2 0.119 -35 92.4
KA-4 8.6 12.8 0.146 —-43 96.9
KA-5 8.1 12.1 0.149 —-45 96.3
KA-6 7.5 11.5 0.137 -40 95.1

The representative results in (Table 2)
show that dynamic capacity increased from
0.061 kg/kg for KA-1 to 0.146 kg/kg for
KA-4. The corresponding drying efficiency in-
creased from 78.4% to 96.9%, and the outlet
dew point decreased from —18 °C to —43 °C.
These changes demonstrate the effect of
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component modification and pore structure
development. KA-5 showed a slightly high-
er dynamic capacity of 0.149 kg/kg, but its
higher zeolite content may increase regenera-
tion demand and pressure dro — P. Therefore,
KA-4 was evaluated as the optimal sample
based on the total balance of capacity, dew



point, pressure drop, mechanical strength
and regeneration stability.

The breakthrough curve is the key experi-
mental output in determining dynamic adsorp-
tion capacity. At the beginning of the test, the
outlet moisture concentration remains close
to zero, indicating that the adsorbent bed re-
tains almost all incoming water vapor. As the
mass-transfer zone moves through the bed, the
outlet moisture begins to increase. The break-
through point is reached when Ct/CO becomes
0.05—0.10. At this moment, the adsorbent still
contains unused capacity near the outlet, but
the dry gas specification is no longer safely
maintained. For process design, the bed should
be switched to regeneration before full satura-
tion to avoid water slip into the product gas.

The dynamic capacity is affected by gas
flow rate. When gas flow increases, the con-
tact time between gas and adsorbent de-
creases, and the mass-transfer zone moves
faster through the bed. As a result, break-
through occurs earlier and the useful capac-
ity decreases. For KA-4, increasing the gas
flow rate from 0.5 to 2.0 m3/h shortened the
breakthrough time from 10.2 to 5.3 h and
reduced dynamic capacity from 0.151 to
0.116 kg/kg. At the same time, the pressure
drop increased from 4.2 to 18.9 kPa. This
confirms that excessive gas velocity prevents
full utilization of the adsorbent bed and in-
creases energy consumption.

Bed height also has a significant effect.
A higher bed contains more adsorbent and
provides a longer mass-transfer zone reserve.
Therefore, breakthrough time increases as
bed height increases. However, an exces-
sively high bed creates larger pressure drop
and may require stronger compression. For
KA-4, a bed height of 300 mm gave a break-
through time of 8.6 h and a pressure drop
of 7.8 kPa, which represents an acceptable
balance. At 400 mm, breakthrough time in-
creased further, but pressure drop became
less favorable. Thus, the optimum bed height
should be selected not only by maximum
breakthrough time but also by hydraulic re-
sistance and equipment limitations.

Temperature strongly influences phys-
ical adsorption. Water adsorption on solid
desiccants is usually favored at lower tem-
perature because adsorption is exothermic.
As temperature increases, adsorbed water
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molecules are more easily desorbed and the
equilibrium capacity decreases. In the KA-4
data, increasing temperature from 20 to
50 °C decreased dynamic capacity from 0.152
to 0.111 kg/kg and worsened the outlet dew
point from —46 °C to —29 °C. A practical op-
erating interval of 25-35 °C was therefore
recommended for adsorption, with 30 °C as
a convenient laboratory regime.

Pressure can improve drying perfor-
mance by increasing gas density and the
contact probability between water molecules
and adsorbent active sites. For KA-4, increas-
ing pressure from 0.5 to 2.5 MPa improved
breakthrough time and drying efficiency. At
2.5 MPa, the outlet dew point reached ap-
proximately —43 °C and the drying efficien-
cy was 96.9%. At 4.0 MPa, the efficiency in-
creased only slightly, while the equipment
requirements became higher. This means
that the most rational pressure should be
selected by considering both technical per-
formance and apparatus safety. For pilot
and industrial operation, an interval of 2.5—
—4.0 MPa is acceptable for the proposed system.

Granule diameter is another important
factor in dynamic capacity determination.
Small granules reduce internal diffusion re-
sistance and can improve mass transfer, but
they also increase pressure drop and may
cause bed compaction. Large granules lower
pressure drop but slow down diffusion into
the internal pore system. In the present tech-
nological assessment, 2—4 mm granules were
selected as the recommended fraction. This
size range provides an acceptable compro-
mise between contact efficiency, mechanical
stability and hydraulic resistance. It is also
suitable for fixed-bed adsorbers operating in
cyclic drying-regeneration mode.

Regeneration history must be considered
when determining dynamic capacity. An ad-
sorbent may show good initial capacity, but
if regeneration is incomplete, residual water
remains in the pores and the next cycle starts
with partially occupied active sites. For KA-4,
regeneration temperatures below 200 °C
were insufficient for complete capacity re-
covery, while 220-240 °C provided a recov-
ery level of about 94-96%. Regeneration at
260 °C gave only a small additional improve-
ment but increased energy consumption and
could affect long-term structural stability.



Therefore, a regeneration interval of 220-
—240 °C for 2—4 h is recommended.

The determination of dynamic capacity
should also include reproducibility and mass
balance control. The inlet moisture concen-
tration must be kept stable, the flow rate
should be measured accurately, and the out-
let moisture analyzer must be calibrated. The
mass of the adsorbent should be reported on
a dry basis after regeneration. If the gas con-
tains liquid droplets, heavy hydrocarbons or
solid impurities, a separator and filter should
be used before the adsorber, because contam-
ination can block pores and distort the capac-
ity value. Such precautions are necessary for
obtaining reliable data and for transferring
laboratory results to pilot-scale design.

The obtained results show that dynamic
water adsorption capacity is a practical cri-
terion for ranking adsorbents, but it must
be interpreted together with dew point and
breakthrough behavior. KA-5 can have slight-
ly higher water uptake because of increased
microporosity, but KA-4 has a better techno-
logical balance. The KA-4 sample provides
a long service time, low outlet dew point,
high efficiency and suitable regeneration be-
havior. Thus, KA-4 can be recommended as
the main adsorbent for further studies on
natural gas adsorption drying and for scale-
up calculations.

Conclusion
1. Dynamic water adsorption capacity is
one of the main criteria for evaluating ad-
sorbents used in natural gas dehydration
because it describes the useful amount of
water retained under real flow conditions
before breakthrough.

. The determination of dynamic capacity

should be based on breakthrough curves,
outlet moisture concentration, dew point,
saturation time, pressure drop and mass
balance calculations.

. The KA-series adsorbents show that

modification of activated bentonite with
zeolite 4A, activated alumina and silica
gel significantly increases water uptake
and drying efficiency.

KA-4 demonstrated the most balanced
technological performance, providing
a breakthrough time of 8.6 h, saturation
time of 12.8 h, dynamic capacity of 0.146
kg/kg, dew point of about —43 °C and
drying efficiency of 96.9%.

. The optimal operating conditions for

KA-4 include 2—4 mm granules, adsorp-
tion temperature of 25-35 °C, pressure
of 2.5—4.0 MPa, adsorption cycle of 8—12
h and regeneration at 220-240 °C for
2—-4 h.

. Excessive gas flow rate decreases con-

tact time and dynamic capacity, while
excessive bed height increases pressure
dro — P. Therefore, the optimum should
be selected by balancing adsorption per-
formance and hydraulic resistance.

Regeneration temperature strongly af-

fects capacity recovery; for KA-4, 240 °C

for about 3 h provides an optimal com-
promise between recovery efficiency and
energy consumption.

. The proposed dynamic capacity determi-

nation method can be used for comparing
composite adsorbents and for designing
pilot or industrial fixed-bed natural gas
drying units.
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